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FOREWORD 

This report covers the progress of research work and activities started and developed 
during 1993 in the framework of the five-year programme (1990-1994) of the European 
Atomic Energy Community on "Management and Storage of Radioactive Waste". This 
R&D programme has been adopted by decision 89/664/EURATOM of the Council of 
the Ministers of the European Union on 15 December 1989. 

The Council Decision, together with the technical content and the indicative Community 
financial contributions for the individual sections of the programme, has been published 
in the Official Journal of the E.C., Nr. L395, 30.12.1989, p. 28-32. 

The initial total amount of funding allocated to the programme of 79.6 million ECU over 
the five-year period, has been reduced to 76.5 million Ecu. 

The programme is subdivided in : 

Part A : Waste management and associated R & D projects 
- Al: Studies of management systems (Task 1) 
- A2: Waste treatment (Task 2) 
- A3: Safety of the multi-barrier system of geological disposal (Task 3, Task 4 

and Task 5) 
Part B : Construction and/or operation of underground facilities 

A call for research proposals has been launched (O.J. of E.C. Nr. C55/4, 7 March 1990) 
to implement Part A of the programme through shared-cost research contracts with 
public organisations or private firms established in the Member States. Multipartner 
projects have been encouraged. 

Contract negotiations for the selected research proposals lead to the signature of 115 
contracts for both Part A and Part B of the Programme. The number of research 
projects running in 1993 are 100. 

The European Commission is responsible for implementing and managing the 
programme and is assisted in this task by the Management and Coordination Advisory 
Committee "Nuclear Fission energy - Fuel cycle/processing and storage of waste" (see the 
annexed list of the Members of the Committee). 

In addition to shared-cost research contracts, the programme also includes study 
contracts, awards of training and mobility grants, as well as international co-operation 
agreements with states outside the European Union. 

The co-operation among various teams within the Member States has considerably been 
promoted by the numerous multi-partner research projects. 

The presentation and discussion of the work carried out during periodical progress 
meetings of working groups of the various projects assures the exchange of information 
within contractors and representatives of public and private institutions in the Community 
which are interested in the specific research area. 



In order to provide a world wide information on the Community's activities in the field 
of the radioactive waste a biannual newsletter "EC-FOCUS" is edited. 

In this report, the objectives, the working programme and a synopsis of progress and 
results obtained for each contract in 1993 are presented as prepared by the contractors, 
under the responsibility of the project leader(s). 

The European Commission wishes to express its gratitude to all scientists who have 
contributed to this report. 

The previous annual progress reports of the programme are : EUR-11089 (for 1986); 
EUR-11482 (for 1987); EUR-12141 (for 1988); EUR-12761/Vol. 1 and 2 (for 1989), 
EUR-14418 EN (for 1991) and EUR-15132 EN (for 1992). The overall results achieved 
including the progress of work for 1990 during the programme 1985-1989 have been 
presented and discussed at the third European Community Conference on Radioactive 
Waste Management and Disposal - Luxembourg, September 17-21, 1990 (Proceedings 
published under EUR-13389 - Elsevier Appl. Science Publisher). 

N. CADELLI 
Head of the Programme 

"Management and Storage of Radioactive Waste" 
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PART A 

WASTE MANAGEMENT AND ASSOCIATED R&D PROJECTS 

Al : STUDIES OF MANAGEMENT SYSTEMS 

A2: WASTE TREATMENT 

A3 : SAFETY OF THE MULTI-BARRIER SYSTEM OF GEOLOGICAL DISPOSAL 





Al: STUDIES OF MANAGEMENT SYSTEMS 

Taskl 

"Studies of Management Systems" 

* List of contract 
* Introduction to Task 1 

Topic 1 : System studies 

Topic 2 : Harmonisation of radioactive waste management practises and policies 

Topic 3 : Comparative assessment of disposal practices in various management 
schemes for toxic and radioactive waste 

Topic 4 : Information 

Topic 5 : Transmutation studies 



TASK 1 - LIST OF CONTRACTS 

Topic 1 : System studies 

Contract 

FT2W-CT9O-0058 Treatment study of contaminated sodium with a view to 

decommissioning of FBR. 

FI2W-CT90-0067 Studies of minimising transport of spent fuel. 

FI2W-CT92-0119 Study of the retrievability of radioactive waste from a deep 
underground disposal facility. 

Topic 2 : Harmonisation of radioactive waste management practices and policies 

FI2W-CT90-0060 Assessment and proposal for activity limits for release of very low-
level radioactive waste to landfills. 

FI2W-CT90-0066 Definition of reference level for exemption of wastes, suitable for 
incineration. 

Topic 3 : Comparative assessment of disposal practices in various management 
schemes for toxic and radioactive waste. 

FI2W-CT90-0042 Comparison of safety assessment methods for toxic and radioactive 
wastes. 

FI2W-CT90-0045 Study concerning the evaluation of toxic elements present in 
nuclear wastes. 

FI2W-CT90-0061 Disposal of radioactive waste and toxic waste in underground 
repositories. 

FI2W-CT91-0110 Use of methods and programmes developed in nuclear field for 
treatment and disposal of toxic and hazardous wastes. 
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TASK 1 - LIST OF CONTRACTS 

Topic 4 Information of the public 

FI2W-CT90-0036 

FI2W-CT90-0043 

FI2W-CT90-0074 

FI2W-CT91-0105 

Study of a communication strategy aimed at achieving a possible 
better understanding of the consequence of radioactive waste 
management in a well defined group of public. 

Information of the public in the field of decommissioning waste. 
Study of strategies and means for specific information. 

The evolution and implementation of a public information strategy 
on radioactive waste management. 

A public information campaign to support a proposed national 
deep repository for low and intermediate level radioactive waste. 

Topic 5 Transmutation studies 

FI2W-CT91-0103 Transmutation of long-lived radionuclides by advanced converters. 

FI2W-CT91-0104 Participation in a CEC strategy study on nuclear waste 
transmutation. 

FI2W-CT91-0106 Potentialities and costs of partition and transmutation of long-lived 
radionuclides. 
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INTRODUCTION TO TASK 1 - STUDIES OF MANAGEMENT SYSTEMS 

A. Objective 

The system studies concern the evaluation of various scenarios for the management of 
different types of waste. Harmonisation work mainly involves the development of 
common waste management criteria and schemes. Waste from dismantling operations 
and spent fuel where these are considered as waste are included as well as the 
development of analytical models for minimising transport of waste. An additional topic 
is the evaluation of the possibilities offered by transmutation to reduce the inventory of 
long-lived radionuclides. Information of the public in all fields of radioactive waste 
management and disposal is a further topic. 

B. Research performed under previous programmes 

System studies have been performed by comparing various management schemes for 
particular categories of wastes or groups of waste streams; the comparisons were based 
on evaluation of costs and radiological consequences to workers and the public. The 
management alternatives were studied for: 

- solid plutonium contaminated waste, 
- alkaline liquid wash waste from fuel reprocessing and zircaloy-hulls, 
- reactor waste (waste from normal operation of light-water reactors), 
- waste management implications of direct spent fuel disposal and disposal after 

reprocessing. 

Activities in the field of harmonisation of practises covered a review on "Objectives, 
standards and criteria of radioactive waste disposal in the European Community", the 
development of criteria for exemption from regulatory control for radioactive waste not 
linked to the nuclear fuel cycle, and first approaches to waste equivalence. 

G Present programme (1990-1994) 

Studies are performed under five headings corresponding to specific research topics. 

Topic 1 : System studies 

The system studies are based on the comparison of possible management schemes, with 
the definition of waste inventories at origin, an analysis of the subsequent steps in the 
possible management routes (treatment, transport, interim storage and disposal), 
evaluation of costs and determination of radiological consequences. The sensitivity of 
each scenario to modifications in waste quantities, release limits, and waste acceptance 
criteria is also evaluated. 
The main waste streams concerned are radioactive waste arising from decommissioning 
of nuclear installations, tailings from uranium-treatment, spent fuel declared as being 
waste and very low level waste candidate to being exempted from regulatory control. 



Topic 2 : Harmonisation of radioactive waste management practices and policies 

The main field of activity is the development of the scientific basis for developing criteria 
for exemption of particular waste streams from regulatory control. Particular disposal 
routed considered are incineration and disposal at industrial waste burial sites. 

Topic 3 : Comparative assessment of disposal practices in various management schemes 
for toxic and radioactive waste 

Studies are performed which compare radioactive waste management schemes to 
management practises for waste streams involving radioactive isotopes in material not 
linked to the nuclear fuel cycle and toxic waste mixed with radioactive elements. 
Particular attention is paid to disposal of toxic and mixed waste in salt formations. 

Topic 4 : Information of the public 

Studies on strategies allowing efficient information to be given to the public, and on how 
a good degree of penetration through various media may be reached are in progress. 
Development of information materials (booklets, visual, aids, etc.) is also part of the 
activities. 

Topic 5 : Transmutation studies 

After having established the inventory of long-lived radionuclides produced for a given 
reactor capacity in considering the spent fuel as a waste, the possibilities of reducing the 
inventory of long-lived actinides and fission products by partitioning and transmutation 
are calculated. The conventional routes are irradiation in thermal reactors with MOX-
fuel and a mix of light-water-reactors and fast reactors, with long-lived radionuclides 
added in a homogeneous or heterogeneous way. Advanced possibilities considered are 
based on accelerator driven spallation devices. 

- 8 



Title : Treatment Study of Contaminated Sodium with a View to De
commissioning of FBR 

Contractors : CEA - SIEMENS - FRAMATOME 
Contract N° : F12W - CT90-0058 
Duration of the contract: from April 1991 to April 1993 
Period covered : January 1993 - April 1993 
Project Leader : C. Latge" (CEA - coordinator) 

N. de Seroux (Framatome) 
H. Hanebeck (Siemens) 

A. OBJECTIVE AND SCOPE 

In the Fast Breeder Reactor (FBR) decommissioning studies, sodium management is a 
major problem. Sodium becomes an important waste which must be taken into account in 
the final process. To handle this specific topic, a cooperative working group has been for
med, with the French "Commissariat a l'Energie Atomique" (CEA), FRAMATOME and 
SIEMENS. CEA is the project leader. 

The scope of work is based on a step by step approach, using available data and experi
mental results with regard to the sodium inventory, sodium purification and waste treat
ment. 

The aim of this particular development program is to highlight optimized scenarios for 
sodium destruction and recycling, based on a technical and an economical approach. Mo
reover a Research & Development (R&D) orientation will be provided to improve the se
lected scenarios and to allow a better understanding of fundamental processes. 

B. WORK PROGRAMME 

To perform the above scope of work, five main stages were defined : 

a : Inventory of the sodium needs : 
The sodium balance, based on sodium needs for future FBR programs and existing wastes 
to be treated, is the starting point from which the problem is tackled and from which the 
scenarios to be highlighted later on are set. 

b: Assessment of sodium behaviour and characteristics : 
From an estimated contamination, provided by mathematical models which are validated 
using experimental data, predictions are established for the behaviour and characteristics of 
the sodium to be treated. 

c: Sodium purification : 
Purification processes are examined with regard to the predicted quantities of contaminated 
sodium and the associated storage and transportation techniques. The R&D needs are defi
ned, according to the required level of knowledge in the waste treatment domain. 

d: Analysis of the scenarios and their main parameters : 
Using the previous steps as a reference, the main parameters of the scenarios are reviewed, 
with both a technical and an economical vision. This twofold approach allows the working 
group to highlight arguments to select and describe the scenarios to be analysed. 



e: Optimized scenarios: 
These processes, having been defined as suitable scenarios for sodium treatment, are des
cribed. Further needs for R&D programs are highlighted, to improve the processes efficien
cy. 

C. PROGRESS OF WORK AND OBTAINED RESULTS 

C.I. STATE OF ADVANCEMENT 

The cooperative working group was assigned in April 1991 the task of sodium manage
ment in the decommissioning studies environment. 

Four semestrial reports were published on November, 1991, / l / , on April, 1992, /2/, on 
September, 1992, /3/ and on May, 1993, /4/. 
Two Annual Progress Report were published on 1991,151 and on 1992, /6/. 

The Reference /4/ is the final part of the study and deals with the last point of the work 
programme. The different scenarios identified in the previous work were assessed and a 
comparison between themselves was established following the different hypotheses. 

Finally, the conclusion recommends a scenario for each of the cases which have been 
identified. 

CM. RECALLING OF THE SCENARIOS 

The selected scenarios for the sodium treatments were defined in the previous work 161, 
either to reuse the sodium, or to dispose the sodium. 

The scenarios were separated in two groups : 
- one or several FBR are to fill up with sodium —> scenarios of sodium reuse and scenarios 
of sodium disposal + new sodium supply. 
- no FBR are to fill up with sodium —> scenarios of sodium disposal or sodium sale in in
dustrial field when it is desactivated. 

The possible scenarios are summarized and are identified with letters, in table I for pri
mary sodium and in table II for secondary sodium. The selected steps are : storage, purifi
cation, processing, final destination. 

The basis hypotheses about radioactivity aspects are : 
- sodium is considered non radioactive when its radioactivity is below 10 Bq/g, 
- radioactivity of the contaminated sodium at the final shutdown of the reactor is given in 
table III, 
- a radioactivity decade decreasing is obtained with one RVC filter for the caesium, and 
with one cold trap for the tritium, 
- a radioactivity decade decreasing is obtained with about 8 to 9 years of storage for 22 Na. 

C.m. COMPARISON CRITERIA FOR THE SCENARIOS 

In the aim to compare the costs of the different scenarios for reuse or for dispose the 
sodium coming from the large Fast Breeder Reactors, criteria of comparaison have been 
identified and classified in several items. 

a) Assessment items of the costs generated by the sodium reuse : 

- purified sodium with radioactivity below 10 Bq/g : 
. purification system 
. biological shielding addings for storage 
. storage and surveillance during 30 years 
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. transport of the sodium to an other site, if necessary 

- partly purified sodium : 
. purification system 
. small biological shielding addings for transfer 
. low increasing of the operators number 
. controlled area in place 7 months early 
. low decontamination of the test equipment 
. transport of the sodium to an other site, if necessary 

- no purified sodium. 
. biological shielding addings for transfer 
. increasing of the operators number 
. controlled area in place 7 months early 
. decontamination of the test equipment 
. transport of the sodium to an other site, if necessary 

b) Assessment items of the costs generated by the sodium disposal: 
. purification system 
. supply of the sodium disposal loop 
. biological shielding addings for transfer and storage, if necessary 
. low increasing of the operators number during transfer 
. operation of the process 
. decontamination of the sodium disposal loop 
. transport of the aqueous sodium hydroxide 

c) Assessment items of the savings generated by the sodium reuse : 
. cost of new sodium 
. shorter sodium supply timetable 
. no transport of sodium if the new reactor is on the same site 

d) Assessment items of the savings generated by the sodium disposal: 
. none 

e) Comparison of the sodium reuse and the sodium disposal interests : 
The sodium reuse avoids : 

- to buy new sodium, 
- to supply loops for sodium contaminated disposal, 
- to dispose it and to treat the sodium hydroxide from the disposal. 
It allows also to decrease sodium supply duration for the new plant. 

The sodium disposal allows to treat contaminated sodium. Then new sodium can be 
used for new reactors and tests can be performed without contamination of the equipment 
and without controlled area. 

CIV. DEFINITION OF THE COST ITEMS FOR THE SCENARIOS 

Several items of the costs of the scenarios were identified and assessed. They are listed 
hereafter. 

a) Sodium purification 
The sodium purification was assessed taking into account: 

- 1 RVC filter is needed for 1 decade of purification of caesium 
-1 cold trap is needed for 1 decade of purification of tritium 

The treatment of each filter or trap is taken into account. 
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b) Biological shielding addings of the storage tanks 
They are quoted according to the purification level of the stored sodium. 

c) Storage of the sodium 
Two types of sodium storage are identified : 

- short storage time : the sodium is stored in existing tanks of the plant with biological 
shielding addings. This storage is foreseen for 5 years. Then the sodium is reused or dispo
sed. 
- long storage time : the sodium is stored in specific shielded tanks in a new building. This 
storage is foreseen for 30 years. Then the sodium radioactivity in 22 Na is below 10 Bq/g 
and the sodium can be reused without radiological constraints (caesium and tritium were 
previously purified down to 10 Bq/g). 

d) Transport of the sodium 
It is composed of 2 parts : 

- the mobile tanks : they are assessed taking into account the required biological shielding 
to comply with the transport regulations. 
- the travels : they are quoted according to their number and an average distance of 500 km. 

e) Transport of the sodium hydroxide 
It is composed of 2 parts: 

- the mobile tanks are not specific and are supplied by the transport company. 
- the travels : they are quoted according to their number and an average distance of 500 km. 

f) New sodium 
The new sodium cost was assessed with the informations from the "Mdtaux Speciaux -

Pechiney" company in FRANCE, which provided sodium for PHENIX and CREYS-MAL-
VILLE. 

C.V. PROPOSITION OF SCENARIOS FOR THE TREATMENT OF PRIMARY SO
DIUM 

The results of the assessment of scenarios for the treatment of the primary sodium is gi
ven on the table IV. 

Scenarios were classified in the following categories hereafter : 
- 1° category : Reuse of the sodium in a new plant which is on the same site than the old 

plant 
- 2° category : Reuse of the sodium in a new plant which is on another site than the old 

plant 
- 3° category : Contaminated sodium disposal of the old plant and new sodium supplying 

for the new plant 

a) 1° category scenarios for the primary sodium 

The scenario of contaminated sodium reuse in a new plant on the same site is adventa-
geous, with a purification level of 90 % of caesium and tritium which allows to limit the 
constraints of the radioactivity. Storage sodium decay of 5 years is sufficient, unless the 
new plant is not ready. 

Starting of sodium filling of the new plant can be delayed because this operation is ve
ry fast when the two plants are on the same site. So problems linked to works in controlled 
areas (due to radioactivated sodium presence) are limited. 

Sodium purification in caesium and tritium with a purification level of 90% can be ea
sily realised and is not very expensive. This operation allows to reduce the dose rates to 
50 fiGy/h (green area) at a distance of 3 m from the sodium pipes. Moreover, the radioacti-
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vity concentration of the sodium can be maintained at a normal level during the new plant 
operation because the decay half period is quite long. 

b) 2° category scenarios for the primary sodium 

In this case, the scenario of contaminated sodium reuse in an new plant on another site 
is also advantageous. Sodium purification level needs to be 98 % in caesium and tritium 
and the sodium has to be stored during 5 years to reduce the 22 Na radioactivity. Then, the 
sodium radioactivity is low enough to allow the transport in good conditions (19 tonnes of 
sodium can be transported at each travel by road). 

To store the sodium longer than 5 years is not interesting because the caesium radioac
tivity begins dominating and decreases slowly. 

c) 3° category scenarios for the primary sodium 

In this case, the new plant is filled up with new sodium. The total cost of the scenario is 
the cost of the new sodium and the cost of the old sodium becoming. 

The most interesting solution to reuse the sodium out of a new nuclear plant is in indus
trial field. Sodium purification level needs to be 99,99 % in caesium and tritium and the so
dium has to be stored during 30 years to reduce its own radioactivity. Then, the sodium ra
dioactivity below 10 Bq/g allows to reuse it with possible conditions. The economical inter
est is linked to the price level of sale. If the price of sodium below 10 Bq/g could be near of 
industrial sodium price, the purification cost should be covered by the sale. However, it is 
difficult to know if this project could be realized when the shutdown of a large plant will 
happen. 

In case of no possibility of sodium reuse in industrial field, contaminated sodium can 
be disposed with the NOAH process. The analysis of the scenario including the sodium dis
posal on the site of the old plant and of the scenario including the sodium disposal on the 
site of the NOAH process wastes treatment did not give any significant difference. 

In this case, it is difficult to conclude for this category scenario because a lot of factors 
are unknown. However, sodium reuse in industrial field is more economical than sodium 
disposal but is uncertain. 

dl Scenario selection results for the primary sodium 

There is a new plant to fill up with the primary sodium of a shutdown plant. The re
sults of the selection are given hereafter. (1 MECU = 1 million of ECU) 

Scenarios j Costs 
Reuse on the same site"than"theold plant --> scenario F 5,7 MECU 
Reuse_on'anothCT \ 10,75 MECU 
Sodium disposal +hew"sodium supply^--> scenaribs H and I ;26,65 to 27,15 MECU 

New sodium needed to fill up a power plant as EFR (Europeen Fast Reactor) is about 
2050 tonnes for the primary circuit. The cost of this sodium is about 16 MECU. Sodium 
reuse is largely more economical than sodium disposal, with a ratio of 30 % to 60 %. 

C.VI. PROPOSITION OF SCENARIOS FOR THE TREATMENT OF SECONDARY SO
DIUM 

The results of the assessment of scenarios for the treatment of the primary sodium is gi
ven on the table V. 
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Scenarios were classified in the same categories than for the primary sodium. 
- 1° category : Reuse of the sodium in a new plant which is on the same site than the old 

plant 
- 2° category : Reuse of the sodium in a new plant which is on another site than the old 

plant 
- 3° category : Contaminated sodium disposal of the old plant and new sodium supplying 

for the new plant 

aH" category scenarios for the secondary sodium 

The solution of sodium reuse in a new plant is advantageous. When the two plants are 
on the same site, the sodium can be transfered directly, possibly via a buffer storage tank. 
However, the cost of the constraints for the draining, the transfer and the filling up of the 
new plant due to the contamination is higher than the sodium purification cost in tritium to 
obtain a radioactivity below 10 Bq/g. Then, it is preferable to purify to avoid these cons
traints, unless the available time for the process is too short. Furthermore, contamination of 
the test equipment in sodium is avoided. 

b) 2° category scenarios for the secondary sodium 

When the sodium has to be transported to an other site, the preferable solution is to pu
rify in tritium to obtain a radioactivity below 10 Bq/g to avoid constraints for the draining, 
the transport and the filling up of the new plant due to the contamination. 

c) 3° category scenarios for the secondary sodium 

The most interesting scenario remains to reuse the sodium in industrial field. Sodium 
purification level needs to be of 99,99 % of tritium and the sodium does not need storage 
period. Then, the sodium radioactivity is below 10 Bq/g to allow to be reused with specific 
conditions. However, as for the primary reuse, it is difficult to know if this project could be 
realized when the shutdown of a large plant will happen. 
In case of no possibility of sodium reuse in industrial field, contaminated sodium can be 
disposed with the NOAH process but this solution is less economical. 

d) Scenario selection results for the secondary sodium 

There is a new plant to fill up with the secondary sodium of a shutdown plant. The re
sults of the selection are given hereafter. 

Scenarios \ Couts 
Reuse on an other site than the old plant —> scenario M ; 2,25 MECU 
Reuse on the same site than the old plant —>' scenario N j 3 MECU 
Sodium disposal + new sodium supply —> scenario P I 13,75 MECU 

New sodium to fill up a power plant as EFR is about 1050 tonnes for the secondary cir
cuit. The cost of this sodium is about 8,5 MECU. Sodium reuse seems largely more econo
mical than sodium disposal, with a ratio of 4. 

Scenario M is less expensive than scenario N because the sodium is purified below 10 
Bq/g what allows to avoid the specific constraints due to the sodium contamination. 
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c .vn . CONCLUSION 

This study allowed to verify that solutions can be proposed presently to treat large vo
lumes of contaminated sodium, whatever the becoming of the FBR could be in the future. 

However, solutions that were presented in the study will need to be adapted in the fu
ture to take into account possible evolutions of knowledges and regulations that can signifi
cantly modify the results. 

In all cases, sodium reuse in nuclear field was shown as the preferable solution compa
red with the sodium disposal. Sodium reuse in industrial field is also possible, mainly for 
the secondary sodium. 
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O) 

TABLE IV 
COSTS ASSESSMENTS OF THE SCENARIOS 

PRIMARY SODIUM 

A NEW REACTOR IS TO FILL UP 

Scenarios 
E - Reuse of nonpurified sodium on the same site 
F - Reuse of purified sodium at 90 % on the same site 
B - Reuse of nonpurified sodium on an other site 
C - Reuse of purified sodium at 90 % on an other site 
D - Reuse of purified sodium at 98 % on an other site 
A - Reuse of non radioactive sodium in an other site 

Sodium cost for EFR primary circuit 
(j - Reuse of nonradioactive sodium in industrial field 
I - Sodium disposal on the treatment site 
H - Sodium disposal on the reactor site 

Costs 
(MECU) 

5 
5,7 
9.7 
10,1 
10,75 
14,1 
16,4 
26,3 
26,65 
27,15 

(1 MECU = 1 million of ECU) 

NO NEW REACTOR 

Scenarios 
J - Reuse of nonradioactive sodium in industrial field 
L - Sodium disposal on sodium hydroxide treatment site 
K - Sodium disposal on reactor site 

Costs 
(MECU) 

9,9 
10,25 
10,65 

TABLE V 
COSTS ASSESSMENTS OF THE SCENARIOS 

SECONDARY SODIUM 

A NEW REACTOR IS TO FILL UP 

Scenarios 
M - Reuse of non radioactive sodium in an other site 
N - Reuse ot nonpurified sodium on the same site 
Sodium cost tor EFR secondary circuit 
P - Sodium disposal on the sodium hydroxide treatment 

site + new sodium cost 

Costs 
(MECU) 

2,25 
3 

8,4 
13,75 

NO NEW REACTOR 

Scenarios 
O - Reuse of non radioactive sodium in industrial field 
P - Sodium disposal on sodium hydroxide treatment site 

Costs 
(MECU) 

0,15 
5,35 

TABLE II 
SCENARIOS FOR THE BECOMING OF THE CONTAMINATED SODIUM 

SECONDARY SODIUM 

A NEW REACTOR IS TO FILL UP 

SODIUM REUSE IN A FBR 

NONRADIOACTIVE 
SODIUM 

SODIUM 
PURIFIED AT 90% 

NO NEW REACTOR 

NON RADIOACTIVE 
SODIUM 

INDUSTRIAL 
FIELD 

SODIUM PURIFIED 
AT 98% 

SODIUM DISPOSAL 

P 

TREATMENT SITE 

TABLE III 
PREDICTED RADIOACTIVITY OF THE PRIMARY SODIUM 

OF CREYS-MALVILLE (3 300 T) AT THE FINAL SHUTDOWN 

Radionuclides 
Na 22 (B*, gamma) 2,62 years 
Cs 134 (»-, gamma) 
Cs 137 {R; gamma) 

Tritium (B) 

TTTT 

2,1 years 
30 years 

12,3 years 
TOTAL 

Radioactivity (Bq/k"g7 
1.33.107 

1,25.107 

8,95.107 

3.35.107 

15.107 

Total radioactivity (Bq) 
4,4.10'3 

4.1.10'3 

29.5.1013 

11.1013 

49.1013 



Title: Studies of Minimising Transport of Spent Fuel 
Contractor: BAeSEMA 
Contract No: FI2W-CT90-0067 
Duration of Contract: from 1st September 1991 to 31st May 1993 
Period Covered: Jan 1st 1993 to May 31st 1993 
Project Leaden Richard J Greathead 

A. OBJECTIVES AND SCOPE 
This study has been carried out within the framework of the European Commission's radioactive 
waste management research programme. The aim of the work is to establish a methodology and 
software tools for examining the implications for cost, environmental impact and safety of 
minimising the transport of spent nuclear fuel and associated materials using multi attribute 
analysis and linear programming techniques. This sets a number of general objectives: 

to obtain realistic data and develop a model database of the overall setup for generating, storage, 
processing and disposal of irradiated spent fuel in Europe, as existing and postulated for the 
future, and to define a potential network of transport channels between the sites and facilities 
involved; 
to generate a small number of realistic "basic" scenarios, founded on the overall setup, 
reflecting different options for the spent fuel management cycle, and suitable for testing and 
demonstrating the methodology and software tools developed; 
to develop the software tools required to model the scenarios, including the linear programming 
model to minimise transport aspects and database tools to process and evaluate input and 
output; 
to carry out illustrative analyses and sensitivity studies on the basic scenarios and variants, and 
report on the findings of the study. 

B. WORK PROGRAMME 

Task 1 - Formulation of the Problem 

This considers and documents the high level conceptual design of the model and the general study 
strategy, including the financial and environmental/safety impacts to be taken into account, the 
basic scenarios to be studied, the constraints to apply (storage capacities, flask capacities, etc) and 
aspects of transport to be minimised (cost, dose, etc). 

Task 2 - Data Requirements 

A detailed documented definition of the data requirements. 

Task 3 - Data Collection 

The collection, collation, inclusion in a structured database and documentation of the best available 
data meeting the requirements identified above. 

Task 4 - Model Development 

The design and development of the software for the linear programming transport minimisation 
model and the supporting database programs which pre-process the input data defining a scenario to 
be studied and post process and evaluate the output from the linear program. This task also included 
testing and trials. 

Task 5 - Illustrative Analyses 

Performance of illustrative analyses and sensitivity studies on the basic scenarios and variants, and 
preparation of the final report. 
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C. PROGRESS AND OBTAINED RESULTS 

Statement of advancement 

All tasks are now competed. Tasks 1, 2, 3 and some of 4 were completed prior to the start of 1993 
and the rest of Task 4 (Model Development) and Task 5 (Illustrative Analyses) were completed 
successfully in 1993. 

Progress and Results 

1. Formulation and Data Requirement (Tasks 1 and 2) 

In Task 1, "Formulation of the Problem" and Task 2 "Data Requirements" the nature and purpose of 
the study are defined, and the data required specified (Refs 1,2). 

Overview of Definition (Model Description) 
In summary, it was proposed that linear programming techniques be used to minimise various types 
of "impact" (quantity, financial cost, occupational collective dose, public collective dose, accident 
risk, or a normalised and possibly weighted combination of these "impacts") associated with 
transport of the various materials arising during spent fuel management. The main types of 
material considered are: 1 

spent fuel; 
conditioned spent fuel; 
vitrified high level waste; and 
low and intermediate level wastes. 

These are transported between: 
reactors; 
storage facilities^ 
reprocessing plants; 
plants for conditioning of spent fuel for direct disposal and 
final disposal facilities. 

Different modes of transport may be available, i.e. mainly sea (requiring the availability of 
specialised ships), mainly rail or mainly road, and a variety of flasks may be used for transporting a 
given material. 

Once the permutation of material flows which minimises the required transport impact has been 
determined (i.e. the quantity of specific materials, of a specific age^, flowing between specific 
facilities, via specific routes, in specific containers and for each timestep) the effect of adopting this 
transport strategy on other stages in the cycle, i.e. storage, processing and disposal, can be 
evaluated. This is done by calculating the financial cost, doses, etc associated with the flow, and 
where appropriate stock, of each material at each facility in the scenario (the flows and stocks 
into/in facilities are also calculated during minimisation). 

The model can be constrained by putting realistic limits on the storage and handling capacities of 
the facilities and limits on the quantity of material which can be carried via specific routes. 
Minimum and maximum age limits for dispatching or receiving materials at a specific facility can 
be enforced and the capacity of the flasks can be varied according to the age of the material (i.e. flask 
capacity can be reduced, possibly to zero, for materials with higher thermal and radiation outputs). 

The model is also constrained to generate a minimum, time dependent, amount of nuclear energy in 
each nation. This level is set using published forecasts for installed capacities (Ref 3). Individual 
reactors are constrained to perform within lower and upper limits (load factors) and may burn 

1 Highly Active Waste Liquor is also defined in the model, but is never involved in intersite 
shipment. Highly Active Waste Liquor must be included because its storage represents a 
delay between reprocessing and vitrification. This delay is variable and will affect the time 
flow of materials. 

9 
^ Including Highly Active Waste Liquor Tanks at reprocessing facilities. 
■̂  Time after discharge from the reactor. 
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Uranium Oxide (UO) or Mixed Uranium/Plutonium Oxide (MOX) fuels to different burnups. 
Within these limits, the model is free to determine the output from individual reactors which, in 
conjunction with other decision variables, leads to minimum transport impact. 

This type of model allows a wide range of study options: 
study of siting policies for new facilities; 
evaluation of the effect of removing or introducing trans-national border transport restrictions or 
changing the requirements to return waste to its country of origin; 
comparison of localised versus centralised storage strategies; 
examination of the cost benefits of delayed reprocessing, delayed disposal, etc (the model 
permits investment discounting); 
comparison of direct disposal versus reprocessing management options; 
comparison of the influence of storage facility type or flask type; 
examination of the effect of opting for higher burnups or burning mixed oxide fuels ; 
examination of choice of transport mode (sea, road or rail) studied; etc. 

The model can be used in either a strategic capacity for evaluating spent fuel cycle options or in an 
operational mode for detailed transport planning. In this study, emphasis is placed on its potential 
application to strategic planning. Demonstration of its potential as an operational tool is limited 
by lack of detailed data for transport and current model size restrictions. 

For this study, it was proposed that the main effort be directed at comparing two basic scenarios, 
namely a reprocessing orientated management route and a direct disposal orientated management 
route. It is assumed that waste must be either returned to its country of origin or its disposal 
permitted at the most favourable site in transport terms, i.e. the best technical, as opposed to 
political, solution. Variants on the basic scenarios and sensitivity studies are also examined, 
including the influence of siting of the facilities, flask sizes, choice of timestep, etc. 

The original proposed scope of the model included the UK, Germany, France and Sweden 
(introduced because of that country's use of sea transport as the main transport mode). The data 
model was developed for these countries and published (Ref 3). However, limitations on the size of 
model which could be handled by the available versions of the linear programming software lead to 
reducing the final scope to: 

inclusion of reactors, processing, storage and disposal facilities in Germany and the UK; 
use of French reprocessing facilities and disposal facilities; but 
exclusion of French reactors and all Swedish facilities (although ships based on the Swedish 
vessel MS Sigyn are introduced). 

The impacts originally specified included accident risk. However, obtaining a full and consistent set 
of accident risk data, for both transport and facilities, and introducing it into the code, presented 
budgetary difficulties and source data problems. In principle, treatment of accident risk (or other 
risk or dose parameters such as Maximum Individual Risk) is exactly the same as for other impacts 
already included in the model (financial cost, occupational collective dose, and short and long term 
public collective dose) and its exclusion does not invalidate the demonstration of the methodology 
or software. 

The main development languages chosen are the FOXPRO database management language and the 
MAGIC/LAMPS matrix generating and linear programming language. The EXCEL spreadsheet 
package is available for producing charts. This software is mounted on DELL 486 DX 50 
computers, or similar. 

Summary of Data Requirements for Running Model 
Once the purpose of the model and its functional specification were outlined, it was possible to 
define the data requirements. These are not specified in detail here, but include the following main 
categories. 

Forecast nuclear power generating requirements for each country included in the model and 
(largely hypothetical) schedule of individual reactor power up/down dates, installed capacity and 
ranges of load factors which will permit these requirements to be met. 
Fuel burnup data. 
Siting of existing and proposed/hypothetical reactor, storage, processing and disposal facilities 
and the availability of local road, rail head and port facilities. 
Storage capacities of stores (including At Reactor stores) and final disposal facilities, and how 
they depend on lime. 
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Initial slocks at stores. 
Input and output handling capacities at all types of facility (storage At Reactor and Away From 
Reactor, processing and disposal), and how they depend on time. 
Conversion coefficients between input and output materials during processing. 
Flask capacity (as a function of material and its age), availability data and the ability of 
facilities to receive/dispatch different types of flask. 
Ship capacity, availability arid joumcy frequency data. 
Connection capacity. 
Unit generalised costs (financial, occupational collective dose, public collective dose, etc per 
unit of material transported, handled or stored) for transport channels and for each facility, 
according to material, flask type, etc. 

2. Data Collection (Task 3) 

Data were collected from many different sources, including small sub-contracts, private 
communications, reports on earlier CEC contracts and the open literature. It was then collated into 
a self consistent data model of the nuclear power generation and spent fuel management scene in the 
countries of interest. 

The data has been entered into a computer based "model database" managed by a purpose designed 
database management system written in the FOXPRO database language. FOXPRO'S report 
writing facilities have been used to directly generate a data report containing all the data on which 
the study is based (Ref 3). 

The quality of data is variable and difficulties were encountered in determining the context in which 
reported values should be interpreted. The final objective with respect to data collection has 
therefore been to ensure self consistency, rather than absolute correctness, and to justify by reasoned 
argument the setting of relative values between data. These aspects are considered in detail in the 
data report (Ref 3). 

Comprehensive referencing in the data report ensures traccability of all data used in the study back 
to source. 

3. Model Development (Task 4) 

The design specification of the computer model can be found at Ref 4. In summary, the model can 
be divided into four main components: 

The database management system used to organise, maintain, report on, and edit the full-scale 
and scenario databases. 
The pre-proccssor which uses a subset of the large model database to generate a refined data 
model of the particular scenario to be studied and converts the format into the lists and tables 
which are read into the minimisation stage. This component is written in the FOXPRO 
database management language. 
The minimisation programs which use the MAGIC/LAMPS matrix generation facility and 
linear programming language to minimise the transport impact of interest. 
The post-processor (cvaluator), which takes the flows and stocks, etc output during 
minimisation and multiplies them by the appropriate generalised cost coefficients to evaluate 
the costs, doses, etc (impacts) for each facility. It also allows breakdown of the transport and 
facility impacts according to material, flask type, time, etc. This is written in the FOXPRO 
database management language. 

During development, problems arose with the MAGIC matrix generator in connection with 
memory and processing time limits imposed by LAMPS. The solution tried was to "decompose" 
the model into smaller parts. However, initial runs using a decomposed version of the model 
indicated that whilst the memory problem was resolved it would typically take 100 hours to 
generate the networks and perhaps 100 hours to optimise. This is not considered practicable. Effort 
and time constraints did not permit further experimentation and it was decided to revert to the earlier 
formulation but using later versions of MAGIC/LAMPS with increased capacity. This will not 
permit solution of the full scale model for Germany, France, the UK and Sweden, and therefore 
smaller, idealised, but still realistic subsets of the full scale model are used. 

A User Guide to the model has been prepared [ref 5]. 
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4. Illustrative Analyses (Task 5) 

A number of illustrative analyses have been run examining two basic scenarios. One basic scenario 
has a low total capacity for conditioning (-400 tonnes of spent fuel per year) whilst the other has a 
relatively high total capacity for conditioning (1000 tonnes of spent fuel per year). These are 
respectively referred to as the basic reprocessing orientated scenario and the basic direct 
disposal orientated scenario. A 40 year generating period is considered. Storage, processing 
and disposal facilities are available for up to 60 years beyond cessation of generation. For most 
scenarios (i.e. those in which the burnup of Uranium Oxide fuel in LWRs and AGRs is assumed to 
be 33 and 20 GWd/tHM respectively) 22,000 tHM of spent fuel are generated in the UK and 36,200 
tHM in Germany. The rate of investment discounting applied in the majority of scenarios is 4%. 
It is considered that these scenarios provide recognisably realistic and feasible simulations of nuclear 
power generation and spent fuel management in Germany and the UK. 

The ways in which the model can be used are numerous and some illustrations of the type of results 
which can be obtained are shown in Table 1. This indicates the scenario variations found with the 
lowest and highest cost and dose impacts for the complete spent fuel management cycle. 

As can be seen, of the scenario variations studied, the cheapest turns out to be a direct disposal 
orientated scenario, minimised on transport cost, with a high UK flask storage capacity (for spent 
fuel, conditioned spent fuel and vitrified high level waste), costing 14,467 MECU^. This compares 
with the highest cost scenario found, which was a reprocessing orientated scenario costing 20,907 
MECU for which transport Occupational Collective Dose was minimised. In this case, direct 
disposal is cheaper even though wastes are forced to be returned to their country of origin, which 
was not the case for the reprocessing orientated scenario. Generally, direct disposal was found to be 
significantly cheaper than reprocessing. The same direct disposal orientated scenario also performed 
well in terms of Occupational Collective Docs and Public Collective Dose for the complete spent 
fuel management cycle. 

However, it performed badly in terms of the Long Term Public Collective Dose resulting from 
circulation of discharges from operating facilities and long term release of radionuclides from 
disposal facilities. This is due to the larger quantity of conditioned spent fuel disposed of in a deep 
repository situated in granite in the UK compared with other scenarios where more material is 
disposed of in a repositoriy situated in a German salt dome, which is predicted to have lower release 
rates. 

In several cases, minimising transport impact, which generally forms only a small percentage of the 
overall impact, leads to a large increase in the impact for the complete spent fuel management 
cycle. For example, if transport doses, instead of transport costs, are minimised, the quantity of 
spent fuel disposed of directly decreases (due to the much greater number of transports of conditioned 
spent fuel needed, compared with vitrified high level waste, for the same amount of original spent 
fuel, and the relatively small effect decay has on reducing dose compared with the effect investment 
discounting has on reducing financial costs). This leads to an increase in cost for the complete cycle 
of more than 3,000MECU. 

5. References 

1) "Outline Requirements for Radioactive Waste Transport Minimisation Model - Discussion 
Paper", R Grcathead, BAeSEMA Document Reference C2148/TN.1, October 1991. 

2) "Radioactive Waste Transport Minimisation Model: Definition and Data Requirements", R 
Greathead, A R James, BAeSEMA Document Reference C2148/TR/1, April 1992. 

3) "Radioactive Waste Transport Minimisation Model: Data", R Greathead, R Davies, A R 
James, BAeSEMA Document Reference C2148/TR/2, January 1993. 

4) "Radioactive Waste Transport Minimisation Model: Design Specification", R Greathead, A R 
James, BAeSEMA Document Reference C2148/TS/2, August 1992. 

5) "Radioactive Waste Transport Minimisation Model: Users and Programmers Guide", R 
Davies, D Nichols, R Greathead, A R James, BAeSEMA Document Reference C2148/TU/1, 
June 1993. 

6) "Radioactive Waste Transport Minimisation Model: Final Report", R Greathead, A R James, 
D Nichols, BAeSEMA Document Reference C2148/TR/3, November 1993. 

1 MECU= 106ECU. 
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Impact Type 

Lowest Cost for Complete Cycle 

Highest Cost for Complete Cycle 

Lowest Occupational Collective 
Dose for Complete Cycle 

Highest Occupational Collective 
Dose for Complete Cycle 

Lowest Public Collective Dose for 
Complete Cycle 

Highest Public Collective Dose for 
Complete Cycle 

Lowest Long Term Public 
Collective Dose for Complete Cycle 

Highest Long Term Public 
Collective Dose for Complete Cycle 

Lowest Normalised Total for 
Complete Cycle 

Highest Normalise Total for 
Complete Cycle 

Scenario 

Direct Disposal Orientated: All materials returned to country of origin: High UK 
flask storage capacity: Scenario minimised on transport Cost 

Reprocessing Orientated: Materials need not be returned to country of origin: 
Scenario minimised on transport Occupational Collective Dose 

Direct Disposal Orientated: All materials returned to country of origin: High UK 
flask storage capacity: Scenario minimised on transport Cost 

Reprocessing Orientated: All materials relumed to country of origin: Scenario 
minimised on transport Cost 

Direct Disposal Orientated: All materials returned to country of origin: High UK 
flask storage capacity: Scenario minimised on transport Cost 

Reprocessing Orientated: Materials need not be returned to country of origin: 
Scenario minimised on transport Occupational Collective Dose 

Direct Disposal Orientated: Materials need not be relumed to country of origin: 
Scenario minimised on transport Occupational Collective Dose 

Direct Disposal Orientated: All materials returned to country of origin: High UK 
flask storage capacity: Scenario minimised on transport Cost 

Direct Disposal Orientated: Materials need not be returned to country of origin: 
Scenario minimised on transport Occupational Collective Dose 

Reprocessing: Materials need not be returned to country of origin: Storage 
capacities of key stores unlimited: Scenario minimised on transport Cost 

Total Impact 

14,467 MECU 

20,907 MECU 

324.9 man Sv 

478.6 man Sv 

1181.0 mavSv 

2712.2 man Sv 

797,558 man Sv 

9,740,233 man Sv 

3.064 

4.366 



Titlej. Study of the retrievability of radioactive waste from a deep 
underground disposal facility 

Contractor: ECN 
Contract no: FI2W-CT92-0119 
Duration of contract: July 1992 to March 1994 
Period covered: January 1993 to December 1993 
Project leader: J. Prij 

OBJECTIVES AND SCOPE 

Retrievability of radioactive waste emplaced in a deep repository in a geological formation 
has received increasing attention during recent years. Arguments in favour of keeping waste 
retrievable are that more suitable sites might be found, that technological advances and/or 
reduced fission material availability would give an incentive for extracting valuable materials 
from the waste, or that an economically feasible way could be found to transmute long-lived 
radionuclides to short-lived ones. 

The Member States of the European Community have not, up to date, included provisions 
for retrievability in their regulatory framework or in recommendations for disposal of waste. 
Other countries, like the United States, ask for an access to conditioned waste to be 
guaranteed for some decades. 

Two conditions govern the option to retrieve radioactive waste packages from a deep 
repository: 

- the packages should not be damaged (by pressure from the host rock, or due to 
corrosion, or other processes) 

- the position of the package and the nuclide inventory must be known, and this 
knowledge has to be kept alive. 

As those two conditions can be met for a few centuries at the best, provisions for 
retrievability makes sense only for up to 300 years (a widely used design limit for corrosion 
resistance of over-packs). During these few centuries, retrievability may be realised by 
keeping the access to the waste packages open, by maintaining in operational condition the 
access shafts and the main galleries. A second possibility is to dispose the waste in a suitable 
overpack and abandon the repository after backfilling, closing and sealing. In this case the 
waste must be re-mined from the surface. Although this re-mining will be very costly it is 
obvious that there will be a point in time, where the cost of keeping the repository in 
operating condition will be higher than those of re-mining from the surface to reach the 
waste packages in a closed repository. By way of illustration this break-even point is 
represented in Figure 1. 
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Figure 1 Cost comparison for retrievable storage and re-mining after final disposal. 

The objective of this study is to collect existing data on retrievability of heat-generating long-
lived waste and to produce an un-biased set of data on implications in terms of cost when 
deciding adoption of a retrievability strategy. 

B. WORK PROGRAMME 

Present state of the retrievability option 

Existing information on retrievability of radioactive waste will be collected in EC-Member 
States and other countries having a nuclear energy production programme. This review will 
include regulations, recommendations and even opinions as long as they have been expressed 
in open literature or in open working documents of national or international bodies. Attention 
will be paid to aspects of non-proliferation for direct disposal of spent fuel being declared 
as waste. 

Overview of expected modifications because of opting for retrievability 

This overview will examine aspects concerning design and fabrication of waste packages, 
design of the repository, operation and maintenance of the repository and associated 
equipment, surveillance and control of the installation, and maintaining a documentation 
system when changing from final disposal to retrievability. 
For these factors an estimate of additional costs and occupational exposure will be attempted. 
Evaluations about radiation protection and long term safety to the environment will be made 
without carrying out detailed performance assessment calculations. 
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Detailed evaluations for a reference disposal scenario 

A detailed evaluation under realistic conditions will be made in performing a comparison 
between the costs of retrieval of the waste from a suitable deep underground repository 
(including the annual costs of keeping the repository open) and the costs of re-mining the 
waste from a final deep underground repository (including the costs of closing and sealing). 

The assumptions and boundary conditions are: 

• The study is restricted to HAW (high level radioactive waste). The quantity of HAW is 
based on 20 GW installed nuclear power (in standard LWR NPP's) operating for a period 
of 30 years (scenario and data as in studies III and 111). 

• Two types of waste management strategies will be considered: 
. direct disposal of all spent fuel 
. disposal of the HAW from reprocessing all the spent fuel 

• One loading sequence of the waste into the repository will be considered. 
• The disposal concepts will be chosen based on current state of the mining and disposal 

techniques. 
• Three types of host rock will be considered: clay, granite and rock salt. 
• One retrieving and one re-mining strategy will be selected. 

The activities to be carried out are: 

• select feasible final disposal and retrievable storage concepts for each of the three host 
rock formations, 

• assess the feasibility of the selected options: concise safety evaluations will be performed 
with regard to radiation protection and long term safety to the environment, 

• select a feasible retrieval and re-mining concept for each of the three host rock 
formations, 

• assess the feasibility of retrieval for the concepts chosen with respect to maximum 
temperatures and stability of the mine-building after retrieval, 

• determine the total costs of each option selected: 
for the retrievable options the total costs are the annual costs to guarantee the 
retrievability, and the costs of the retrieval 
for the final disposal concepts selected the total costs are the costs of closing and the 
costs of re-mining. 

• evaluate the costs in present day value and determine for each of the host rocks the 
break-even point at which re-mining is more favourable from an economical point of 
view. This evaluation will be based on the present-day society and present day estimates 
of the economical parameters such as interest rates. 
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C. PROGRESS OF WORK AND OBTAINED RESULTS 

State of advancement 

An evaluation has been made of several methods for the actual retrieval of the waste from 
a closed and backfilled storage facility. Based on cost, proven technology, and safety for the 
environment and the personnel, a method of retrieval has been selected. For all three host 
rock types a detailed planning of the underground facilities has been made and estimates of 
the cost for each stage in the planning are being made. The complete break down of the 
planning has been produced as a set of computer worksheets, linked together to form an 
integrated and flexible tool. For the repository in rock salt the economical evaluation has 
been finished and the conversion of the worksheets to the repository in clay and granite is 
being carried out. 

Progress and results 

The method selected for the actual retrieval of the heavy waste container has been denoted 
as 'drilling and pulling'. This method comprises the following steps: 

• Determine the exact position of the waste container using radar sonar or careful 
exploration drilling. 

• Remove the backfill in front of the waste container by means of a continuous miner or 
road header. 
Once the front of the container has been reached a small layer of backfill around the 
container is removed by drilling a series of holes around the container leaving only a 
small part below the container as a support. 

• Pull the container on a transport vehicle by means of hydraulic rams attached to pulling 
lugs on the container or by means of an artificial clamping device. 

This method has been selected mainly because it requires minimal unprotected labour in the 
vicinity of the hot container and all parts of the operation can be considered as proven 
technology. 

Based on this retrieval method and on the concept of storage of the waste galleries the layout 
of the repository in the three host rock formations has been determined. The selected layout 
for the three cases is represented in Figure 2. 
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Granite Clay Rock salt 

Figure 2 Lay-out of the different repository concepts 

In granite and clay the repository consists of a system of main and cross galleries. From the 
cross galleries the disposal tunnels will be driven. In the salt mine the mined salt can be used 
directly as backfill medium and therefore in the salt option the emplacement of the waste will 
start during construction of the repository. In this way the salt mined in the latter phase of 
construction can be used as backfill in the earlier galleries and expensive shaft transport and 
surface storage is avoided. For this reasons underground storage rooms have been planned 
in the salt repository. 
In the case of a repository in clay all underground rooms have to be concrete lined. This 
implies that underground room is expensive compared to granite and salt, and that special 
tunnelling machines have to be used, preferably operating from within a shield to avoid 
instability of the newly mined surface. The economics of this method of tunnelling requires 
long straight tunnels because crossings and angles are expensive. Therefore the repository 
in clay consists of main galleries only, from which long cross galleries will be driven in 
which the waste will be stored. 

The economical evaluation of the results for a repository in clay shows that the position of 
break even point is very sensitive for the real return rate. 
Therefore the preliminary results for a repository in rock salt are presented in Figure 3 as a 
graph giving the break-even year as a function of the real return rate. 
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Figure 3 Break even year as a function of the real return rate. 
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ASSESSMENT AND PROPOSAL FOR ACTIVITY LIMITS FOR RELEASE OF 
VERY LOW-LEVEL RADIOACTIVE WASTE TO LANDFILLS 
Contractor : CEA/IPSN, France, and ONDRAF, Belgium 
Contract n° : FI2W-CT90-0060 
Duration of contracts : April 1991 - June 1993 
Additional program : June 1993 - December 1994 
Period convered : 1 January 1993 - 31 December 1993 
Project Leader : Ph. GUETAT (CEA/IPSN) 

A. OBJECTIVES AND SCOPE 

In the frame of studies dealing with low level wastes destinations, the project aims to 
establish acceptance criteria for municipal and industrial landfill. 
Correspondances between levels of exposure and levels of radioactivity will be 
established. 
From this work, it will be possible to derive activity concentration and surface activity 
levels for acceptance criteria to landfill disposal. 
A complementary study will investigate the implications of disposal management in a specific 
landfill which receive only very low level radioactive waste, and will evaluate the economic 
aspects of this approach. 

B. WORK PROGRAMME 

The initial program included : 
-Phase 1 : Analysis of landfill disposal practices of industrial and municipal waste. A 
particular attention will be paid to the regulatory context and to the conditions 
encountered in the different installations. 

Phase 2 : Development of a radioprotection code CERISE, in order to establish the 
relations between exposure and radioactivity of waste, including a data bank of dose 
conversion factors. 
Evaluation of the exposure of workers and public resulting from the water pathway using 
the code GEOLE (geosphere) and the code ABRICOT (biosphere). 

Phase 3 : Establishment of the correspondance between exposure and activity 
concentration in the one hand or surface activity in the other hand. 
Proposal of levels of radioactivity for the waste acceptance in the different types of 
landfill and for different dose criteria. 
Final report. 

The additional program includes : 
-Review of the existing information of the volumes and radionuclides content in very low 

level radioactive waste, 
-Review of operating data of a landfill including working conditions. 
-Evaluation of radiological impact and determination of acceptance criteria in the case of 

landfill disposal of very low level radioactive waste, 
-Economical investigation and determination of monitoring procedures 

C.PROGRESS OF WORK AND OBTAINED RESULTS 

State of advancement 

The initial program is achieved and final report is definitely accepted by CEC. 
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The additional program is beginning but only few new data, concerning quantities and 
isotopic composition, have been get from fuel companies. Some preliminary calculations 
were performed. 

Progress and results 

Initial program. 

The scenarios presented by the annual progress report 1993 have been selected for the 
calculation. In all cases the exposure parameters have been determined on the basis of 
practical operating procedures and measurements of dust concentration at different 
workplaces. Computer codes CERISE, GEOLE AND ABRICOT have been developped to 
assess the radiological impact of landfill sites. 
The radioactivity concentration and the surface contamination derived for landfill disposal 
are given in tables 1 and 2 (for a selected number of radionuclides only). The results are also 
presented in figures 1 for the radioactivity concentration levels and in figures 2 for the 
surface contamination levels. 
It is easy to see two groups of radionuclides for which the levels are lower : 

- radionuclides with high gamma energy, such as Na22, Co60, Agl 10m ; the limiting 
scenarios are those involving external irradiation . 

- alpha emitters, such as Pu239 and Am241 ; the limiting scenarios are those where 
inhalation is involved. 

For the other radionuclides, the derived levels are very variable, and there is multiple 
dominant pathways. 
The derived levels in terms of surface contamination are always higher than those in terms of 
radioactivity concentration (sometimes an order of magnitude). 
The derived levels for Belgian and French landfills (water pathway not taken into account) 
are comparable, and in most cases differ from no more than a factor of 10. 
The water pathway is not limiting for the Belgian landfill. For the french landfill, it only 
seems to be significant for tritium. 

Additional program. 

For the complementary program on specific landfill, the work carried out include : 
- Determination of dose limits to be taken into account for the calculation, 
- Review of new scenarios to be considered , 
- Selection of input parameters to be used in computer codes. 
Some preliminary calculations have been carried out. 

List of publications 

Ph.GUETAT (CEA/IPSN), L.BAEKELANDT (ONDRAF) 
CECcontract N° FI2W-CT90 00 60. Annual Progress Report 1992 (EUR 15132) 

J.M.ASSELINEAU, Ph.GUETAT, Ph.RENAUD (CEA/IPSN), L.BAEKELANDT, B SKA 
(ONDRAF/NTRAS) 
CECcontract N° FI2W-CT90 00 60.Final report. October 1993. 
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TABLE 1 

Specific activity level, In Bq/g. 

Belqian Results 
Radionuclides 
H3 
C14 
Na22 
P32 
S35 
CI36 
Mn54 
Fe55 
C06O 
Ni59 
Ni63 
Sr90+ 
Nb94 
Tc99m 
Tc99 
Ru106+ 
Ag108m+ 
Sb125+ 
1125 
1129 
1131 
Cs134 
Cs137+ 
Pm147 
Sm151 
Eu152 
Eu154 
Ra226+ 
U235+ 
U238+ 
Np237+ 
Pu238 
Pu239+ 
Pu240 
Pu241+ 
Am241 
Cm244 

Class 1 
8.2E+05 
7.1E+03 
1.9E+00 
1.9E+03 
1.4E+04 
3.1E+03 
5.0E+00 
1.8E+05 
1.6E+00 
6.4E+04 
3.0E+05 
2.3E+02 
2.6E+00 
1.7E+03 
2.4E+02 
2.1E+01 
2.SE+00 
1.1E+01 
2.6E+03 
8.3E+02 
1.4E+01 
2.7E+00 
7.6E+00 
9.4E+03 
1.5E+05 
3.0E+00 
3.4E+00 
1.6E+00 
1.7E+01 
2.4E+01 
8.9E+00 
1.4E+01 
1.4E+01 
1.4E+01 
9.1E+02 
1.4E+01 
2.3E+01 

Class 3 
2.5E+06 
2.1E+04 
2.6E+00 
2.5E+04 
1.4E+05 
3.1E+04 
6.7E+00 
1.4E+06 
2.2E+00 
6.4E+05 
1.2E+06 
6.8E+02 
3.5E+00 
2.3E+03 
7.1E+02 
2.9E+01 
3.3E+00 
1.4E+01 
5.6E+03 
2.5E+03 
1.8E+01 
3.6E+00 
1.0E+01 
9.4E+04 
1.9E+05 
4.0E+00 
4.5E+00 
2.1E+00 
2.0E+01 
2.6E+01 
1.0E+01 
1.4E+01 
1.4E+01 
1.4E+01 
9.6E+02 
1.4E+01 
2.4E+01 

French Results 
Class 1 
1.3E+05 
3.6E+03 
3.0E+00 
1.1E+04 
1.9E+05 
1.1E+04 
7.7E+00 
1.1E+06 
2.5E+00 
3.8E+05 
1.7E+05 
7.0E+01 
4.1E+00 
4.2E+04 
1.2E+02 
3.3E+01 
3.8E+00 
1.7E+01 
3.6E+03 
4.3E+02 
2.3E+01 
4.2E+00 
1.2E+01 
6.8E+04 
2.3E+05 
4.6E+00 
5.3E+00 
2.4E+00 
2.4E+01 
3.3E+01 
1.3E+01 
1.9E+01 
1.9E+01 
1.9E+01 
1.2E+03 
1.8E+01 
3.1E+01 

larqe Class 2 
1.3E+05 
1.1E+04 
8.9E+00 
2.6E+04 
7.8E+04 
7.8E+03 
2.3E+01 
3.3E+06 
7.5E+00 
11E+06 
4.4E+05 
1.3E+02 
1.2E+01 
2.0E+03 
3.6E+02 
9.6E+01 
1.1E+01 
5.0E+01 
3.6E+03 
7.0E+02 
5.9E+01 
1.3E+01 
3.6E+01 
2.0E+05 
6.6E+05 
1.4E+01 
1.6E+01 
7.3E+00 
7.0E+01 
9.5E+01 
3.6E+01 
5.2E+01 
5.2E+01 
5.2E+01 
3.5E+03 
5.2E+01 
8.7E+01 

small C lass 2 
1.3E+04 
1.1E+03 
3.6E+00 
7.8E+03 
2.4E+04 
2.5E+03 
9.2E+00 
4.2E+05 
3.0E+00 
1.1E+05 
4.4E+04 
1.3E+01 
3.2E+00 
3.1E+03 
3.6E+01 
3.8E+01 
3.1E+00 
2.0E+01 
1.2E+03 
1.3E+02 
2.5E+01 
5.0E+00 
1.2E+01 
2.8E+04 
7.9E+04 
5.6E+00 
6.3E+00 
1.9E+00 
1.1E+01 
1.2E+01 
5.4E+00 
6.1E+00 
6.1E+00 
6.1E+00 
4.1E+02 
6.1E+00 
1.0E+01 
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TABLE 2 

Surface activity level, in Bq/cm* 

Belqian Results 
Radionuclides 
H3 
C14 
Na22 
P32 
S35 
CI36 
Mn54 
Fe55 
C06O 
Ni59 
Ni63 
Sr90+ 
Nb94 
Tc99m 
Tc99 
Ru106+ 
Ag108m+ 
Sb125+ 
1125 
1129 
1131 
Cs134 
Cs137+ 
Pm147 
Sm151 
Eu152 
Eu154 
Ra226* 
U235 + 
U238 + 
Np237+ 
Pu238 
Pu239+ 
Pu240 
Pu241+ 
Am241 

|Cm244 

Class 1 
9.1E+05 
1.1E+03 
1.4E+01 
5.9E+01 
1.1E+03 
1.1E+02 
3.5E+01 
4.5E+03 
1.3E+01 
1.2E+03 
3.4E+04 
3.5E+01 
1.9E+01 
5.2E+03 
5.6E+02 
3.4E+01 
1.6E+01 
6.5E+01 
5.6E+02 
1.5E+02 
7.3E+01 
1.9E+01 
5.1E+01 
7.9E+02 
2.5E+04 
2.1E+01 
2.5E+01 
1.2E+01 
1.2E+02 
4.3E+01 
2.2E+01 
3.6E+01 
3.6E+01 
3.6E+01 
1.8E+03 
2.7E+01 
5.4E+01 

Class 3 
9.1E+06 
2.2E+03 
1.9E+01 
6.9E+01 
2.3E+03 
1.4E+02 
4.7E+01 
5.3E+03 
1.7E+01 
1.3E+03 
9.8E+04 
4.5E+01 
2.5E+01 
6.9E+03 
1.1E+03 
5.0E+01 
2.1E+01 
8.7E+01 
9.8E+02 
9.8E+02 
1.1E+02 
2.5E+01 
6.8E+01 
1.6E+03 
6.5E+04 
2.8E+01 
3.3E+01 
1.6E+01 
2.1E+02 
6.1E+01 
1.4E + 02 
3.6E+02 
3.6E+02 
3.6E+02 
1.8E+04 
2.5E+02 
5.4E+02 

French Results 
Class 1 
5.56E+05 
2.92E+03 
4.01E+01 
3.64E+02 
3.03E+03 
7.06E+02 
1.05E+02 
3.68E+04 
3.75E+01 
1.31E+04 
4.99E+04 
2.08E+02 
5.26E+01 
2.19E+05 
1.64E+03 
1.50E+02 
5.21E+01 
1.73E+02 
5.67E+02 
1.10E+02 
1.82E+02 
5.14E+01 
1.17E+02 
2.14E+03 
4.72E+04 
7.41E+01 
6.48E+01 
3.19E+01 
2.41E+02 
2.04E+02 
1.65E+01 
2.22E+01 
2.22E+01 
2.22E+01 
1.11E+03 
1.67E+01 
3.33E+01 

larqe Class 2 
4.2E+06 
8.8E+03 
1.2E+02 
1.0E+03 
9.0E+03 
2.1E+03 
3.1E+02 
1.1E+05 
1.1E+02 
3.9E+04 
2.2E+05 
6.2E+02 
1.6E+02 
1.0E+04 
4.9E+03 
4.5E+02 
1.6E+02 
5.2E+02 
3.0E+03 
7.3E+02 
4.8E+02 
1.5E+02 
3.5E+02 
6.4E+03 
1.7E+05 
2.2E+02 
1.9E+02 
9.6E+01 
7.2E+02 
6.1E+02 
1.1E+02 
1.7E+02 
1.7E+02 
1.7E+02 
8.3E+03 
1.2E+02 
2.5E+02 

small Class 2 
8.3E+05 
1.8E+03 
4.6E+01 
2.5E+02 
1.8E+03 
4.4E+02 
1.2E+02 
2.3E+04 
4.3E+01 
8.1E+03 
4.4E+04 
1.5E+02 
6.0E+01 
1.5E+04 
9.8E+02 
1.3E+02 
6.1E+01 
1.8E+02 
6.9E+02 
1.5E+02 
1.5E+02 
5.7E+01 
1.1E+02 
1.3E+03 
3.4E+04 
8.3E+01 
7.0E+01 
2.8E+01 
1.9E+02 
1.5E+02 
2.2E+01 
3.3E+01 
3.3E+01 
3.3E+01 
1.7E+03 
2.5E+01 
5.0E+01 
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FIGURE 1 

Specific activity level, in Bq/g, for France and Belgium 
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FIGURE 1 (cont.) 

J Specific activity level, in Bq/g, for France and Belgium 
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FIGURE 2 

Surface activity levels, in Bq/cm
2
, for France and Belgium 
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FIGURE 2 (cont.) 

Surface activity levels, in Bq/cm
2
, for France and Belgium 
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DEFINITION OF REFERENCE LEVEL FOR EXEMPTION OF WASTES SUITABLE 
FOR INCINERATION 

Contractor : CEA, IPSN/CEN-FAR, France, and 
EMPRESARIOS AGRUPADOS, MADRID, Espagne 

Contract n° : FI2W-CT90-0066 
Duration of contract : 1 January 1991 - 30 June 1993 
Period convered : 1 January 1993 - 31 December 1993 
Project Leader : O. CAHUZAC (C) - F. ANDALUZ (1) 

A. OBJECTIVES AND SCOPE 

In the frame of studies dealing with low level wastes destinations, the project aims 
to give correlation between waste activity levels and the individual doses due to their 
incineration. 

The study for establishing radiological protection criteria in the case of incineration 
of very low radioactive waste involves : 

The identification of possible waste management scenarios includes : sources terms, 
incinerator data, composition of waste streams, mode of disposal or reuse of the 
residues. 
The establishment of dose levels correspondes to incineration of very low 
radioactive burnable material in a classical installation. 
The establishment of environmental pathways and dose assessments for each 
scenario defined. 
From this work, it will be possible to derive activity concentrations corresponding 

to acceptable level for incineration without special precaution. 
IPSN (France) and EA (Spain) collaborate to this study, EA investigates specially 

biological and organic wastes produced in Spain. 

B. WORK PROGRAMME 

Four steps are looking for : 

1. Data Acquisition and Analysis : 
1.1 Data collect and analysis of base information of incinerator types, processes and 

working conditions. 
1.2 Definition of the characteristics of burnable very low level radioactive wastes and 

excepted quantities. 

2. Analysis 
Sampling and dust in situ measurement. 

3. Evaluation of the radiological impact : 
3.1. Definition of scenarios corresponding to significant pathways for workers and 

members of public. 
3.2 Adaptation of computer code CERISE to specific case of incineration." 
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3.3 Assessment of individual doses for the workers and radiological impact to the 
public as a function of quantities, waste activities and, incinerator and site 
characteristics. 

4. Correlation between activity levels and individual doses 
4.1. Individual doses caused by unitary activity concentration of the waste in the 

considered scenarios. 
4.2 Determination of the wastes' average activity corresponding to the individual dose 

clearance level. 
4.3 Determination of practical limits by groups of the nuclides. 

C. PROGRESS OF WORK AND OBTAINED RESULTS 

State of advancement 

The project is carried out during 1992 has been focused on the completion of item 3 and 4. 
A draft version of the final report has been submitted for the comment of CEC. 

Progress and results 
In order to evaluate the possibility of very low level waste incineration, two different 
approaches have been investigated : 

A- The first one studied by IPSN is a generic study which can be applied to any type of 
incinerators in the French context. It consists in determining the derived activity 
concentrations for very low level wastes to be incinerated without any conditions in any non 
nuclear incinerator. 
Detail results per scenario are presented in the form of an effective individual annual dose for 
a unit specific activity of the incinerated waste corresponding to the different steps of 
incineration procedures and disposal or reuse of incineration byproducts. The activity 
concentration derived in the limitative scenarios has been evaluated for induced annual doses 
of 10 uSv for the population and 50 uSv for workers. 

The results are listed in figure 1 for the four types of incinerators : 
- household refuse incinerator, 
- industrial waste incinerator, 
- cement plant incinerator, 
- hospital refuse incinerator. 

This approach allows applications for all waste types and can remain valid for a 
relative long time. This method may be, in some cases, more drastic than necessary. 

B- The second one carried out by Empresarios Agrupados is a specific study applied to 
biological and organic waste incinerated in an hospital incinerator in the Spanish context. It 
is based on an impact assessment in conditions as realistic as possible but nevertheless 
conservative, realistic but conservative situation. The advantage is to be consistent with the 
present practice. The application is only valid for the radionuclides presently used. 

The table 2 shows the activity concentration (Bq/g) derived for each type of radionuclide in 
the limitative scenarios, calculated for a reference annualdose level of 10 uSv and 50 uSv. 

In Table 1, we can see the beta emitters H-3, C-14, P-32 and S-35 cause maximum doses to 
individuals residing in the incinerator surroundings ; in this scenario, the main exposure 
pathway consists of contaminated food ingestion. 
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The rest of the radionuclides causes maximum doses to the workers of the incinerator. The 
ash worker is the most affected. 

The activity concentration derived from the beta emitters range between 4 and 5 orders of 
magnitude. 
The activity concentration derived from the rest of the nuclides range between 2 and 3 
orders of magnitude with the exception of the values 2.18E+4 and 1.10E+12 which 
correspond to the 1125 and Tc-99m radionuclides, respectively. 

According to the spectrum, the total activity concentration concerning biologic solids and 
organic liquids are calculated : the results can be seen in table 2. 
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figure 1 : Specific radioactivity clearance level for four types of incinerators 
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figure 1 (cont.) : Specific radioactivity clearance level for four types of incinerators 
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TABLE 1 

Doses (Sv/a) caused by the incineration of biological solids and organic liquids (containing 1 Bq/g) 

in the different scenarios of the practice and derived activities (Bq/g) 

ANNUAL DOSES IN THE SELECTED SCENARIOS (Sv/a) 

Nuclide 

H3 
C14 
P32 
S35 

Ca45 
Sc46 
CrSl 
Co57 
Co58 
Fe59 
Sr85 

Tc99m 
Rul03 
Inlll 
1125 
1131 

Cel41 

furnace loader 

cut.expos. 

O.OOE+00 
O.OOE+00 
O.OOE+00 
0.O0E+00 
9.31E-17 
3.10E-07 
4.12E-09 
1.74E-08 
1.45E-07 
1.76E-07 
7.33E-08 
4.S5E-17 
J.64E-08 
1.03E-O8 
1.54E-09 
3.15E-08 
4.66E-09 

inhalation 

7.15E-14 
2.23E-12 
1.21E-11 
2.56E-12 
6.95E-12 
3.00E-11 
3.27E-13 
1.02E-11 
1.85E-11 
1.35E-11 
4.79E-12 
1.07E-22 
8.79E-12 
1.63E-13 
3.52E-U 
2.78E-11 
8.90E-12 

tout 

7.15E-14 
2.23E-12 
1.21E-U 
2.56E-12 
6.95E-12 
3.10E-O7 
4.12E-09 
1.74E-08 
1.45E-07 
1.76E-07 
7.33E-08 
4.55E-17 
5.64E-08 
1.03E-08 
1.58E-09 
3.15E-08 
4.67E-09 

ash worker 

ext. expos. 

O.OOE+00 
O.OOE+00 
O.OOE+00 
O.OOE+00 
1.26E-16 
4.1SE-07 
5.19E-09 
2.37E-08 
1.93E-07 
2.29E-07 
9.73E-08 
3.83E-21 
7.31 E-08 
5.96E-09 
2.04E-09 
3.20E-O8 
5.96E-09 

inhalation 

1.81E-13 
5.64E-12 
5.16E-11 
1.26E-11 
3.47E-11 
1.48E-10 
1.52E-12 
5.10E-11 
9.07E-11 
6.S0E-11 
2.34E-11 
3.30E-26 
4.19E-11 
3.47E-13 
1.71E-10 
1.04E-10 
4.18E-11 

hands 

0,00E+00 
O.OOE+OO 
6.65E-10 

0.O0E+O0 
3.69E-12 
1.51E-10 
1.02E-11 
3.44E-11 
9.55E-11 
1.27E-10 
4.37E-11 
1.01E-24 
4.24E-10 
2.96E-12 
1.64E-11 
1.28E-10 
1.21E-09 

face 

O.OOE+OO 
7.97E-11 
2.89E-10 
1.47E-10 
2.70E-10 
3.34E-10 
2.04E-12 
2.58E-11 
7.65E-U 
3.00E-10 
1.01E-U 
8.90E-24 
1.88E-10 
6.51E-12 
3.28E-12 
1.70E-10 
4.03E-10 

seeing. 

3.97E-14 
1.24E-12 
6.85E-12 
1.22E-12 
3.76E-12 
8.10E-12 
1.80E-13 
1.50E-11 
2.70E-11 
1.16E-11 
2.09E-12 
1.38E-26 
4.04E-12 
1.24E-13 
5.87E-11 
3.87E-11 
4.24E-12 

total 

2.21E-13 
8.66E-U 
1.01E-09 
1.61E-10 
3.12E-10 
4.16E-07 
5.20E-09 
2.38E-08 
1.93E-07 
2.30E-07 
9.74E-08 
3.84E-21 
7.38E-08 
5.97E-09 
2.29E-09 
3.24E-08 
7.62E-09 

Public of the incineration surroundings 

ext.expos.* 

2.26E-12 
O.OOE+00 
7.27E-12 

O.OOE+00 
O.OOE+00 
5.49E-11 
3.01E-13 
8.72E-12 
2.35E-11 
1.65 E-ll 
1.19E-11 
5.20E-23 
6.59E-12 
8.26E-14 
1.03E-10 
1.36E-10 
9.33E-13 

inhalat. 

2.26E-12 
3.58E-13 
1.71E-11 
3.60E-12 
4.88E-13 
2.11E-12 
2.30E-14 
7.12E-13 
1.31E-12 
9.55E-12 
3.36E-13 
1.15E-23 
6.18E-13 
1.18E-14 
4.97E-12 
3.98E-12 
6.27E-12 

ingestion 

1.19E-11 
9.54E-10 
5.03E-10 
7.71E-11 
1.17E-11 
2.56E-11 
6.04E-13 
4.67E-11 
8.62E-I1 
3.77E-11 
6.67E-12 
1.07E-21 
1.32E-11 
9.36E-13 
3.76E-10 
3.27E-10 
1.40E-11 

total 

1.64E-11 
9.54E-10 
5.27E-10 
8.07E-11 
1.22E-11 
8.26E-11 
9.28E-13 
5.61E-11 
1.I1E-10 
5.52E-I1 
1.89E-11 
1.13E-21 
2.04E-1I 
1.03E-12 
4.84E-10 
4.67E-10 
1.56E-11 

limitative 
dose 

1.64E-11 
9.54E-10 
5.27E-I0 
8.07E-11 
3.12E-10 
4.16E-07 
5.20E-O9 
2.38E-08 
1.93E-07 
2.30E-07 
9.74E-08 
4.55E-17 
7.38E-08 
1.03E-08 
2.29E-09 
3.24E-08 
7.62E-09 

limitative 
scenario 

public 
public 
public 
public 

ash worker 
ash worker 
ash worker 
ash worker 
ash worker 
ash worker 
ash worker 
ash worker 
ash worker 
ash worker 
ash worker 
ash worker 
ash worker 

derived 
concentr. 

(Bq/g) 
6.09E + 05 
I.05E + 04 
1.90E + 04 
1.24E + 05 
I.60E + 05 
I.20E + 02 
9.61E + 03 
2.10E + 03 
2.59E + 02 
2.18E + 02 
5.13E + 02 
I.10E+12 
6.78E + 02 
4.85E + 03 
2.18E+04 
1.54E+03 
6.56E + 03 

'for H3 this is the immersion dose 



TABLE 2 

TOTAL DERIVED ACTIVITY CONCENTRATION (Lm) FOR BIOLOGICAL SOLIDS AND ORGANIC LIQUIDS (Bq/g) 

BIOLOGIC SOLIDS 

CO 

des (i) g at source (a'm)m/at = 
578 
48 

1166 
12 

0,8 
0,8 
31 
0,8 
0,8 
5 
96 
0,8 

1940 (at) 

i 
.97E-01 
.47E-02 
,01E-01 
.19E-03 
.12E-04 
,12E-04 
,59E-02 
,12E-04 
,12E-04 
.58E-03 
,94E-02 
,12E-04 
.99E-01 

ed concentration (L'm) 
6.09E+05 
l,05E+04 
1.90E+04 
1.24E+05 
l,20E+02 
9.61E+03 
2.18E+02 
5.13E+02 
6.78E+02 
2.18E+04 
1.54E+03 
6.56E+03 

L'm = î for biologic solid (1/Ik;) 
,88E-07 
,35E-06 
.16E-05 
,99E-08 
,43E-06 
.29E-08 
,29E-05 
,03E-07 
,08E-07 
,18E-07 
.21E-05 
,28E-08 
,45E-04 6,92E-H)3 

ORGANIi 
des (i) 

C LIQUID 
g at source (a'm)m/at = 

454 
165 
19 

250 
3 
2 

0,2 
0,2 
0,03 

15 
2 

910,43 

i 
,99E-01 
,81E-01 
.09E-02 
,75E-01 
,30E-03 
,20E-03 
,20E-04 
,20E-04 
,30E-05 
.65E-02 
,20E-03 
,00E+00 

ed concentration (L'm) 
6.09E+05 
1.05E+04 
1.90E+04 
1.24E+05 
1.60E+05 
9.61E+03 
2.10E+03 
2.59E+02 
2.18E+02 
1.10E+12 
4,85E+03 

L'm = kj for biologic solid (1/Skj) 
,19E-07 
,73E-05 
,10E-06 
,21E-06 
,06E-08 
,29E-07 
,05E-07 
,48E-07 
.51E-07 
,50E-14 
,53E-07 
,32E-05 4,31E-K)4 



Title: Comparison of Safety Assessment Methods for Toxic 
and Radioactive Wastes 

Contractor: Intera Information Technologies Ltd. 
Contract No.: FI2W-CT90-0042 
Duration of Contract: March 1991 - December 1994 
Period Covered: January 1993 - December 1993 
Project Leader Richard Little (Intera) and Carlos Torres 

(IMA/CIEMAT) 

A. Objectives and scope 
The need for safety assessments of waste disposal stems not only 

from the increasing implementation of regulations requiring the assessment 
of environmental effects but also from the more general need to justify 
decisions on protection requirements. Just as waste disposal has become 
more technologically based, through the application of more highly 
engineered design concepts and through more rigorous and specific 
limitations on the types and quantities of the waste disposed, so too must 
the assessment procedure become more sophisticated. It is the overall aim 
of this study to improve the predictive modelling capacity for 
post-disposal safety assessments of land-based disposal facilities through 
the development and testing of a comprehensive yet practicable assessment 
framework. 

Within this project the disposal of toxic, radioactive and mixed 
hazardous wastes is considered. The term "toxic wastes" is interpreted 
broadly to include any kind of liquid or solid non-radioactive waste which 
could give rise to some detrimental environmental effects, post-disposal. 
The associated work programme is being undertaken jointly by Intera 
Information Technologies, Environmental Division, United Kingdom, and 
Instituto de Medio Ambiente of Centro de Investigaciones Energeticas 
Medioambientales y Tecnol6gicas (IMA/CIEMAT), Spain. 

B. Work programme 
B. 1 . To review the different waste types and to compare and contrast 
concepts and methods adopted for their land based disposal. 

B.2. To review the kinds of criteria adopted for authorising disposals, 
in so far as they relate to post-disposal environmental impact. 

B.3. To review the different assessment methods which have been used to 
assess post-disposal environmental impacts and to evaluate the advantages 
and disadvantages of alternative assessment methods. 

B.4. To identify the types of post-disposal impact which might arise and 
use a scenario analysis, according to a well defined procedure, to 
determine how such impacts may arise. 

B. 5. To develop and enhance a practicable framework for assessment of 
post-disposal safety for disposal of wastes to land-based facilities 
taking full account of existing methodological developments. 

B.6. To test the application of the framework on a representative set of 
example disposals. Illustrations will reflect realistic problems of 
environmental assessment. 
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C. Progress of work and obtained results 
State of advancement 

During 1993, the final work programme item of the original contract 
has been completed. It involved the testing of the assessment framework 
(the Safety Assessment Comparison (SACO) Framework (Figure 1) ) on the 
representative set of example disposals /l/. In addition a temporal and 
monetary extension to the existing contract has been agreed with the 
Commission. The extension allows for the further development and testing 
of the SACO framework. Development work includes the identification and 
collation of generic information to support the framework, the enhancement 
of scenario analysis procedures used within the framework, and the 
development of the SACO assessment code. The enhanced framework will be 
tested on a new set of as realistic as possible disposals using data from 
shallow and deep disposal systems, and uranium mill tailings. Work under 
the extension will be undertaken during 1994. 

Progress and results 
1. Testing the Assessment Framework (B.6.) 

It was decided that the following approach to testing the assessment 
framework should be adopted. The test cases should: 
- be undertaken for radioactive, toxic and mixed hazardous waste in a 

range of disposal facilities; 
- be designed specifically to reflect realistic problems of 

environmental assessments (for example, any lack of comprehensive 
waste and site characterisation data); 

- illustrate the benefits of the application and benefits of the SACO 
framework, in particular the SACO assessment code, rather than 
rigorously test all aspects of the framework. 

Three broad categories of test cases were identified: shallow 
disposal; deep engineered disposal; and the special case of uranium mill 
tailings. For the shallow disposal system test case, municipal solid 
waste and low level radioactive waste disposals were considered, whilst 
for the deep system the disposal of transuranic waste was considered. 
Both radioactive and other hazardous contaminants were considered for the 
uranium mill tailings. 

Relevant data for the test cases have come from a number of sources 
121, /3/, /4/ and /5/. Data from international intercomparison exercises 
have been used for the radioactive waste disposal cases and the uranium 
mill tailings. These exercises have been established to test and compare 
the performance of assessment codes and therefore are ideal for the 
testing of the SACO code. This approach to testing the code has several 
advantages: 

the test cases have been derived independently from the SACO 
project; 

- many of the data were derived from real sites such as the Waste 
Isolation Pilot Plant (WIPP) in New Mexico, USA, or represent data 
which will typically be available when assessing a real site; 
the results obtained using the SACO code can be compared with those 
obtained from other assessment codes. 

Comparable international intercomparison exercises have not been 
undertaken for municipal waste and therefore readily available data were 
limited. However, it was possible to obtain details of representative 
municipal waste types from a review of the open literature. For facility 
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design, geosphere and biosphere characteristics, it was decided to use 
appropriate data from the radioactive waste test cases. 

Since it was the aim of the tests to illustrate the application and 
benefits of the framework rather than rigorously demonstrate all its 
aspects, the following approach, which reflects the various steps of the 
SACO framework (Figure 1), was adopted: 

describe the available data relating to the waste, disposal 
facility, geosphere and biosphere (Step 1 of the framework); 

- identify the assessment end point(s) and collect any additional data 
which are relevant (Steps 2 and 3 of the framework); 

describe the conceptual model(s) of the disposal system which has 
been developed from the available data and which is relevant to the 
assessment end point(s) (Step 4 of the framework); 

identify combinations of possible features, events and processes 
(scenarios) which are relevant to the assessment end points, group 
the scenarios, and reduce the number for analysis (Steps 5 and 6 of 
the framework); 

- analyse the scenarios using the SACO assessment code and evaluate 
the results. Where appropriate compare the results with the other 
assessment codes which have been used (Steps 7-11 of the framework). 

A detailed description of the application of the SACO framework is 
given in 111; an abridged version is presented below for the shallow 
disposal test. 

Available data 
Three disposal types were considered: the disposal of radioactive 

waste in an engineered facility (vault); the disposal of radioactive waste 
in a minimally engineered facility (trench); the disposal of 
non-radioactive waste (municipal solid waste, MSW) in a trench. 

The trenches are assumed to have been excavated from drift deposits 
and the only barrier which has been engineered is a covering cap. The 
wastes have been loose tipped in the form of miscellaneous trash materials 
(paper, plastics, metals, etc) and there has been no backfilling of voids. 
For the vault, engineered features include: a cap incorporating a rolled 
clay layer; drummed waste in a concrete matrix; backfill between drums; 
and a reinforced concrete top, base and sides to the vault. Contaminants 
are assumed to uniformly contaminate the matrix in the drums. 

Below each disposal facility is a 1 m thickness unsaturated zone 
succeeded by a 10 m thick aquifer in which groundwater flows horizontally. 
500 m down the watertable gradient, groundwater discharges into deep soil 
and then to surface soil and river water. Humans practice a range of 
activities in the area including: farming of crops and cattle; abstraction 
of river water for irrigation, and human and cattle consumption; and 
fishing. The crops, animal products and fish are consumed by the local 
population. 

Assessment end points 
The end points considered relate to the escape of contaminants to 
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the aquifer and their subsequent transport in groundwater. They are: 
the release rate of radionuclides from the landfill into the 
groundwater - this will allow comparison of the radionuclide release 
rates from the trench with those from the vault; 

- the concentration of each heavy metal in groundwater, river water, 
soil, and air - this will allow comparison of concentrations in 
various media with illustrative environmental quality standards 
which should not be exceeded; 

the annual individual radiation dose received by humans from 
radionuclides - this will allow comparison of the dose with 
regulatory limits. 

the intake rates of heavy metals by humans - this will allow 
comparison of the intake rates with guide levels which should not be 
exceeded. 

Conceptual model 
From the information given above, it is possible to identify a range 

of contaminant release and transport media, primary and secondary 
biosphere receptors, human health effects of exposure to contaminants, and 
the associated contaminant release, transport and exposure mechanisms 
which are appropriate to the groundwater related end points. These can be 
represented in a conceptual model of the disposal system and its processes 
(Figure 2) . A similar conceptual model can be adopted for each of the 
cases considered. 

Scenario identification 
A number of scenarios resulting in the escape of contaminants in 

groundwater, contamination of various media, and human uptake can be 
identified. The full set of scenarios considered is illustrated in Figure 
3. For the purposes of Test Case 1, it is proposed to combine these 
scenarios and assess them together for each disposal system. 

Results and analysis 
The conceptual model and scenarios described above were assessed 

using the SACO assessment code /6/. Results are presented and analysed 
below for each assessment end point. 

Release Rate of Radionuclides from the Landfill to the Groundwater: Figure 
4 summarises the results for Cs-137. The magnitude of the peak release 
rate is lower and occurs later for the vault disposal. This reflects the 
greater containment offered by the vault in comparison to the trench which 
allows Cs-137 to decay further before release. However, this increased 
containment does result in a potentially interesting environmental 
problem. Due to the slower release of radionuclides, the rate at which 
the flux of radionuclides from the vault decreases can be significantly 
slower than the rate of decline for the trench (Figure 4). This in turn 
results in the vault flux exceeding the trench flux at times in the 
future. However, in this case, the release rate is significantly lower 
than the peak trench release rate and hence does not result in higher 
environmental concentrations. 

Heavy Metal Concentrations in Various Media: Table I shows modelled peak 
heavy metal concentrations in the groundwater, top soil, air and river 
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water and contrasts them with illustrative environmental quality standards 
(EQSs) . For all three metals the concentrations are well below the 
relevant EQSs, with the exception of groundwater concentrations which are 
only an order of magnitude below the EQSs. Therefore, if this were a real 
case, it might be advisable to monitor any groundwater used for irrigation 
or human consumption until the concentrations had fallen several orders of 
magnitude below the EQSs. There would not appear to be any need for 
potentially expensive groundwater remediation to be undertaken. 
Concentrations in the groundwater are high compared with those in other 
media due to the relatively limited attenuation and dilution of the metals 
before they reach the aquifer. Once in the aquifer they are considerably 
attenuated and diluted before reaching the top soil, air and river. 

Dose to Humans from Radionuclides: The lower concentrations of Th-230 in 
the surface environment for vault disposals result in lower doses by about 
an order of magnitude (Figure 5) . However, although both doses from 
trench and vault disposal are still rising at end of the simulation time 
(90,000 years), it can be seen that peak concentrations for not only the 
vault but also the trench can be expected to be significantly below the 
dose limit of 0.1 mSv y"1 . Again, these results could be used to help 
judge the need for the engineered features of the disposal system. 

Intake of Heavy Metals by Humans: It can be seen from Table II that Zn 
intake is the first peak after 20,000 years, followed by Pb at 80,000 
years and Fe at 120,000 years. This is due to differences in the sorption 
of the heavy metals in the geosphere, with Zn being the least sorbed and 
Fe the most sorbed. Both Zn and Pb peak intakes are well below the guide 
levels (there is no guide level for Fe). For all three heavy metals, the 
consumption of contaminated grain is the most important exposure pathway, 
with in the intake of cattle produce (beef and milk) being the next most 
important. 
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Table I: Heavy Metal Peak Concentrations from the Trench Disposal of MSW 
Compared with Illustrative Environmental Quality Standards (EQSs) 

(after /!/) 

Fe 

Zn 

Pb 

Top soil 
cone. 
mg kg-1 

1E-9 

2E-6 

3E-7 

Soil 
EQS 
mg kg-1 

1E+3 

3E+2 

2E+3 

Groundwater 
cone. 
mg 1_1 

2E-2 

4E-1 

2E-2 

Riverwater 
cone. 
mg 1_1 

1E-11 

2E-11 

2E-12 

Water 
EQS 
mg 1_1 

2E-1 

5E+0 

5E-2 

Air 
cone. 
mgm-3 

3E-14 

4E-11 

7E-12 

Air 
EQS 
mgm"-' 

1E+0 

5E+0 

2E-1 

Table II: Heavy Metal Intake from the Trench Disposal of MSW 
(after /!/) 

Fe 

Zn 

Pb 

Peak Intake 
mg d_1 

4.4E-10 

2.0E-6 

3.3E-10 

Time of Peak 
y 

1.2E+5 

2.0E+4 

8.OE+4 

Guide Level 
mg d_1 

No level 

1.4E+1 

5.0E-1 
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1. COLLATE INFORMATION 

I 
2. REVIEW CRITERIA & IDENTIFY 

RELEVANT END POINTS 

I 
3. REVIEW DATA & COLLECT 

FURTHER DATA 

I 
4. DEVELOP CONCEPTUAL MODELS OF THE 

DISPOSAL SYSTEM 

I 
5. SCREEN POSSIBLE FEATURES, EVENTS & 

PROCESSES 

I 
6. IDENTIFY SCENARIOS FOR DETAILED 

ASSESSMENT 

I 
7. SELECT/DEVELOP MATHEMATICAL 

CODE(S) TO REPRESENT THE SCENARIOS 

I 
8. OBTAIN DATA FOR CODE(S) 

I 
9. VERIFY & VALIDATE CODE(S) 

I 
10. ESTIMATE RELEVANT END POINTS WITH 

UNCERTAINTY BOUNDS 

I 
11. COMPARE RESULTS WITH 

RELEVANT CRITERIA 

Figure 1 : The SACO assessment framework (after /!/) 
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Title : Study concerning the evaluation of toxic elements present in nuclear waste 

Contractor : ONDRAF/NIRAS, Place Madou, 1 btes 24/25 B-1030 BRUSSELS 

Contract nr : FI2W-CT90-0045 

Duration of contract : from 01.04.1991 to 31.03.1993 

Period concerned : 01.01.1992 to 31.12.92 

Project leader : A. De Goeyse 

A. Objectives and scope. 
The management of radioactive waste is mainly determined by the safety conditions of 

the final disposal. Those safety conditions must cover the radiological aspects but also the 
chemical toxicity aspects coming either from the radioactive isotopes or from the non radioactive 
compounds of the waste. 

The aim of the study is to make an evaluation of those chemical elements and of their 
quantity in the different waste streams. 

The different waste streams will be identified systematically (per producer and per 
category) making a segregation between them based on the production process (operational, 
technological, dismantling, packaging, conditioning,...). 

The chemical properties of the identified waste streams will be included in a general 
databank covering the identification and quantification, the physico-chemical properties, and the 
radiological characterization of the nuclear wastes. 

To define the field of the inventory and to structure the inquiry, we take advantage of the 
experience of similar works performed in other European countries. 

The evaluation and characterization of the chemical toxicity of nuclear waste is performed 
in collaboration with Indaver N.V. (Antwerp-Belgium), a mixed treatment plant company for 
chemical waste. 

B. Work programme. 
1. Selection of toxic elements, in particular heavy metals, in function of the present local, 

national and european legal context. 
2. Qualitative review of the origin of heavy metals in nuclear waste, following the next 

classification : - raw radioactive waste 
- packaging 
- conditioning matrix 

3. Quantitative inventory of the heavy metals in radioactive waste from several producers; 
Quantitative evaluation of the heavy metals used in the packaging and the conditioning of 
the waste, based on the available prognoses for the complete Belgian nuclear program. 

4. Definition of measurements or evaluation methods to identify and quantify the toxic 
elements in nuclear wastes. 

5. Improvement of the specifications for acceptance of radioactive waste to be treated and 
definition of toxic elements & limits (orders of magnitude) acceptable for the admission of 
waste on a shallow land burial, referring to the operation criteria in force for conventional 
landfilling of industrial waste. 

6. Preventive actions to avoid the use of toxic elements in the nuclear facilities and their 
consecutive presence in radioactive waste. 
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C. Progress of work and obtained results. 

State of advancement. 

The information of the remaining selected producers has been collected during the first 
six months, except for Belgoprocess. Thanks to a limited prolongation of the contact, the 
results of Belgoprocess were obtained after summer. 
The report was sent for comments to the Commission end of 1993. 

Progress & results : 

1. Heavy metals in radioactive waste from several producers. 
. Additional information has been provided by Electrabel about lead and zinc in 

dismantling waste. The final amounts for the seven Belgian power plants are as follows 
24 500 kg lead 
65 450 kg zinc. 

These amounts are to be considered with caution for the following reasons : 
+ the chemical composition of the impurities in the lead used is such that only short-

live isotopes can be generated by activation of them, resulting in a high probability 
of exemption at the moment of dismantling 

+ the most quantities of zinc will only be contaminated in case of accident during 
the life cycle of a unit. 

A wide range of metals has been identified in the waste of IRE (Institut des Radio-
Elements, Fleurus), 
like Al (ca 200 kg/year) and Cu (ca 30 kg/year) in normal production waste ; 

Cu (3 000 kg) and Pb (200 kg) in technological waste ; 
Al (30 000 kg), B (1 000 kg), Be (0,1 kg), Cu (75 000 kg), Pb (1 680 t) and Zn 
(60 000 kg) in dismantling waste. 

. The CEN-SCK (Centre d'Etudes Nucleaires, Mol) has limited the inventory to waste in 
stock, identifying : 4 000 kg Be 

some hundred kg of Cd 
87 kg of Hg 

. Belgoprocess has performed an inventory of cadmium, mercury, lead and zinc on site 
I (including the ex-Eurochemic reprocessing facility) and on site II (ex- waste division 
of CEN-SCK). The results are summarized on table 1 and are to be carefully considered 
because significant amounts could be exempted. 

2. Heavy metals in packaging, and conditioning matrix. 
Considering the current Belgian nuclear programme and based on a 100 % reprocessing of 
used nuclear fuel, an evaluation of the metals used for the packaging (zinc from galvanized 
drums and lead from canisters) and for the conditioning (boron in glass matrix) gave the 
next estimates : 

3,2 tlead 
1 109 t zinc 
114 t boron 
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3. Comparison of the shallow land burial for radioactive waste with a landfill disposal site for 
industrial waste. 
The objective of both installations is to reduce to a minimum the impact of waste on the 
environment. 
The type of toxicity and the physical structure of the waste, the level of safety to guarantee 
and the period of time involved lead to fundamental differences between both concepts, 
wich are summarized on table 2. 

4. Acceptance criteria and specifications 
In the same order, a review of the existing criteria on heavy metals for industrial landfilling 
has been performed, and compared with the present specifications applied to radioactive 
waste. Proposals are made in the perspective of future regulations. 

5. Prevention. 
An example is given where general principles of prevention are successfully applied to the 
daily production of boron-containing effluents generated by a nuclear power plant. Details 
are given on how general objectives are translated in the reality through motivation, 
instructions and work organization. 

6. Conclusion. 

A wide range of heavy metals has been identified in the Belgian radioactive waste 
produced during the daily processing of nuclear facilities or foreseen at the moment of their 
dismantling. 

These obtained results are presently used as input for safety assessment studies of the 
belgian project for shallow land burial. 

These data will further be combined with the radiological properties of the waste containing 
metals, aiming to an integral and safety management of the radioactive waste. 
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Metal 

Cd 

Cu 

Hg 

Pb 

Zn 

Quantities (kg) 

Total inventory 

1200 

26 089 

2 088 

405 700 

9 737 

Net prevision 
(not exemptable quantities) 

220-270 

< 26 089 

2 088 

175 000 

8 137 

Table 1: Heavy metals inventoried and previsions after exemption for Belgoprocess. 
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Capacity 

Structure 

Waste characteristics 

Draining system 

Gas 

Usable volume 

Stability 

Bottom waterproofing 

Top waterproofing 

Total thickness of the cover 

Operation period 

Survey period 

Category 1 landfill site 
Indaver 

900 OOOt 

cells 

bulky 

stable 

functional drains 

ventilation shafts 

± 90% 

autostable (after compacting) 

clay 2 m 
geomembrane PE 2,5 mm 

rubber + bitume 3 mm 

1,5 m 

long (> 10 years) 

10 to 30 years 
treatment of the effluents 

integrity control 

Shallow land burial 
NIRAS Project 

100 000 to 200 OOOt 

modules 

packages 

solid 

control drains (option) 

nihil 

± 50% 

concrete modules + infilling materials 

waterproof concrete 1 m 

geomembrane PVC 1-2 mm 
clay 2,5 m 

bitume + fibres cover 
waterproof concrete 1 m 

5 m + 1 m beton 

short (< 6 months/set of 10 modules) 

200 years 
control of the natural outlet 

integrity control 

Table 2 : Main characteristics of a category 1 landfill site and a project-site for shallow land burial 



Title: Disposal of Radioactive Waste and Toxic 
Waste in Underground Repositories 

Contractor: GSF-Forschungszentrum fur Umwelt und 
Gesundheit,GmbH; Stichting Energie-
onderzoek Centrum Nederland (ECN) 

Contract No: FI2W-CT90-0061 
Duration of contract: from March 1st, 1991 to February 28th, 

1994 
Period covered: January 1st - December 31st, 1993 
Project Leader: Th. Brasser (GSF - Coordinator) 

A. van Dalen (ECN) 

A. OBJECTIVES AND SCOPE 

The initial objective of a mutual research project between 
GSF and ECN is to delineate the statutory boundary conditions 
pertaining to an underground emplacement of hazardous wastes. 
At the same time the wastes of relevance to disposal are to be 
characterized according to type, composition, origin, toxicity, 
and volume, while taking the particularities of the situation 
in both countries into due consideration. Assumed potential ha
zards to the environment emanating from disposal are to be as
sessed on the basis of these data. The current strategies for 
an underground storage of hazardous wastes are described and 
compared with the concepts for the final disposal of ra
dioactive wastes. Reference is taken to the special R&D topics 
of final disposal, such as the selection of the host rock, in
vestigation of the geomechanical and hydrogeological situation, 
transport methods, backfilling and sealing techniques as well 
as the more complex subjects, such as the spreading of toxic 
agents and the safety analysis. This mutual project is to com
bine the basic knowledge of the repository concepts for the 
disposal of radioactive and hazardous wastes. 

B. WORK PROGRAMM 

2.1 Consideration of legal stipulations for the underground 
disposal of toxic wastes, based on the aims, requirements, 
techniques and safety concepts of radioactive waste dis
posal . 

2.2 Description of the types of waste, their composition, ori
gin, toxicity and assessment of their potential hazards to 
the environment emanating from the emplacement. 

2.3 Description of strategies for underground disposal of toxic 
wastes and comparison with the concepts for radioactive 
waste disposal. 

2.4 Compilation of special requirements on the disposal of 
toxic wastes in deep geological formations, summarizing 
those results which can be generally adopted from the R&D 
work in the field of radioactive waste disposal. 
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C. PROGRESS OF WORK AND OBTAINED RESULTS 

Federal Republic of Germany 

2.1 Legal Stipulations 
2.1.1 Waste Act (Krw-/AbfG) 

The draft of a so-called waste cycle management- and waste 
act (Krw-/AbfG) in Germany corresponds with the demand of the Eu
ropean community and particularly with the guideline of the coun
cil of march 18th, 1991. Besides this the content of the law 
should counteract to the growing problems of waste management in 
the Federal Republic of Germany. 

2.1.1 Objective 
The waste rise faces presently neither quantitatively nor 

qualitatively a sufficient disposal capacity. To prevent a criti
cal state in disposal-affairs in the near future, production re
sidues must therefore be held as far as possible in an economic 
cycle so that waste is avoided in greater quantities than up to 
now. Altogether economic as well as ecological reasons command 
both, to reduce the waste rise drastically. Thus basic conditions 
must be created, which can guarantee the problem solution in a 
social and ecological market economy. To transform these goals 
the draft of the new waste act follows the demand of the waste 
act of 1986 of more self-responsibility. The waste cycle manage
ment should lie therefore primarily in private hand. The waste 
management itself has to align with the order of avoidance, re
cycling (first material then energetic reuse), waste treatment 
and waste disposal. Producers and distributors have a product 
responsibility, so that ecological products will be developed and 
produced and the cycle of material will be closed. The federal 
government intends to create the necessary basic conditions by 
legal regulations, whereby the waste cycle management and waste 
act stands in a narrow connection with further ordinances, for 
example the technical manual for municipial waste, the technical 
manual for hazardous waste or the waste combustion ordinance. 

In general wastes produced in the Federal Republic of Ger
many are to be treated and / or disposed of in the country it
self. Secondary raw materials can be exploited however in foreign 
countries also. 

2.1.2 Waste Quantities 
In the meantime preliminary waste quantity statements for 

1990 exist which will be revised by the Federal Statistical Of
fice. According to the environment statistics act every two years 
elevations occur, which include now for the first time the new 
federal states also. The last elevation also resulted for the 
first time with a direct assignment of occurring waste quantities 
to the respective waste keys. After that altogether about 15 
Mio.t of hazardous wastes and residues have occurred 1990, from 
which 27,8% have been recycled. A compilation of the 62 waste 
types (after TA Abfall), relevant for underground disposal, ex
pels for 1990 a quantity of about 700.000 t. 
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2.2 Waste Characterization 
The goal of the inorganic analysis and the determination of 

sum parameters is to prepare a mass balance and to describe the 
wastes both after their main-,as well as after their trace-ele
ment content. After performance of survey analyses a selection of 
several waste types was characterized by waste-analytical me
thods . The results have been interpreted above all in regard on 
the necessity of an underground disposal. 

2.2.1 Investigation Procedure 
The applied investigation processes for waste characteriza

tion are: 
* Different chemical solution processes, 
* Insolubles residues, 
* Water-solubles fraction, 
* Drying loss and loss on ignition, 
* Ion-chromatography, 
* Photometric processes, 
* Carbon determination, 
* ICP / AES. 

Particularly through the comparison of different solution-
and detection processes with the help of the ICP / AES and alter
native wet-chemical processes it has been determined, in which 
way the achieved results are depending on the kind of inserted 
analysis processes and the kind of investigation methods. 

2.2.2 Assignment to the Underground Disposal 
At all samples investigated (hardening-salts, iron-sulfates, 

browning-salts, lead-salts and blasting medium residues) the de
mands are fulfilled, which are put at wastes for an underground 
disposal. Neither spontaneous combustion nor combustibility or 
explosibility are to be expected under disposal conditions 
(temperature, humidity). Smell or degassing could be observed at 
no sample. At cyanide-containing wastes (hardening-salts) no 
measurable cyanide-content could be ascertained at measurements 
in the gas room directly over the sample. 

A comparison of the permissible limits for the landfill de
posit of hazardous wastes with the concentrations in eluates de
termined at the samples shows, that the wastes investigated are 
not associated to injustice to an underground disposal. Already 
the determined loss on ignition excludes some waste types from 
landfill disposal. The limit of 10% soluble fraction hold the in
vestigated lead-salts and blasting medium residues, but the per
missible zinc-, lead- and cadmium contents are exceeded by indi
vidual samples. All nitrite-containing waste types and, in addi
tion, the group of browning-salts contain so much nitrite, that 
they should be protected from solution effectively. The standard 
value for sulfate is exceeded by iron-sulfate wastes around 7 - 8 
- fold; determined cyanide-contents lie likewise far over the 
standard value. Generally the anion-contents contribute in larger 
extent to the exclusion of landfill disposal than the metal in
gredients . 

61 



2.3 Disposal Concepts 
As suitable for underground disposal of special hazardous 

wastes particularly cavities in salt rocks are examined. In Ger
many there are altogether five large salt districts, in which to
day potassium- and / or rocksalt is mined and in which there are 
mines with large cavity volume: 

The flat bedded and thin evaporites of triassic origin in 
Baden-Wurttemberg. 
The flat bedded evaporites of Zechstein in Hesse and Thurin-
gen, the potassium district at Werra and Fulda. 

- The middle-german district with Zechstein salts mainly of 
the Stassfurt-series. 

- The north-german district (Zechstein, predominantly Leine-
series). 
The Wesel district at the Niederrhein. 
Beside salt rocks however also the qualification of hardcoal 

mines for the disposal of residues, for instance from power 
plants is under exploration. Indeed the geological safety of the 
jointed Carboniferous strata is essentially slight, since already 
during the operational phase saline formation waters must be pum
ped, so that the mines are not floveled. Also the overburden 
layers of Emschermergel with a thickness of several hundred me
ters do not form a complete barrier. Thus one can dispose of no 
special hazardous wastes without further investigations , unless 
the hazardous content of the wastes is consolidated or fixed by 
special processes in a matrix, e.g. in concrete or pozzuolan. 

The development in former ore mines is similar, from which 
only four in the western federal states still exist. Since here 
however only a relatively slight output is to be recorded, also 
the created cavities for disposal options are essentially more 
insignificant. 

Cavities, which have been resulted from the underground mi
ning of evaporites like anhydrite / plaster, lime and dolomite, 
serve likewise for the diposal of power plant residues. 

Stratigraphy e.g. is very well known at the sites of former 
mines. Main aquifers, which were not essential for the safety of 
the mine itself, but which could be however, on the other hand, 
essential for the long term safety of a disposal mine, are how
ever investigated up to now only insufficiently. 

Beside the disposal of residues and wastes in mines in the 
federal state of Lower Saxony the possibility of a disposal in 
salt caverns has been studied. Thereby one concentrates particu
larly on salt domes near the coast, because the salt freight oc
curring at the solution process could be derived in the sea. 

2.4 R&D - Transfer 
Beside the promotion of research works in the field of final 

disposal of radioactive waste and special hazardous waste by 
single projects also institutional research works are accom
plished in three National Research Centres (GFE) of the BMFT 
(GSF, KFA and KfK). But the programs of these GFE are aligned, as 
far as waste specific, still predominantly on radioactive waste. 
The whole topic is, in addition, also an element of the R&D -
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program of the Federal Institute for Geosciences and Natural Re
sources (BGR) . 

2.4.1 Federal Institute for Geosciences and Natural Resources 
(BGR) 

One point of main effort of research within the BGR is the 
achievement of physical material laws of the host rocks, particu
larly on the thermomechanical behaviour of salt rock and backfil
ling material. An important step thereby is the development of 
experimental methods for the determination of material parameters 
as well as the further development of test- and measuring techno
logy for lab-and in-situ - investigations, since only the know
ledge of the conformities and specific parameters allows a suf
ficing exact forecast of the long-term behaviour of the host 
rock. 

2.4.2 GSF-Forschungszentrum fur Umwelt und Gesundheit 
The GSF-Research Center for Environment and Health with the 

Institut fur Tieflagerung (institute for deep disposal, IfT) 
since 1965 develops and tests techniques for the final disposal 
of radioactive waste in the Asse salt mine. For non heat-pro
ducing, weak- and middle-radioactive waste processes have been 
developed, which are meanwhile concept elements for the planned 
disposal site in the former iron mine Konrad and in the salt dome 
of Gorleben. Furthermore methods for the safety analysis of un
derground disposal have developed and are already utilized as 
part of authorization processes. The experiences, which have been 
achieved in the area of final disposal of radioactive waste, fur
ther will be transfered on the underground disposal of chemically 
- toxic wastes. Summing up the GSF - IfT presently is working on 
following topics: 
- Development of safety-related technical basic conditions, 

Investigation of the efficacy of geotechnical barriers, 
- Investigations on long term safety under worst case condi

tions , 
- Development of safety-analytical methods for the long-term 

safety. 

2.4.3 Research Centre Julich (KFA) 
In the KFA predominantly the institute for chemical techno

logy (ICT) deals with questions of the operational safety and the 
long-term safety of an underground disposal. Beside this contri
butions to the characterization of HTR-fuel elements come from 
the hot cell area of the institute for reactor raw materials 
(IRW-HZ) . Work emphases are characterization and treatment of HTR 
- and MTR-fuel elements and from wastes for the final disposal. 

Heat producing radioactive wastes must be disposed of by a 
technology which is considering the special waste characte
ristics. The investigations concentrate on the final disposal of 
MAW and from HTR / MTR-fuel elements , e.g. in drilled boreholes, 
and include particularly the detailed description of the effects 
connected with the backfilling with crushed salt like load denu
dation, gas development and -migration. 
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2.4.4 Nuclear Research Centre Karlsruhe (KfK) 
In the KfK the works of the institute for nuclear treatment-

and disposal-techniques (INE) include the development of concepts 
and processes for the immobilization of radionuclides (waste con
ditioning) , works on the optimization of the barrier effect of 
waste products as well as the investigation of the chemical beha
viour of radionuclides in the near- and far-field of an under
ground disposal. Essential contributions to the long-term safety 
deliver: 
- material investigations at waste skeins 

near-field investigations, including the effect the radia
tion field 

- development of material laws to the description of thermal 
and thermodynamical effects in an enlarged near-field. 

2.4.5 Outlook 
Between the german National Research Centres there is no 

narrowly determined division of the research activities in the 
field of long-term safety of underground disposal. The Research 
Centre Julich (KFA) and the Nuclear Research Centre Karlsruhe 
(KfK) pursue especially research works in the area of waste cha
racterization, liberation behaviour as well as conditioning. The 
GSF-Research Centre for Environment and Health works at themes 
concerning disposal technique as well as long-term safety. The 
BGR pursues beside this site-specific research works (e.g. Gorle-
ben, Konrad) with the above described questioning; works are ac
complished also for the Federal Office of Radiation Protection 
(BfS) according to an agreement between the Federal Ministries 
BMU, BMWi and BMFT. 

2.4.6 Further R&D - Tasks 
In Germany a promotion-programm for the ecological disposal 

of hazardous wastes and / or residues in deep geological forma
tions is discussed presently, which includes both radioactive as 
well as special hazardous wastes and / or residues. Hereby the 
legal and administrative separation with the treatment and dispo
sal of radioactive and non-radioactive wastes should be given up. 
Among experts the opinion exists, that despite of the status al
ready reached in this area further research and development is 
necessary to heighten the available standard of knowledge through 
application- orientated basis research, particularly for the pro
tection of man and environment, particularly: 
- to improve the requirements for a demand-orientated provi

sion of underground disposal sites for heat producing ra
dioactive wastes, 

- to develop the current possibilities of waste characteriza
tion and classification relevant for underground disposal as 
well as to support the preparation of underground disposal 
sites through application-orientated research, 

- to show evidence of safety of underground disposal as inclu
sively and verifiably as possible, also to increase the ac
ceptance within the public, 

- to develop further scientific and technical concepts for the 
treatment and disposal of hazardous wastes. 
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The proposed promotion-program thereby emphases the following to
pics: 
1. Waste characterization and -classification, 
2. Safety demands, 
3. Characterization of potential host formations and locations, 
4. Quality assurance, 
5. Work and environment protection, 
6. Incident analysis for the operational phase, 
7. Scenario analysis, 
8. Geochemical effects in the nearfield, 
9. Behaviour of geotechnical barriers, 
10. Behaviour of host rock, mine openings and backfill material, 
11. Transport processes in the geosphere, 
12. Development of methods and calculation programs for long-

term safety analysis, 
13. Strategies for validation and quality assurence of calcula

tion programs. 

The Netherlands 

Introduction 
About two years ago the government announced a public 

discussion on wastes and waste disposal. The main reason was the 
resistance of the public to accept a large underground facility 
for waste disposal, both radioactive and high toxic chemical 
waste. Pending the discussions the government could not give in
dications or instructions how to handle the disposal of wastes 
without giving the impression of partiality. There was no pro
gress in law-making concerning underground disposal. It is not 
without reason that the reaction of the government is cautious 
concerning waste management in view of the involvement of local, 
provincial and state authorities in the past. 

2.1 Legal Aspects 
On May 14 this year the standpoint of the government was pu

blished on the use of the underground for disposal of toxic 
waste, both radioactive and toxic chemical. Principle of living 
with waste is that the isolation from the environment is in-
spectable and controllable. Controllable implicates also retrie
vable for reuse, detoxification, removal to a safer storage. The 
retrievability is not limited in time e.g. the closure of the un
derground facility. 

The production of toxic chemical or radioactive waste in the 
future for new processes or products has to be justified. The 
value of the product for the society should outbalance the econo
mic and social costs of the accompanying waste. 

It is announced in the standpoint of the government that ex
port of wastes for the purpose of disposal elsewhere will be en
ded in 1996. This will have implications for the waste characte
ristics and amounts as is given by the yearly review of the in
stitute for chemical waste data collection. 
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2.2 Waste Characterization 
Chemical waste to be stored retrievable underground mentio

ned in the governmental document concerns the high toxic (C-l) 
and medium toxic (C-2) . High toxic chemical waste (class C-l) is 
not allowed to be stored in an above-ground facility. This waste 
consists of residues of natural gas production containing mercury 
and its compounds, metal hardening salts, and residues from fluo
rescent lamps. These wastes amount to about 300 - 600 tons year
ly. Storage is underground in the Herfa-Neurode salt mine, a 
facility considered suitable for retrieval of the wastes. 

Medium toxic chemical waste (class C-2) can be stored in an 
landfill facility under the condition of inspectable and con
trollable isolation from the environment. The so-called C-2 faci
lity consisted of a concrete vault of 125,000 m3. Sections of this 
facility are in use for the storage of sludges from industrial 
processes, pigments, soluble salts, heavy metals, ashes from che
mical (organic) waste incineration. The total of these wastes 
amounts to 30,000 tons yearly. 

Extrapolation to the future of amounts and qualities of che
mical waste is less certain, due to: 
- Revision of laws and rules, 
- Less industrial waste by more efficient processes, 
- Less waste by disappearance of products, processes and in

dustries, 
More waste by import of raw materials and ores of lower qua
lity, 

- More or less success of the recycling industries, 
- The acceptance of waste materials as raw materials for other 

purposes (replacing original used materials). 

2.3 Disposal-Mine Concept 
Earlier concepts for a disposal mine in a salt formation are 

in view of the declaration of the government regarding under
ground disposal not valid anymore. High and medium toxic wastes 
have to be retrievable anytime, even long after the operational 
period of the underground facility. The decision to take back or 
not the waste is left to the future generations. 

Reasons for retrieval mentioned are: 
- Use of waste as raw material, 

Detoxify for safety reasons, 
- Remove to a safer site (calamity). 

Other conditions of the government are: inspectable and con
trollable (from remedial action to retrieval). The other im
portant factor concerns the fact that the mine or facility will 
not be state owned. The fact that the mine will be private owned 
means that the waste storage / disposal has to be done on a com
mercial basis. The equivalent of the nuclear option (a mine for 
waste only) is far to expensive. The amounts of C-l andC-2 wastes 
produced yearly, about 30,000 tonns, is much to small for the in
vestment of a complete mine. 

2.4 R&D Transfer 
For several decades investigations were made to ensure the 

disposal of nuclear waste. Experimental engineering in a salt 
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dome, practical experience with low level waste disposal, calcu
lations of stability, creep of salt for rooms, caverns etc. For 
the long term safety prediction calculation programmes were deve
loped validated by using measured data from natural analogs. For 
a particular disposal site a lot of information is needed on the 
geologic formation to be used but also on the surrounding forma
tions to predict for the far future the behaviour and displace
ment of the waste components in case of dissolution. 

The transfer of knowledge from nuclear waste disposal R&D is 
most important for the formulation of the mine-law and -rules. Up 
till now it is not allowed by law to bring underground other ma
terials as removed from the place or material necessary for the 
mine exploitation. 

The nuclear experience and R&D work may be helpful to formu
late the legal conditions for chemical waste storage / disposal 
underground. Some points to be regulated are: 

The ownership of the wastes during the operational phase of 
the mine, 
Idem after closure but no decision on retrieval, 

- Idem after declared not retrievable, 
- Retrieval on request by who, and at whose expense, 

The conditions of the mine suitable to receive wastes, 
The construction of the rooms, caverns, 
The conditions for waste and wasteform for acceptation, 
Description of the working conditions, 

- Description of techniques and measures for mining, in
spection, control, and retrieval, 
Material choice for backfill, barriers, closures, 
Administration of the wastes and their location in the mine. 

2.4.1 Stability of Salt Structures 
The long-term safety of a final disposal depends partly on 

the engineered structure in the salt formation, including the 
closure techniques used but also on the geologic stability of the 
salt formation. The studies completed for the nuclear waste dis
posal in the early eighties were focussed on salt diapirism, 
subrosion and the influence of an ice-cap during the coming ice-
age. The origin of salt diapirism was supposed to be the diffe
rence inspecific weight between rock salt and the overlying sedi
ments . 

Sufficient lithostatic pressure and the plastic behaviour of 
salt were used to make calculations of diapiritic growth. Mass 
flow of salt was estimated from the subsidence of the surrounding 
sediments. The picture used for calculations in a flat deltaic 
structure with originally about horizontal sedimentary layers. 
Structures below the Zechstein salt were not taken into account. 
The calculated growth values are in the range of generally accep
ted results of about 0,1 - 0,5 mm per year. 

The discovery of substantial amounts of oil and gas in 
northern Europe initiated intensive studies of the geology. The 
presence of oil in northern Germany was already known for three 
hundred years from seepings. As drilling is very expensive a good 
knowledge of the underground structure is of help to avoid "dry 
wells". A very detailed study was necessary because the under-
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ground proved to be very complex and fragmented resulting in 
alarge number of relative small gas and oil fields. Gas and oil 
are collected in permeable layers covered by impermeable forma
tions . 

For most of northern Europe this means that the history can 
be constructed starting with the permocarboniferous of about 300 
Ma ago. A large amount of information is given in the journal 
Tectonophysics 107 (1987) devoted to congressional Intra-Plate 
Deformations in the Alpine Foreland. 

Inside a salt formation a number of salt minerals is present 
and it has been noted that during the existance of the formation 
recrystallisations occur. Herrmann suggests a relation with dia-
pirism and cites the results of age determinations by Potassium-
Argon and Rubidium-Strontium measurements. In the neighbourhood 
of Hannover in potassium salt ages of 130, 100, 75, 63 and 40 -
20 Ma were found. These ages are in coincidence with theorogenic 
pulses of Late Kimmerian (130), Austrian (100), Subhercynian 
(75), Laramide (63) and Pyrenean, Alpine (40-20 Ma). 

Salt flows under pressure and it seems that the pressures of 
orogenic pulses are the main origin of salt displacements. Thin
ner layers act as gliding planes for the upper sediments as was 
found in the Tabular Jura in Northern Switzerland. The same ef
fect has been observed in the region of the Broad Fourteens basin 
in the North Sea west of The Netherlands. 

Due to the relation of growth of salt diapirs in periods of 
tectonic pulses and the location of the diapirs in relation to 
the topography of the basement rocks there is strong evidence for 
the tectonic origin of salt domes. Horizontal pressures and dif
ferences in heights in the basement structure are the most im
portant factors for the presence and location of the salt 
structures in the Permian Basins. 

In the discussions on conditions the simplified cross-
section pictures are misleading. The basement in reality is com
plex and the diapir has in most cases a very elongated structure 
according to faults in the basement. 

The condition that major faults in the neighbourhood of the 
salt dome may not be present is not real because of the origin of 
a salt dome is due to the presence of height differences at the 
basement. These differences are due to faults. Also the basement 
is very fragmented in the Alpine foreland, a fault is always 
nearby. 

Recently the public opinion has been shaken by a tectonic 
event near Roermond in The Netherlands and the neighbouring parts 
of Germany and Belgium. The centre of the earthquake was at the 
south-eastern end of the Central-West Netherlands basin. This 
event is due to subsidence. In the scientific opinion Northwest 
Europe is a very stable region and it has to be explained that in 
geologic times the earth crust has been not so quiet. The influ
ence on a saltdome however is small to negligable. 

-68 



Title: Use of methods and programmes developed in nuclear field for treatment and disposal 
of toxic and hazardous wastes 

Contractor: NUCLEO S.p.a. - SNIA Tech. 
Contract n°: FI2W-CT91-0110 
Duration of contract: from 1.1.1992 to 30.6.1993 (extended to 30.9.1993) 
Period covered: from 1.1.1993 to 30.9.1993 
Project leader: Francesco Lo Giudice (NUCLEO S.p.a. - Co-ordinator) 

V. Pellecchia (SNIA Tech.) 

OBJECTIVES AND SCOPE 
Aim of the research is to make a general overview of the industrial wastes (on 
technical and regulatory point of view) to identify toxic and hazardous wastes. This 
research has identified refuses containing asbestos (RCA) as the wastes more suitable 
for the compaction and immobilization process, widely considered a good balance 
between technical and economical features for low activity radwastes management. 
Experimental tests have been carried-out to verify the feasibility and the convenience 
of the proposed process. The target was to demonstrate the possibility to decrease 
significantly the volume of incoming wastes, so reducing costs related to the disposal 
and in the same time to have a final product more easily disposable in less restrictive 
category dump, according to Italian regulation. 
Results of experimental tests have been used to set-up the definitive input data for the 
basic design of a pilot plant able to treat about 12,000 m3/y of incoming RCA, 
developed with the same criteria as it was a nuclear facility. 
Final economic consideration has shown that the processed wastes can be disposed in 
less restrictive category dump, allowing a cost saving of about 20 % (wastes 
decategorisation). 
Of course this means that also on environmental point of view, it has been reached a 
good result because the decategorisation allows to dispose the wastes in safer more 
ecological way. 

R WORK PROGRAMME 
According to the technical Annex of the Contract the following steps have been 
carried-out: 
1. selection of THW featured by an environmental impact similar to low activity 
radwastes; 
2. selection of the radwastes treatment processes, already adopted in industrial scale, 
to be transferred to THW both technical and economical point of view; 
3. testing of the whole treatment process including: shredding of RCA, compaction and 
final embedding in cement matrix. 
4. pilot plant basic design development 
5. final report including : test report, design and plant description, cost/benefit 
evaluation. 
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C. PROGRESS OF WORK AND OBTAINED RESULTS 
1.1 State of advancement 
A technical survey on the toxic and hazardous wastes has been carried out to select the 
categories suitable to be processed with the methods and techniques up to now 
adopted for low and intermediate level radioactive wastes, taking into account the 
current regulation for safe management and disposal. 
The research identified the Refuses Containing Asbestos (RCA) as more suitable for 
the volume reduction and embedding processes, which are widely used in radioactive 
wastes field owing to their convenience and technical ease. 
We have mainly focused our attention on RCA considering the wide utilization of 
asbestos in the last decades, before discovering its toxicological properties dangerous 
for public health, so pushing many Countries to ban asbestos based materials, dispose 
them and replace with alternative materials. In first instance the research was pointed 
to investigate the real amount of RCA to be adequately disposed of. 
Successively the basic criteria for RCA volume reduction and embedding process have 
been drawn, by starting functions and requirements of a treatment pilot plant. To 
confirm the fixed design data, a preliminary experimental campaign was performed in 
full scale by employing real RCA samples and equipment of NUCLECO in the ICS 42 
facility, where a similar process is qualified for solid radwaste treatment. The above 
mentioned campaign gave results not completely satisfactory, so forcing us to modify 
the process and optimize the treatment either in terms of reliability and cost saving. 
Consequently a second experimental campaign was carried out to verify the process 
modification and hence to assign the ultimate data to review the preliminary basic 
design. Considering future applications on industrial scale of defined treatment, the 
plant capital and running costs evaluation was done, as well as the costs/benefits 
comparative analysis for untreated/treated RCA disposal. In summary, the main targets 
achieved are: 
* a final volume reduction factor of 2.5, if compared to untreated RCA to be disposed 
of; 
* a final product, featured by a lower environmental impact and disposal in less 
restrictive dumps, according to the rules in force in Italy; 
* about 20% cost saving on RCA disposal, in comparison with the current costs for 
untreated refuses. 

1.2 Progress and results 
The results of the first experimental campaign, carried-out in 1992, showed that the 
increase of compacting load over a specific value of about 20 bar, is not justified by the 
VRF increase and by the consequent higher cost of equipment needed. In fact the 
values of VRF achieved do not take in consideration the spring-back effect, typical of 
this material, which partly decreases the volume reduction immediately measured after 
pressing. 
In practice an effective VRF of 5 can be achieved by shredding and then compacting 
the RCA at low pressure load (about 10 bar), thus confirming the expected value. A 
second negative result, not deeply investigated in advance, was remaked: the poor 
compactness of pressed material, independent from the pressing load. This unexpected 
effect, that makes very difficult the handling inside overpacks of pressed RCA, is 
mainly due to nature of mineral asbestos itself and also to plastic fragments inside; in 
fact the 
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low friction coefficient between adjacent plastic layers, inside 
compacted material, cuts any inner linkage. 

During the second experimental campaign, carried-out in the 
reference period, to override these troubles, process alternatives 
were investigated: 
1. plastic removal before shredding and pressing. This operation 

produced a compacted material not enough stiff to ensure a safe 
handling towards the overpack; 

2. adding of cement binder to shredded RCA and adequate mixing, 
before pressing, to improve the handling of the material and 
contemporarily to reduce spring-back effect. This last trial 
produced good result in terms of spring-back reduction, but still 
not satisfactory results for the handling purpose. 

To verify the most severe operating conditions, RCA with a 
negligible water content were processed. A considerable quantity of 
refuses was collected and divided into two streams: with and without 
plastic inside. In first instance, the shredding operations were 
performed on both streams, without adding any binding agent, and 
attaining a nearly 2 volume reduction factor (VRF), as already found 
during the first experimental campaign. 

Successive pressing operations on both streams, performed by 
an hydraulic press, resulted in a pressed material characterized by 
unsatisfactory compactness as necessary for a proper handling 
towards overpack, moreover the pressed material with plastic inside 
showed an appreciable spring-back effect, so partially vanishing the 
VRF recorded immediately after pressing. 

The same operations, performed on shredded RCA mixed with a 
cement binder (Portland 425 cement, water, fluidifier) before 
pressing, showed, at the press outlet, a VRF slightly lower than the 
corresponding value found in the no binder trial and the spring-back 
effect was less evident. 

This notwithstanding, the compactness was not yet enough to 
ensure a satisfactory and safe handling in all overpacking 
conditions. 

To avoid any trouble it was finally decided to test the direct 
pressing in overpack, by compacting, one upon the other, RCA 
calibrated amounts (about 50 litres), fed in sequence inside the 
concrete overpack. 

A first run test was carried out without adding any binder to 
the shredded material; once more, an appreciable spring-back effect 
was observed, particularly on refuses containing plastics fragments, 
so decreasing the final VRF achievable immediately after compaction. 

A further in overpack pressing test, carried out by adding and 
mixing about 10% (by volume) cement binder to shredded RCA, gave a 
final VRF very close to the value achievable on material immediately 
after pressing. At the end of the second experimental campaign all 
overpacks produced in the different tests were top sealed by pouring 
cement mortar, duly qualified and used for radwastes embedding. 

After an adequate setting and curing time (28 days), all 
produced overpacks were cut both axially and radially. 

The gathered specimen gave the following results: 
a) overpacks containing material pressed outside by means of 

hydraulic press, without binder, loaded inside overpack, and top 
sealed with mortar showed a satisfactory waste embedding only on 
the upper third of the overpack. This result is due to the 
uncomplete downward mortar penetration, although the overpack was 
strongly shaken on a vibrating table during mortar pouring; 

b) overpacks, containing the same material as per point a) , but 
mixed with cement binder, showed a better embedding quality, even 
if their preparation was rather uncertain, due to the handling 
problems described before; 
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c) overpacks with shredded material, pressed inside without binder, 
showed the same uncomplete mortar in deep penetration, as the 
case a), and a worse VRF due to the spring-back effect as 
described above; 

d) overpacks containing shredded material, mixed with cement binder 
and directly pressed inside, showed a satisfactory and a quite 
uniform RCA embedding quality all along the axial/radial 
directions. The final VRF was very close to the value obtained in 
case a), approximately 2.5. 

Looking through the results above listed, it was taken the 
decision that the treatment alternative tested under case d), is the 
best compromise between final product quality and adequate VRF. 

A further advantage of this alternative is the good capability 
of the cement binder to retain asbestos fibres also in the matrix 
core, thus ensuring a satisfactory fibres containment, also in 
accidental events during transport and disposal, which could 
generate the failure of the overpack walls, taken as main 
containment. 

The main results obtained during the second experimental 
campaign are the following: 
• the shredding operation of RCA, before pressing, allows to 

achieve an effective VRF higher than the value achievable only by 
pressing. This is due to the material bulk density increase, as 
reduction of dead volume inside the RCA packages; 

• the binder addition allows to retain the free fibres and to 
reduce significantly the spring-back effect after pressing. 
The use of a cement paste as binder, is the most effective and 

economical way to reduce the free fibres in the inner matrix, making 
possible to consider this waste as declassified one. 

During experimental trials, carried-out on quite dry wastes, an 
unusual cement paste, made with a very high water/cement (w/c) ratio 
was used to replace the large amount of water absorbed by wastes. 
This water absorption gave a positive result in reducing the spring-
back effect on pressed material before cement setting. 

Of course, the amount of cement binder may be reduced when 
processing wet RCA coming from dismantling activities: in this case 
the w/c of binder must be proportionally adapted to the water 
content inside the waste itself. Experimentally, we saw that, also 
processing RCA completely dry, the necessary amount of binder was a 
small percentage (about 10% vol.) of the shredded refuses. 

It is important to underline that the binding action of the 
cement paste is not pointed to achieve a high mechanical strength, 
but mainly to embed the free fibres. 

As already stated after preliminary trials, it was confirmed 
that a high pressing load, achievable with supercompacting hydraulic 
press (i.e. 1,500 tons), does not provide VRF values proportional to 
the applied load, because of following spring-back negative effect. 
In particular, applying pressures over the range of 10 bar, the VRF 
values have no significant increase. 

In conclusion, it was verified that this low load of 
compaction, corresponding to the above range (lower than 10 bar), is 
adequate to obtain a total VRF not lower than 2.5. 

The sealing mortar, prepared with a recipe already qualified and 
used to embed nuclear LL wastes, assures the long term full 
containment of the pressed material. 

After visual inspection of sealed overpacks there was no 
evidence of bleeding water or cracks on the top. After curing time, 
the final gross weight average of overpacks was approximately 700 
kg. 

As result of the above experimental trials, a volume reduction 
factor (VRF) close to 5 has been reached in good compliance with the 
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values of in-drum pressing of solid low level radwastes, widely used 
in nuclear facilities. 

This numeric figure is very important, because the overpacking 
operation approximately halves this value and consequently the 
effective VRF of RCA leaving the plant, for final disposal, is about 
2.5 times lower than the volume of incoming untreated refuses. 

On the other hand, considering the overpack tare, the mass of 
binder and sealant, a consistent weight increase by a factor near 
2.3 was found. 

This aspect, apparently negative, is well balanced by the 
lower disposal cost for declassified wastes. 

Quantitatively this important result allows to consider the 
RCA treated in this way as a waste disposable in less restrictive 
class dump (cat. II type B), according to the Italian and Community 
rules. 

2. PILOT PLANT DESCRIPTION 
The plant capacity of 12,000 m^ per year overrides the normal 

size concept for a pilot plant and is very close to the design of an 
industrial installation. This is mainly due to the optimisation of 
some process operations and to the availability of standard 
equipment from market (i.e. the shredder machine of adequate power 
to shear the RCA): 
• the confinement within the different zones is achieved by 

separate filtration and ventilation systems for Zone I (RCA 
process line) and Zone II (plant). So the containment is 
implemented in two different ways: statically by physical 
separation of the different zones and dynamically by increasing 
the negative pressure between outer environment/Zone II/Zone I; 

• the above ventilation systems also provide for the total capture 
of the free flying asbestos fibres; 

• to assure suitable conditions in working areas of Zone II during 
winter the heating is provided in operative areas; 

• the volume reduction of RCA is achieved by physical operations, 
in particular by shredding refuses as preliminary step and then 
pressing the shredded material inside the concrete overpack. 

2 .1 Process description 
All the material born during RCA shredding is gathered by 

gravity inside a weighing hopper, which cuts off power to shredder 
unit when reaching a set amount, corresponding to a pressing stroke 
inside the overpack. It is positioned beneath the end of the mixing 
and transferring auger conveyor. In the same hopper it is pumped a 
calibrated minimum amount of cement binding paste (coming from make
up plant) for a proper embedding, of asbestos fibres; the 
water/cement ratio of cement binder is set in reference to moisture 
of incoming RCA. Of course, setting of w/c ratio is related to the 
RCA incoming homogeneous batch. 

The quantity transferred for each pressing stroke strictly 
depends from the volumetric mass of RCA incoming batch and is set by 
operator on the weighing hopper through the process computer (PLC) 
on the basis of reference values established by experimental trials. 

3. FINAL CONSIDERATIONS 
• A final volume reduction by 2.5 ratio, in reference to untreated 

RCA, is achievable through the process; 
• about 20% cost saving on RCA disposal is certainly a promising 

goal. 
In terms of environmental impact we must account the following 

further advantages: 
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the disposal of treated RCA inside lower category dumps makes 
available more space in II Cat., type C dumps, for other kinds of 
toxic-hazardous waste otherwise not easily and economically 
disposable. 
the release of asbestos fibres to the environment given by 
treated RCA is strongly lower than corresponding rate born from 
untreated ones, mainly taking in account that life time of II 
Cat., type C dumps is not indefinite. 
the future trend of rules in force is pointed to consider the 
embedded asbestos materials as inert wastes, so making possible 
their disposal in II Cat., type A dumps, less expensive and with 
a smaller impact to the environment. 
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TITLE: Study of a communication strategy aimed at achieving a possible better 
understanding of the consequence of radioactive waste management in 
well-defined group of public 

Contractor. ONDRAF/NIRAS, Belgium 
Contract n°: FI2W-CT90-0036 
Duration of contract 45 months : from 01.04.91 to 31.12.94 
Period covered: January-December 1993 
Project leaden V. Vanhove 

A. OBJECTIVES AND SCOPE 

Starting from the hypothesis that the information of the public on radioactive waste 
management is confronted with prejudice and ignorance, the study tries to establish 
whether it is possible, by working out and disseminating an argumentation that is 
well adjusted to a specific target group, to reduce obstacles to information and to 
induce the public to understand and accept the approach of ONDRAF/NIRAS. 

Beside the first phase of the study which is aimed at identifying the target group 
and determining the origin and state of knowledge of the target group regarding the 
subject, the global objective is to perform an in-depth study of the system of 
knowledge transfer with the aim of evaluating, both qualitatively and quantitatively, 
the methodology worked out. The same methodology will be applied later on for 
other target groups. 

The global objective is divided into two parts : 

1. distribution (introduction and implementation) of the documentation and 
argumentation developed ; 

2. registration and follow-up of the resulting changes in public opinion and 
attitudes towards the subject. 

B. WORK PROGRAMME 

The following work programme has been followed : 

1. development of the pedagogical package for the teaching staff and for the 
students 

2. elaboration of the introduction and mailing strategy 
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3. elaboration and start-up of the Information Centre Isotopolis 

4. elaboration and implementation of a qualitative pretest of the pedagogical 
package and of the visit to Isotopolis 

C. PROGRESS OF WORK AND RESULTS OBTAINED SO FAR 

State of advancement 

During the period considered, the pedagogical package - both for the students and 
for the teaching staff - were finalized. The concept and content of Isotopolis, the 
information centre in Dessel (province of Antwerp, located on the nuclear site of 
Belgoprocess, ONDRAF/NIRAS' industrial subsidiary) were finalized as well. By 
December 1993, Isotopolis was ready for inauguration. Six schools already paid a 
visit to Isotopolis and evaluated one of the brochures - "Handling Radioactivity" -
as part of the pretest of the global project. 
In November a first mailing was sent out to all high schools in the country (two last 
years of secundary education in Belgium) to introduce the project. By the end of 
December this mailing was followed by a second mailing containing more detailed 
information on the project and a reply card for ordering information kits and/or 
making reservations for a visit to Isotopolis. 

The information project has two components : 

1. the information package, presented in a written form and composed of three 
brochures (Handling Radioactivity, Managing Radioactive Waste, Disposal of 
Radioactive Waste) and information files on ONDRAF/NIRAS and 
Belgoprocess. A glossary will be developed early 1994 ; 

2. a visit to the information centre on radioactive waste management, Isotopolis, 
in Dessel, which is the pivot of the information project, where visitors are 
confronted with the reality of the radioactive waste management issue in an 
interactive and visual way. The success of the information and knowledge 
transfer to the target group largely depends on the guides who show the visitors 
around in the Information Centre. 
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Structure of the information package 

Considering the innovative and experimental character of the study, the actions are 
conducted in several phases : 

1. a qualitative pretest on national level and on local level (Mol, Dessel and Geel, 
province of Antwerp). This action is justified by the establishment of the 
Information Centre. Determination of the sample is entirely based on the 
experience of the first phase of the study; 

2. distribution (introduction and implementation) of the information package on 
national level in the two last years of secondary education (1200 schools) ; 

3. the assessment of the information and knowledge transfer will be made in 1994. 

By the end of December 1993, 185 students had visited Isotopolis (of whom 95 
visited Isotopolis and 90 used the combination of the "Handling Radioactivity" 
brochure and Isotopolis). Another 85 students evaluated the brochure "Handling 
Radioactivity". Since the pretest was not finished at the end of the month, no results 
are available yet. 
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Title : Information of the public in the field of decommissioning waste 
Study of strategies and means for specific information 

Contractor : CEA Saclay - Direction du Cycle du Combustible (DCC) 
Contract N° : F12W-CT90-0043 
Duration of contract 
Period covered 
Project leader 

June 91 -May 94 
January - December 93 
Mrs. Daniel e Gerster 

A OBJECTIVES AND SCOPE 

DCC/UDIN is the nuclear installations dismantling unit of CEA and manages 
most of its waste. The nature and importance of the waste justifies public information. 
UDIN is in good position to yield technical and economical information. 

The first step of the work consists in searching and defining a good media 
dissertation and producing a pilot operation of communication. 
The results expected will form a practical contribution to solve sociological problems 
issued by waste management, whether they are hazardous or not. 
The economical benefits expected from this information will be tied to human 
analysis, positive and intelligent, in solving conflicts related to waste management in 
the European Community. 

To answer public needs for information, several partners were selected : 
- University of Paris-Orsay to translate technical information into common 

("popular") language. 
- A group of sociologists explore and explain the fears and hopes of the public. 
- A movie maker skilled in technical, didactic and TV films. 

B WORK PROGRAMME 

The programme of the study is approximately structured according to the 
following steps : 

Bl : Selection of partners, define basis of discourse and iconographic data ; 
evaluation of application to actual dismantling plants (e.g : G2-G3, Rapsodie). 

B2 : Analysis of similar actions evolving in other fields ; investigation of results, 
definition of the basis of the discourse. 

B3 : Investigation of different fields ; selection of targeted public ; acceptance of 
such a public ; approach and motivation of (media) "atypique" persons and 
evaluation of their reactions to the proposal discourse. 

B4 : Methodology of pilot operation : study of original communication charter ; 
meetings with support producers. 

B5 : Development of adaptation operations and validation of the elaborated 
processes. 

B6 : Final Report with global recommendations. Drafting of Annexes according to 
the discourse and transposable actions. 
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SUMMARY 

It was pointed out, in the conclusions of last year's progress report, that: 
- there is a need for outside information on dismantling and its waste ; 
- it is necessary to firstly inform relays of opinion, including nuclear operators ; 
- company staff is a vector that has never been specifically contemplated ; 
- pictures are a convivial mean to comfortably transfer a lot of information. 
It was then decided to perform an inquiry through interviews of the personnel 

working on dismantling projects of CEA's nuclear facilities, to produce a video film 
on dismantling and its waste, to distribute the film to the company staff, together with 
an information file, and then to hear about their reactions via a questionnaire. 

The period from April to September 1993 was devoted to the inquiry, the 
writing of the information documents, and the preparation of the movie script. 

The film was produced between October and December and the whole package 
has been submitted to a selection of the personnel during January 1994. 

Copies of the video, the file and the questionnaire are sent together with this 
report. 

PROGRESS REPORT 

1 - The inquiry 
a) Selection of facilities : a reactor and a laboratory 
The inquiry has been carried out in March and April 1993 on two facilities of 

CEA, presendy under dismantling : GGR reactors (G2 - G3), and a laboratory : RM2 
(radiometallurgy). 

The gaz graphite reactors were commissioned in 58-59 and stopped in 80 (G2) 
and 85 (G3). The dismantling project will reach stage 2 at the end of 1993. 

The plutonium radiometallurgy laboratory (1965 - 1980) devoted to the study of 
irradiated fast reactor fuel, was highly contaminated with a emitters and fission 
products. Most dismantling operations must be remotely performed. Level 3 is 
expected to be reached at the end of 1994. 

b) Selection and behaviour of people 
As it was not possible to interview everybody, two criteria of selection were 

adopted ; we agreed to choose people being : 
- volunteer for answering questions, 
- still working on the project. 

18 thorough interviews were performed, based on a preestablished interview 
guide worked out by a sociologist in cooperation with CEA's Communication 
Division and with the Fuel Cycle Division which is in charge of the Dismantling Unit. 

The average interview time was two hours instead of one as planned ; this is a 
good yardstick of the interest they take in their work (upon which those people 
discoursed at length) and of their willingness to think over matter of information, 
inhouse communication, communication of the public at large, reliability of media, 
etc.. 

79 



c) Content of interviews 
Main subjects addressed were : 

- interest in the job, 
- general knowledge in dismantling, and in nuclear technical activities 

at large, 
- sociability and openmindedness, 
- need for information, 
- feeling about communication. 

d) Results 
If communication towards the outside was the central point in this inquiry, it 

remains true that the content of the interview is also filled with opinions about internal 
communication : organization and content of work, perception of the future in this 
field of activity. For site-work staff, concern about employment is preponderant. 

It is generally agreed that information is available, but not precise knowledge of 
where and how to get it, nor the definite will to make efforts to obtain it. Differences 
exist between different sites and projects. Concision and synthesis are wanted in the 
transmission of information. Comparisons with other types of activities are requested 
because "people are mainly interested in consequences, but find it hard to master 
concepts such as radiation, contamination, e t c . " . 

Regarding external communication, some distrust is expressed towards 
professional's communication, even if it is admitted that it is necessary. 

TV is considered as a powerful medium (some people think that one can write 
just anything, but pictures "it is the truth"). 

TV is also considered as under-used (and ill-used) as far as nuclear and safety 
are concerned : efforts devoted to nuclear safety, security, radiation protection, are 
not assessed at their true value by journalists and public alike : "in the nuclear field, it 
is a belt, plus suspenders, plus safety pins !". 

Regarding waste, some incertainties and even inaccuracies are sometimes 
expressed. Though this subject is practically never brought up spontaneously, it is in 
the case of dismantling considered as "a key topic", as well from the public opinion 
standpoint, as from the operationnal worksite standpoint. 

The reuse of materials from dismantling remains the most controversial topic. 
The focusing of public opinion on waste from nuclear power generation (and not 

from hospitals or non-nuclear industries) is badly perceived. 
If during extraprofessionnal discussion, dismantling does not raise any problem 

in itself, on the contrary "nuclear waste represent a hot topic, it is unacceptable, 
discussions become bitter". 

The necessity of explaining the origin of the various materials and ultimate 
waste produced in the dismantling operations, and how they will be managed thus 
appears very clearly ; it is the main goal assigned to the video film to be produced. 
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2 - THE CONTENT OF THE VIDEO MOVIE 

The video film explains in about ten minutes : 
- what is dismantling : leaving the site as clean as possible, with different 

stages, accessible to the public or to any kind of activity ; 
- what kind of facilities are to be dismantled : reactors, plants, laboratories ; 
- what are the alternative strategies : wait until the activity has decreased by 

several orders of magnitude, or immediate action, to what level ? 
- what are the techniques available : mapping of radioactivity, decontamination, 

disassembling, cutting into pieces, conditionning of liquid and solid waste, including 
specific materials like graphite or sodium, decreasing volumes, characterisation of 
waste; 

- destination of waste and miscellaneous materials : separate and condition the 
waste according to their type and activity level, control, specify and store them in 
specialized installations ; recycle non radioactive products and materials when 
possible, in the nuclear industry. 

The important point for public opinion is obviously the consequences of a 
dismantling operation : in terms of safety and radiation protection of public and 
environment but eventually also in terms of professional activity in the region 
(employment). One of the criteria which seems particurlarly sensitive in the opinion 
nowadays, is the assumed effects of low doses on living organisms ; may be because 
we do not have yet a sufficient scientific knowledge in this matter. 

This subject would in itself require a complete study and argumentation, but we 
considered it was definitely outside the scope of the present work. 

3 - FINAL STAGE OF THE PROGRAMME 
The video movie has been completed at the end of December 1993, and is being 

handed over the personnel (40 persons) of UDIN, CEA's dismantling task force, 
together with an information booklet dealing of waste management, a file of 
documents about dismantling techniques and strategies, and a questionnaire to fill, 
about reaction of the audience to the video movie. 

This questionnaire is a mean to measure the efficiency of this communication 
action in terms of public impact, in order to draw conclusions about the adequation of 
this kind of action with the original objectives. 

The answers to the questionnaire will be analysed at the end of the first trimester 
(1994) and the final synthesis report of this contract will be available before the end 
of the first semester. 
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Xiile: The evolution and implementation of a public 
information strategy on radioactive waste 
management 

Contractor: GCI London 

Contact n°: FI2W-CT90-0074 

Duration of contract: from: June 1991 to: February 1995 

Period covered: January - December 1993 

Project leader: 

A. OBJECTIVES AND SCOPE 

GCI London is responsible for the creation and implementat ion of a 
communicat ion programme covering four principal areas:-

1. The evolution of an EU policy on the public information aspects 
of radioactive waste disposal 

2. The sharing of communications lessons learned by national 
agencies within the European Union 

3. The provision of a resource base of complementary , pan-European 
communications materials 

4. The creation of a multicountry, complementary educat ion 
programme 

The envisaged practical application is for the Commiss ion to 
complement the communication activities of the national was te agencies 
where appropriate. 

JL WORK PROGRAMME - 1993 

1. Publications 

Origination, production and distribution of A4 report in var ious 
language versions; production and distribution of language versions of 
existing A5 leaflet. 

2. Vide eo 

Origination, production and distribution of I T video. 
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3. Education Programme 

Creation and implementation of a multilingual, multimedia education 
programme. 

C PROGRESS OF WORK AND OBTAINED RESULTS 

1. State of advancement 

Through 1993 GCI London have delivered the communication materials 
as scheduled. 

The objectives and scope of the education programme were agreed, a 
specialist sub-contractor appointed following submission of competitive 
bids, and initial development work completed. The education 
programme is scheduled for completion in 1994. 

2. Progress and results 

(i) communications materials 

All communications materials were produced with the cooperation and 
input of the national waste management authorities, enabling GCI 
London to compile an accurate survey of radioactive waste management 
throughout the European Union. 

The publications and video have effectively complemented national 
waste agencies' communications strategies. Their take up of the 
publications is demonstrated by the production and distribution figures 
set out in tables I - IV. 

(ii) Education programme 

The purpose of the education programme is to educate schoolchildren in 
selected Member States on the reality of radioactive waste management. 

The educational objectives of the programme distinguish it from other 
communication activities. There is an absolute necessity to provide 
balanced, objective, credible information on the issue in order for it to be 
considered suitable for use by teachers. 

An approach oriented towards public relations, or which serves as an 
apologia for the nuclear industry, would result in a waste of resources 
and severely damage the credibility and authority of the European 
Commission. 
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The major constraints governing the programme are:

♦ the narrow curricular base in EU schools 

Radioactive waste management comes under various sections of 
the national curricula, such as physics, geography, social studies, 
economics, environmental studies. In addition, curricular 
requirements vary by region and country. 

♦ negative perceptions of radioactive waste management as part of nuclear 
industry 

Public opinion is initially hostile to nuclear generation of power 
and associated industries. The goal of the education programme is 
to challenge this hostility, enabling children to understand the 
complexity of the issues involved. The children will be 
encouraged to reach their own independent conclusions regarding 
the reality of radioactive waste management. 

♦ sheer volume of educational materials produced by other industries and 
interest groups 

Many industries/interest groups produce educational materials 
targeted at schools, claiming that they are essential aids to 
teaching standard subjects. 

♦ the complexity of radioactive waste management necessitates different levels 
of teaching adapted to different age groups 

An understanding of radiation is at the foundation of a 
comprehension of the tasks involved in effective radioactive waste 
management. Most children, however, are not taught the requisite 
physical concepts until the ages of 13  15. Attitudes to 
environmental issues, however, develop in children from an early 
age  sometimes from the age of 4 upwards. 

To avoid all these problems, GCI London are developing a multilingual, 
interactive, mulitimedia exhibit for educational use in European 
museums. Teachers and schools will be targeted through an allied 
education pack. 
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The exhibit is branded as a product of the European Commission, and 
has teenage video arcade feel to attract children in the museum 
environment. Personalised to each user through an identity ticket, the 
interactive nature of the exhibit will enable each child to progress at his 
or her own speed. Furthermore, the interactive, multimedia programme 
adapts automatically to the age of the child when he/she logs on. 

The exhibit will be premiered at the Edinburgh Science Festival at the 
end of March. Negotiations for siting are continuing with the national 
Science Museum in London, and are scheduled to be opened with 
Braunschweig regional museums and public bodies in April. 

Of the national waste agencies, ENRESA (Spain) and ANDRA (France) 
will be associated at the evaluation stage, whilst ONDRAF/NIRAS 
(Belgium), BfS (Germany) and UK NIREX (UK) have participated in the 
development of the programme. Additional materials have been sourced 
from AEA Technology and Nuclear Electric in the British nuclear sector. 

A5 LEAFLET 

Title: Managing Radioactive Waste 
Total number of copies produced: 47 900 
Table L A5 leaflets produced under contract 

Language 

English 

French 

German 

Dutch 

Italian 

Spanish 

TOTAL 

Quantity 

10,000 

2000 

1000 

1500 

500 

1000 

16,000 

Delivered to 

Mr Schaller 

Mr Schaller 

Mr Schaller 

Mr Schaller 

Mr Schaller 

Mr Schaller 

Distributed by 

C.E.C. 

C.E.C. 

C.E.C. 

C.E.C. 

C.E.C. 

C.E.C. 
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Table II. A5 leaflets requested by and paid for by national waste agencies 

Language 

English 

English 

English 

English 

French 

French 

French 

German 

Spanish 

TOTAL 

A4 REPORT 

Quantity 

20,000 

5000 

500 

100 

100 

500 

200 

500 

5000 

31,900 

Delivered to 

UK Nirex 

Scottish Nuclear 

ENRESA 

ONDRAF 

ONDRAF 

ENRESA 

NAGRA 

NAGRA 

ENRESA 

Distributed by 

UK Nirex 

Scottish Nuclear 

ENRESA 

ONDRAF 

ONDRAF 

ENRESA 

NAGRA 

NAGRA 

ENRESA 

Title: Managing Radioactive Waste in the European Community 

Total number of copies produced: 22 000 
Table m. A4 reports produced under contract 

Language 

English 

French 

German 

Spanish 

Russian 

TOTAL: 

Quantity 

5000 

1000 

1000 

1000 

2000 

10,000 

Delivered to 

Mr Schaller 

Mr Cadelli 

Mr Cadelli 

Mr Cadelli 

Mr Cadelli 

Distributed by 

C.E.C. 

C.E.C. 

C.E.C. 

C.E.C 

C.E.C. 
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Table IV. A4 reports requested by and paid for by national waste authorities 

Language Quantity Delivered to Distributed by 

English 10,000 UK Nirex UK Nirex 

German 1000 Interforum Germany (I.G.) I.G. 

Spanish 1000 Forum Atomico Espanol (F.A.E.) F.A.E. 

TOTAL: 12,000 
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A public information campaign to support a proposed national 
deep repository for low and intermediate level radioactive waste 

Contractor: BNFL (UK), UNIVERSITY OF SURREY (UK), 
INSTITUTE SYMLOG (F) 

Contract No: F12W/CT91/0105 

Duration of contract: 1 November 1991 to 30 April 1995 

Period covered: 1993 

Project Leaders: M Bold (BNFL) 
P Allen (University of Surrey) 
C Mays (Institute SYMLOG) 

A. Objectives and Scope 

The primary objective of the campaign is to gain support in Cumbria for a radioactive waste 
repository at Sellafield through the dissemination of factual information in various forms to the 
public. 

Opinion polls have established an initial baseline level of support which represents an appropriate 
yardstick for evaluating the effectiveness of the campaign as it progresses. Analysis and 
comparison of data gathered from subsequent polls and interviews will enable change in support 
to be measured. 

A second objective is to generate information in a suitable form for detailed consideration by 
other European Community Member States by assisting them to produce similar programmes of 
their own. The comparison of the baseline opinion data in the United Kingdom and France is the 
principal method for fulfilling this objective. 

B. Work Programme 

This involves opinion surveys and the development and production of appropriate information 
material. The main components of the campaign are: 

i. Opinion Research 
a. The University of Surrey Robens Institute has conducted detail ed research work, 

obtained baseline measures of public understanding and reactions to the siting 
of the Repository at Sellafield and identified particular concerns by a survey 
conducted in Cumbria. 

b. The Institute is evaluating the various publicity media available for the BNFL 
information campaign and advising on the most effective methods to communicate 
to the public. 

c. The Institute will also conduct follow up surveys to assess the effectiveness of 
the campaign in terms of changes in the knowledge and attitudes of the Cumbrian 
people. 
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ii. International Comparisons 

a. The Institute SYMLOG de France has carried out detailed research work 
involving comparisons of Cumbrian public opinion data and French public 
opinion data concerning the siting of a radioactive waste repository. 

b. The Institute is comparing the public opinion data with the interview data from 
appropriate officials concerned with radioactive waste management in France 
and the UK. 

c. The Institute would also compare institutional approaches and the extent to 
which their policies are appropriate, given public views. 

Progress of Work and Obtained Results 

1. REPORT BY UNIVERSITY OF SURREY ROBENS INSTITUTE 

1.1 Survey within West Cumbria 

The University of Surrey, Robens Institute, carried out further analysis of the results of 
a survey carried out in the West Cumbria area. A representative sample of 744 people 
from 3 geographical zones within West Cumbria was surveyed in order to provide a 
baseline of public views. The principle findings were as follows: 

■ Regarding the stability of the population, urban residents in the coastal zone 
(Zone 1) tended to have been in the area the longest, while rural residents in the 
inland zones (Zones 2 and 3) tended to have been there for a shorter length of 
time. However, both these groups of people expressed a desire to stay in the 
area. 

■ The majority (84.9 percent) had heard of the proposed deep Repository, but for 
those who had no connections with the nuclear industry this proportion depended 
on distance from the proposed site with fewer aware of the proposal inland 
from Sellafield. 

■ Although most had heard about the Repository, few claimed to know very much 
about it. Those in Zone 1 and particularly those with an employment connection 
(almost half of those in Zone l)tendedto attribute more knowledge to themselves. 
Main information sources were TV and newspapers. 

■ 47 percent indicated that they were opposed to the Repository but a very similar 
number (41.4 percent) were undecided. People in the coastal zone, those with 
an employment connection, and men tended to be less opposed; zone being the 
most reliable predictor of attitude. Those under 24 and over 64 were less certain 
of their view. 

■ An increase in self-attributed knowledge was not associated with either an 
increase in opposition to, or acceptance of the Repository. Those in favour 
were not necessarily better informed, and as many of those who opposed the 
Repository as welcomed it were well informed. It cannot be assumed, therefore, 
that information alone will result in increased support. 
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Objections which the respondents thought might be raised against the Repository 
mainly concerned safety/risk aspects. Also, over half the sample ranked health 
risks as the most important siting issue. 

In addition, men, those who knew quite a lot about the Repository, and those in 
favour of both nuclear power and the Repository, felt that geology was more 
important. Conversely women, those who knew little or nothing, and those 
against, ranked health and environmental issues as more important. This indicates 
the existence of very different constituencies of people who might be targeted 
with information about the proposals. Their opinions vary considerably and 
their responses to information will differ substantially. 

Coastal residents and those with an employment connection thought that the 
taking into account of local opinion was more important than did other groups, 
while inland respondents with no such connections tended to think that 
environmental and health issues were more important. 

The majority of people (66 percent) did not think that their views would be 
taken into account. However, more of those from the coastal area, and more of 
those already supporting both nuclear power and the Repository, were prepared 
to believe that their views would be heard. 

However, only approximately half the sample showed some degree of confidence 
that the right decision would be made. Those in Zone 1, with an employment 
connection, pro-nuclear and pro-Repository, and those claiming more knowledge 
tended to be more confident. 

Regarding perceived information requirements, the respondents expressed a need 
for information on most of the issues, in particular safety issues. Those with an 
employment affiliation generally required less information. Zone 3 respondents 
wanted more information about geology, monitoring arrangements, safety 
procedures, the probability of future contamination, and recovery potential. 
Those against nuclear power wanted more information than those in favour, on 
relative costs, monitoring arrangements, gaps in scientific knowledge and the 
probability of future contamination. The uncommitted group, which may be 
influenced the most easily, felt they wanted more information about future 
contamination, safety, monitoring arrangements, and transportation. Those 
opposing the Repository required more information on all of the issues. 

The respondents were most confident in the competence of NRPB, BNFL, 
Department of Environment, and environmental groups to deal with the waste 
problem, and local authorities and contractors the least. Regarding 
trustworthiness to tell the truth, environmental groups, NRPB, and the 
Department of Environment were again rated highest, but contractors and NIREX 
were rated the lowest. 
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Coastal residents tended to have more confidence and trust in most of the groups, 
but particularly BNFL and the nuclear power industry. People's opinions varied 
most concerning BNFL. Those with an employment affiliation had more 
confid-̂ nce and trust in BNFL, NIREX, Department of Environment, contractors 
and the nuclear power industry. Those claiming some knowledge of the 
Repository and both pro-nuclear and pro-Repository respondents tended to 
express more trust and confidence in all of the groups, except environmental 
groups. 

Overall the sample had slightly less confidence in the competence of local 
authorities and environmental groups but less trust in BNFL, NIREX and the 
nuclear power industry. 

The majority (72.3 percent) did not think that the public are told enough. 
Although fewer people in the coastal zone, with an employment connection, in 
favour of both nuclear power and the Repository, and fewer women tended to 
agree with this. 

Half the respondents claimed to have thought about the waste issue, but only 
9.3 percent seriously. Zone 1 people had thought about the issue the least, and 
Zone 2 people the most. Therefore, degree of thought is not associated with 
distance from Sellafield. Also those with no employment connection and those 
against both nuclear power and the Repository, had thought about the issue 
more. 

37 percent of the sample had visited the Sellafield Visitors Centre. Half of these 
were coastal zone residents, and a higher percentage had an employment 
connection and a greater degree of knowledge about the Repository. Twice as 
many of those in favour of nuclear power had visited and 65 percent of those 
supporting the Repository. This suggests that the Centre may well attract those 
who are already pro-nuclear. 

The Centre was rated very highly overall, particularly by those with an 
employment connection, with quite a lot of knowledge about the Repository, 
and by those in favour of nuclear power and the Repository, and those 
uncommitted. The Centre, therefore, has some potential to influence the latter 
group. 

51.2 percent of the sample were in favour of nuclear power generally, 27.4 
percent against, and 21.4 percent were undecided. More of those in favour 
were from the coastal zone, and had an employment connection. Men were 
slightly more pro-nuclear. 

Half of those in favour of nuclear power had not formed a definate opinion 
regarding the Repository. However, those more in favour of nuclear power 
claimed to know more about the Repository than the other groups. 

Few of the sample (only 4.1 percent) were, or had been, members of environmental 
groups. Of these, the majority were from the inland zones, had no employment 
connection, an .̂ were against both the Repository and nuclear power. 
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These results provide a general picture of the attitudes and beliefs of the people of West 
Cumbria in relation to both nuclear power in general and more specifically the proposed 
deep Repository. The survey indicates that the most important characteristics of the 
population wiih respect to attitudes about the Repository were distance from the Sellafi eld 
site, employme.it connection with the nuclear industry, attitudes to nuclear power generally 
and degree of knowledge about the Repository. Fewer effects were found for age, sex, 
and qualifications. 

In general, those in the coastal zone (Zone 1), with an employment connection, in favour 
of nuclear power and the Repository, and who attributed themselves with quite a lot of 
knowledge about the Repository, tended to see the waste issue in a more positive and 
favourable light, and tended to perceive health and safety issues as less salient. 

However, it is important to emphasise that knowledge itself is not a factor giving rise to 
increased support, particularly for the Repository. Many of those who are against both 
nuclear power and the Repository claimed to know quite a lot about the latter. 

Another important finding was that environmental groups were rated most highly in the 
survey, both for competence and honesty, compared with NIREX. The industry was 
viewed as competent but was not trusted. 

Finally, the survey might be taken to indicate a considerable degree of apathy concerning 
the Repository. Although the majority of respondents were against the Repository, most 
were not actively opposed, and a large number were undecided. However, interest in the 
issue is indicated by the number of comments given in response to the open ended 
questions. These comments tended to be negative, suggesting suspicion and mistrust. 
Likewise, respondents were not particularly trusting of certain relevant groups, and 
largely felt that their views would not be heard and that the right decision would not be 
made. 

Consequently, although the survey does give the impression of a certain degree of 
acceptance of the Repository, and of nuclear power in general in the area, this is much 
more likely to be a thin veneer of acceptance, disguising the feeling that people have no 
choice, and that they are largely powerless to alter the situation. 

The concerns expressed over representation of local views, the lack of trust and the 
apparently pervasive belief that the right decision will not be made all point to the 
paramount importance of a visibly just decision process for the siting of the Repository. 
It would seem to be especially important to study the public perception of that process. 

1.2 Analysis of responses to NIREX advertising 

This survey involved the qualitative analysis of the responses to the NIREX newspaper 
advertisement campaign, which concerned proposals for the national deep Repository 
for radioactive waste at Sellafield. The advertisements invited the public to send in 
questions to the Sellafield Repository Project Information Unit at Whitehaven. In total, 
112 responses were received, 30 (26.8 percent) were from people living in Cumbria, the 
rest (73.2 percent) included several from outside the UK. 
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The responses were content analysed in order to reveal concerns and information needs, 
and attitudes and perceptions of the Repository Project. The Cumbrian and non-Cumbrian 
responses were analysed separately in order to explore differences between the two 
areas, which were expected to be a function of distance from the proposed site (Allen 
andMarston, 1993). 

Cumbrian Responses 

The analysis of the subject matter of the Cumbrian responses indicated that the principal 
concern of the respondents was the possible effects of earthquakes and other seismic 
activity upon the Repository. The following issues were also referred to a number of 
times: environmental damage, risk to future generations, the Repository advertisements, 
site suitability and selection, and secrecy and dishonesty surrounding Sellafield's 
operations. 

The responses tended to be specific and rather informed, suggesting that the respondents 
already possessed some knowledge of the relevant issues. There were also references to 
aspects of Sellafield and the nuclear industry in general which were not directly related 
to the Repository Project. This shows that people do not tend to consider the Repository 
Project in isolation, but in the context of related issues, about which they may already 
have formed strong opinions. 

There appeared to be two main reasons for respondents replying to the advertisements, 
and hence two types of response: firstly, there were questions to which the respondents 
expected answers, and secondly, there were comments through which respondents 
expressed their opinions, fears and objections. Although more Cumbrian respondents 
asked genuine questions, 23.3 percent of the responses were comments, and a further 
26.7 percent were questions which incorporated comments. Consequently, the reply 
slip fulfilled a dual role by providing both information and a channel for communication. 

The responses were also analysed regarding the likely attitudes of the respondents, which 
might be inferred from the general tone of the response. Just over half of the Cumbrian 
responses were 'neutral', in that they did not obviously indicate an attitude, and most of 
these were questions. 40 percent however were 'critical' of the subject matter of their 
response, particularly regarding the issues of site selection and suitability, secrecy 
surrounding operations at Sellafield, leaks and accidents, and both general risks and 
risks to future generations. The high proportion of comments and of 'critical' responses 
indicates that many Cumbrian respondents were concerned. However, two respondents 
expressed their support for the Project. 

When the responses were geographically divided into the zones identified for the Cumbrian 
survey (Allen and Marston, 1993), the Lakeland area (Zone 2) yielded the most responses 
overall, while fewer responses were received from the coastal area (Zone 1); although 
here there were more comments and 'critical' responses, indicating their concern. This 
was perhaps a result of a resigned attitude towards the nuclear industry in this area, as 
previous studies have indicated. Further attempts at facilitating public involvement 
might therefore be appropriate. 

The relatively few questions from Zone 1 could also be taken to indicate some support 
for the Repository, since the Cumbrian survey indicated that those in favour of the 
Repository typically required less information. Consequently attitudes may be more 
polarised in this area. 
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The actual language used by the respondents included several terms with negative 
connotations, such as 'dump' used instead of Repository, and overtones of scepticism 
and distrust, even within some of the 'neutral' type responses. Attitudes towards the 
Repository thei^ore seem to be more complex than simply 'for1 and 'against'. There 
were also frequent references to 'uncertainty1, particularly to whether NIREX could 
'guarantee' no risks resulting from the Repository Project. 

Sex differences between the responses were also discovered, with 72 percent of the total 
Cumbrian respondents being male. Women however made more 'critical' comments. 
This provides further evidence to support earlier suggestions that women tend to be 
more anti-nuclear. Women referred more frequently to 'safety* and the 'retrievability1 of 
the waste. 

Non-Cumbrian Responses 

The issues inherent in the responses from the rest of the UK and overseas were more 
diverse. Many were also particularly detailed and specific, again indicating considerable 
knowledge. A quarter of the responses, on the other hand, were requests for general 
information, and several for educational material, presumably from those who knew 
little about the Project. The reply slip therefore served both those needing general and 
specific information. 

Non-Cumbrian concerns included: details about the waste, water movement and 
earthquakes, surface storage, and in particular funding/costs of the Repository. There 
were no references to the latter amongst the Cumbrian set, where more people mentioned 
safety, environmental damage and secrecy/credibility of the nuclear industry. These 
differences are presumed to be due to proximity to the proposed site. 

All but two of the non-Cumbrian responses were questions, therefore there were definite 
differences in the use of the reply slip between the two areas, with many Cumbrian 
respondents apparently requiring a means of expressing their attitudes and objections. 
As a result, most of the non-Cumbrian responses were characterised as 'neutral' regarding 
attitude, although of those that were not, the majority were 'critical'. 

An analysis of the language again revealed sceptical overtones, particularly regarding 
the funding/costs of the Repository. However, there were no references to 'dumps' as 
with the Cumbrian set. Allusions to 'uncertainty' were again a re-current theme. 

An analysis of the geographical distribution of the non-Cumbrian respondents showed 
that responses were received from all over the country, but in particular from the general 
vicinity of nuclear waste generating sites, especially around the Capenhurst/Springfields/ 
Heysham sites. Proximity to these sites may have increased awareness of the waste 
issue. 

Again more men (71 percent) responded to the advertisements, and again 'retrievability1 

was a more female concern. However, amongst the non-Cumbrian responses fewer 
'critical' comments came from women, compared with those in Cumbria. 
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The advertisements and reply slip were therefore somewhat successful in eliciting concerns 
and information needs. The most frequent questions overall referred to earthquakes and 
various other geological and hydrogeologjcal aspects of the Repository. Other issues 
which recurred throughout the responses were: high level waste, foreign waste, secrecy 
surrounding StUafield's operations, retrievability of the waste, and expense of the 
advertisements. 

The reply slip also served a dual purpose in providing both information to the general 
public, and in enabling the expression of opinions and objections, hence facilitating a 
two way correspondence between the public and the nuclear industry. The analysis also 
revealed some characteristics of the respondents. Overall, many of the respondents 
already possessed knowledge of the relevant issues, the majority being men. Outside of 
Cumbria, most respondents asked 'neutral' type questions, few being critical, and many 
were relatively close to nuclear waste generating sites. Many of those who responded 
from Cumbria, however, were 'critical', particularly women. The advertisements therefore 
achieved a flow of information, despite the fact that they provoked criticism from a few. 

2. REPORT BY THE INSTITUTE SYMLOG DE FRANCE 

Institute SYMLOG de France, has carried out two levels of international comparison. People 
responsible for informing the public on radioactive waste management issues in France and the 
UK were interviewed. Also, a detailed report has been produced comparing Cumbrian and 
French national opinion survey data. 

The overall result of the analysis first pointed to an apparent acceptance of an underground 
repository in the Sellafield area based on a professed lack of concern about the disposal of 
radioactive waste in comparison to other environmental problems. However, there is a great 
diversity of view underlying this result and in terms of presenting information, a unified audience 
does not exist. Target audiences requiring different types of communication can be identified. 

When comparing the UK and French results, West Cumbrians described themselves as less 
likely than the French to take personal resistive action to the siting of a repository. 

Questions relating to the Cumbrian's perceived competence and credibility of the people responsible 
for a Sellafield repository siting, showed relatively high levels of confidence and trust compared 
to the French, indicating that many of the officials involved had become familiar to the local 
community. The respondents were, however, suspicious of the amount of information given and 
whether the views of the population would be taken into account. 

The problem of radioactive waste disposal combines a series of issues. These include technological, 
economic, environmental and social aspects. 

As communities are faced with more and more issues, there will be less willingness to entrust the 
problems to the "experts" without a measure of input from the community. 

It is important to secure an effective information exchange between the general public and the 
officials involved in the project. The range of issues covered and the mix of information exchange 
forums should reflect the diversity of the persons and concerns present in the community. 

West Cumbrians appear to regard environmentalists - both militant and members of the 
establishment - highly, and value their apparent desire to "save" the environment. The low rate 
of militant group membership in the sample indicates that such groups do not fully comply with 
residents concerns or personal convictions. 
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Further research is recommended to explore the public's perceptions of "protecting the 
environment". 

In order to test the generalisation of these action conclusions, and permit their transfer to other 
Community Member S ates as well as to other waste management issues, Institute SYMLOG 
would suggest: 

i Similarly detailed site-specific public opinion research in a French community pre-selected 
to receive a repository or laboratory. 

ii Communication policy-building seminars for decision makers on the basis of comparative 
data. 

iii Design of background material aids for creating recommended interactive community 
risk management forums. 

REPORT BY BRITISH NUCLEAR FUELS pic fBNFL) 

The main responsibility of BNFL in this campaign is the co-ordination of a comprehensive 
information service to the general public in Cumbria on the proposed radioactive waste repository 
at Sellafield. 

The Sellafield Repository Project Information Unit continues to coordinate the public relations 
functions associated with the repository. It is based at Sellafield and includes personnel from 
UK NIREX Ltd. 

The provision of information in the area around the investigations is handled primarily from the 
Repository Information Office at Whitehaven, 18 kilometres north of the Sellafield site. 

Much of the requirement for information has been centred around the decision to bring forward 
the development of an underground Rock Characterisation Facility - a free standing phase, 
separate from the actual repository itself. Exploratory work will take place in an area known as 
Longlands, near Sellafield. Planning application has now been approved allowing NIREX to 
drill a total of 13 exploratory boreholes at Longlands. Conditions of the planning approval 
specify that only two rigs between 35m and 50m high can be used at the same time. Drilling will 
last for a maximum of three years with a further four years post-drilling testing. Experience has 
shown that this is a conservative estimate and other borehole work has been quicker. 

Drilling at the existing boreholes in the area was largely completed in 1993 with most of the 
work now concerned with post-drilling testing. 

Drilling was begun at Longlands during 1993 and the results will enable decisions to be taken on 
the precise location and specification of the Rock Characterisation Facility. Sufficient information 
is expected to be available during the early part of 1994 to allow a formal planning application 
for the Facility to be submitted. This application could result in a public inquiry stage being 
entered into. 

Public information material is being developed in response to demand for it, taking account of 
results of further research and the progress of the actual project itself. 

The results of an opinion research survey carried out on behalf of NIREX by Priority Search, 
are now available. This consisted of almost 1000 house-to-house interviews conducted in the 
Sellafield area. 
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Those 'supporting' or 'tending to support' the project stress the operational safety of the project 
as their top concern, followed by effective long-term containment of waste. They also look for 
the Company to continue to be completely open and honest in its dealings with the community. 
Local employment is a liigh priority for those who support the project but was rarely mentioned 
by respondents who oppose it. 

The research indicates that the information programme must concentrate more on safety issues. 
An advertising campaign was produced which deals with safety issues and invites readers to 
either comment or ask questions. A number of responses have been received and an analysis of 
these is contained in the University of Surrey report. 

The Sellafield Repository Project Information Unit continues to produce a regular newsletter 
giving details of the latest developments. These are distributed to Regulatory Authoiities, the 
media, local councillors and as handouts to visitors. To compliment this, there are plans for a 
free-distribution newsletter which will be delivered to households in the area. 

This newsletter is intended to cover progress of the work and give information about forthcoming 
stages of the project. Information sheets are also produced for a very localised audience in order 
to keep members of the community, directly affected by the work, informed of progress and 
plans for future work. These groups are sometimes as small as six or eight people living in the 
immediate vicinity of the borehole work being carried out. 

In addition to providing information from the Whitehaven office, the Repository Information 
Unit operate a mobile exhibition which is used at local events and shows. Information presented 
is continuously updated and renewed to reflect the progress of the project. The exhibition unit 
used at the borehole sites is still in use but consideration is now being given to the information 
needs at the Rock Characterisation Facility drilling site. The existing exhibition unit will be 
used in the short term, but an existing building on the site is being considered for a permanent 
exhibition. 

Visits to similar facilities abroad have been arranged for local councillors, politicians and other 
opinion formers to allow them to see for themselves the extent of the operations and the type of 
work carried out. These visits have been very well received and have enabled comparisons to be 
drawn between similar projects and the experience in West Cumbria. 

All the information now available from research is providing a sound platform on which to base 
the strategy for continuing information campaigns. The investigations and subsequent planning 
application for the Rock Characterisation Facility is the next major phase of the project and 
relevant information campaigns are either in place or being produced. The details of any future 
information campaign will be dependent on whether the planning application results in a public 
inquiry. The objective is to provide a balance of information and community liaison to ensure 
maximum support for each stage of the work as it progresses. Community reaction and concern 
is closely monitored resulting in a continuing successful communication programme. 
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Title: Transmutation of long-lived radionuclides by advanced converters 
Contractor: Siemens AG Power Generation Group (KWU) 
Contract No: FI2W-CT91-0103 
Duration of contract: October 1 st 1991 to December 31 st 1994 
Period convered: 01.01.1993 to 31.12.1993 
Project Leader: Dr U. Wehmann 

A Objectives and Scope 

The study will analyse the possibilities, limits and technological development steps 
needed for tansmutation of actinides and long-lived fission products in unconventional 
advanced reactors and other advanced transmutation devices. The notion 'unconventional 
advanced reactor' means a fast reactor with unconventional fuel or of faster neutron 
spectrum or a small unit, which mainly will be constructed for transmutation. The other 
advanced transmutation devices are accelerator driven spallation machines and fusion 
reactors. 

This study is one part of a coordinated partitioning-tansmutation study of a group of 
organisations: CEA, ECN Petten, ENEA, Casaccia, Siemens. 

B Work Programme 

1. Large fast reactors with MOX- and metallic fuel, fast zones and high axial leakage 
2. Fast reactors, small units 
3. Transmutation of fission products 
4. Influence of lanthanide admixture to the fuel 
5. Spallation machines and fusion reactors 
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C Progress of Work and Obtained Results 

C1 State of Advancement 

Referring to programme item 1, the transmutation potentials of MOX- and metallic-
fuelled fast reactors have been compared and the influence of minor actinides on the main 
core parameters has been investigated. A safety related evaluation of these influences is 
under way. 

The transmutation of fission products (Tc99 and I129) has been studied (item 3) in a 
heterogeneous mode and the investigations on the influence of lanthanide admixture to the 
fuel of fast reactors (item 4) have been started. 

The literature study about accelerator driven transmutation devices (item 5) has been 
extended to the Japanese JAERI concept and the Los Alamos on-site transmuter. 

C2 Progress and Results 

C2.1 Large Fast Reactors with MOX- and Metal Fuel (Item "H 

The minor actinides (MA) transmutation capabilities of oxide and metallic fuel have 
been compared, both in an EFR-likefast reactor core with reduced total power of 2600 MWth 
and a core height of 70 cm. The only differences in the design parameters of both reactors 
are the fuel properties (type, density, Pu-enrichment). The maximum bumup of 20 % has 
also been kept constant for both cores. 

The efficiency of MA transmutation has been calculated by assuming that 3 % of the 
heavy metal (HM) is replaced by MA. In the present investigation, Pu is not considered as an 
actinide waste, it just serves as a driver fuel for supplying high fluxes for MA transmutation. 

The calculations have shown that there is no clear advantage for either fuel type, 
although the MA have a more favourable fission to absorption ratio in the metallic core. This 
advantage is largely compensated by the smaller capture cross-sections of the MA which 
reduce the transmutation into Pu-238. Both fuel types have a transmutation half-life of 
11 years. A small advantage of the metallic fuel is the higher MA inventory at beginning of life 
due to the higher fuel density. Therefore, the transmuted MA mass per year is about 15 % 
higher than for oxide fuel. 

The operational and safety behaviour is an additional important criterion for the evalua
tion of both fuel types. Here the following aspects are important: 

Compared to the oxide fuel the metallic fuel shows some specific advantages, which 
are based on the higher fuel density, i.e. lower Pu-enrichments, lower loss of reactivity 
peryear due to fuel bumup and a longer fuel residence time. Assuming the same num
ber of cycles per residence time for both cores, the absorber system requirements are 
reduced so that the control rod worth reduction by 13 % is more than compensated. 

The positive sodium void effect increases for metallic fuel compared to oxide fuel by 
about 50 - 60 %. The Doppler constant is reduced by about 50 %. 

A safety related evaluation of these consequences will be performed in 1994. 
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C2.2 Transmutation of Fission Products (Item 3̂  

The fission products Tc" (halflife 2.1 • 10
5 years) and I129 (halflife 1.6 ■ 10

7 years) 
belong to the longlived nuclides in the highlevel waste. Their risk contribution during stor

age is relatively high because of their pronounced mobility in geochemical environments 
around the waste repositories. Their transmutation into stable isotopes (Tc

99 > Ru
100

,1
129 

H> Xe
130

) is therefore of interest. 

The onegroup capture crosssections of both isotopes are rather small in a standard 
fast reactor neutron spectrum. They are below 0.5 barn so that in an average neutron flux 
of 3 ■ 10

15 cm
2

s~
1 less than 25 % of the fission products are burnt during a fuel sub

assembly life of 6 years. 

One possibility to increase the capture crosssection of the fission products is to place 
them in a moderated environment in order to soften the neutron spectrum. This effect was 
studied by introducing Zrh^ 7 in the target subassemblies containing Tc

99
,1

129 and Cs
135 and 

by varying the ZrHi 7 content. Figure 1 shows the onegroup crosssections of these iso

topes as a function of the ZrH^ 7 content. The strong influence of the moderator content can 
be seen, but the fission product content itself has a similar impact. The larger fission product 
content leads to a spectrum hardening in the target subassemblies so that the capture 
crosssection is decreasing. 

Figure 1 is also showing that the crosssection of Cs
135 is small even in case of a large 

moderator content. Therefore, there is no chance for a transmutation of this isotope in a fast 
reactor. 

In addition to the spectral effects indicated in Figure 1 the absolute flux level is also 
influenced by the contents of fission products and moderator. In general the neutron flux level 
is decreasing with increasing effectiveness of the fission products. A careful optimisation of 
the contents of fission products on one side and of the moderator on the other side is there

fore necessary and realistic wholecore calculations have to be performed in which the right 
neutron flux level can be realized. 

Within the first step of our study the fission products were concentrated in target sub

assemblies at the outer boundary of the outer core zone. These positions were chosen in 
order to avoid major distortions of the main core properties and especially of the reactivity 
coefficients. 

The main result of this study was that the transmutation potential of the peripheral 
positions is rather poor due to the low flux level although 78 target positions were considered. 
The following table shows clearly the controversial influence of the fission product content on 
the transmutation halflife and the absolute masses: 

Tc
99 content 

20% 
10% 
2 % 

halflife 
in years 

48 
31 
16 

transmutation rate 
of Tc

99 in kg/a 
68 
53 
21 

These data are valid for a ZrHi 7 content of 5 %, but an increase to 10 % is changing the 
figures by less than 10 %. 
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In view of the fact that the fast reactor itself produces about 20 kg T c " per year, the 
transmutation rates mentioned above are certainly too small. One has therefore to choose 
inner core positions with a higher neutron flux level. 

Basis of the study with in-core target subassemblies was an EFR type core where 84 of 
the 390 fuel subassemblies were replaced by Tc" . In orderto keep the linear rating constant, 
the total power was reduced to 2600 MWth and the core height was increased to 1.20 m. 
Tc"-contents of 10 % and 20 % were considered and the ZrH1 y-cohtent was varied be
tween zero and 10%. 

In compensation to the cases with peripheral target positions these calculations clearly 
indicate the advantage of the in-core positions with respect to the absolute transmutation 
rates. In case of 20 % Tc they reach about 170 kg per year which is sufficiently large 
compared to the production of about 20 kg per year by this reactor. Consequently, there is a 
net transmutation rate of 150 kg peryear which corresponds to the production rate of about 5 
LWRs with 1300 MWe|. This results is quite acceptable. 

The transmutation half-lives of the in-core positions are, however, comparable to 
those of the peripheral positions since the advantage of the higher flux level of the incore 
positions is largely compensated by the smaller capture cross-section due to the harder in-
core spectrum. Half-lives of about 25 years can be realized. 

For the case described above the sodium void and Doppler effect were calculated with 
a fission product content typical for an end of equilibrium cycle state. It turned out that the 
sodium void effect of the T c " containing core is 10 % smaller than that of the core without 
T c " although it has a larger core height. This can be explained by the much higher Pu-en-
richment and the heterogeneity of the core with 84 T c " subassemblies. On the other side the 
higher enrichment causes the Doppler effect to drop by almost 30 %. 

The transmutation of I129 has also been studied. The main result is that the efficiency of 
the fast reactor with moderated I129 targets in form of Snl2 is smaller than that for Tc" , but the 
net transmutation rate is still large enough to eliminate the production of 2 LWRs with 
1300 MWe|. 

C2.3 Spallation Machines (Item 5) 

Table 1 compares the main features of three accelerator driven transmutation 
concepts, the Los Alamos ATW concept, the Brookhaven PHOENIX concept and the JAERI 
concept. The JAERI concept is more sticking to technologies now available and is by far less 
ambitious with respect to the beam current. 

The high keff-values between 0.9 and 0.95 require much care regarding criticality 
safety and the high power density and large total powers are similar to those of commercial 
power reactors. One has therefore to doubt whether considerable credit of the subcriticality 
of these systems for simpler licensing or better public acceptance compared to present 
reactors can be taken. 

C.3 List of Publications 

W. Timm, F. Sperber 
Consistent Comparison of Metallic and Oxide Fuel for Minor Actinide Transmutation in a 
Large EFR Type Fast Reactor 
Proceedings of the 3rd working group meeting on Targets and Fuels, Karlsruhe 1993. 
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Characteristic 
Features 

accelerator 

proton energy 

beam current 

electrical power 

tarqet/blanket 
modules 

number 

target 

actinide blanket 

neutron spectrum 

keff 

actinide inventory 
of the system 

transmutation rate 
per year of the 
system 

actinides 

fission products 

number of LWRs, 
whose waste is 
transmuted 

net electrical 
power production 
of the system 

ATW 

1.6 GeV 

250 mA 

900 MW 

4 

solid tungsten/lead 

actinide slurry in tubes 
passing through D2O 

1.31 

2.51 

0.3 t 

7.5 

thermal 

about 0.95 

minor actinides 
and plutonium 

minor actinides 
and plutonium 

technetium 
and iodine 

plutonium, 
minor actinides, 
iodine, techne
tium 

1000 MW 

PHOENIX 

1.6 GeV 

104 mA 

410 MW 

8 

/ sodium cooled 
r rods of minor 
1 actinide oxide 

fast 

about 0.9 

231 minor actinides 

2.61 minor actinides 

0.31 iodine 

75 minor actinides 
and iodine 

850 MW 

JAERI 

1.5 GeV 

39 mA 

146 MW 

1 

solid tungsten 

sodium cooled rods 
of actinide alloy 

fast 

about 0.9 

3.21 minor actinides 
and plutonium 

0.25 t minor actinides 
(plutonium not 
mentioned) 

— 

8 minor actinides 
(plutonium not 
mentioned) 

100 MW 

Table 1: Comparison of ATW, PHOENIX and JAERI transmutation systems 
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12 14 
Moderation [ vol % ZrH ] 

Figure 1: One-Group Capture Cross-Sections for Tc", I129 and Cs135 

in Dependence on Moderator Content 
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Title: Participation in a CEC strategy study on nuclear waste transmutation 
Contractor: Stichting Energieonderzoek Centrum Nederland-ECN 
Contract No: F12W-CT91-0104 
Duration of contract: from 1 November 1991 to 31 December 1994 
Period covered: The calendar year 1993 
Project Leader: K. Abrahams 

A. OBJECTIVES AND SCOPE 

This contract "Participation in a CEC strategy study on nuclear waste transmutation" has 
first of all as an objective the improvement of the nuclear data base for inventory 
calculations, which are needed in strategy studies on nuclear waste transmutation. A 
second contribution to the CEC strategy study will be in the form of a paper on: 
"Transmutation of long-lived fission products as a means of reducing the leakage dose 
risk of stored nuclear waste". Both objectives fit into the research program RAS, for the 
study of "Recycling Actinides and Fission Products" of the Netherlands Energy Research 
Foundation ECN. In this way ECN intents to contribute to international evaluations of 
recycling options for the nuclear waste problem. The program RAS is focused on studies 
on strategies and scenarios, on reactor physics research, on small scale demonstrations of 
possibilities for transmutation, and on the nuclear parameters, which are relevant to this. 

Since November 1993 Belgonucleaire has joined these efforts of ECN as sub-contractor. 
In the form of an associated study Belgonucleaire identifies the possibilities as well as 
the constraints and limitations for a programme of recycling waste products in PWR 
reactors of current design with MOX fuel. This study subdivides into three parts, related 
respectively to the physics of recycling actinides, to the impact on fuel fabrication, and 
to the physics of recycling fission products. The present contract is in turn placed in the 
frame of broader CEC strategy studies on nuclear waste transmutation, together with the 
contract F12W-CT91-0102, to CEA, and the contract F12W-CT91-0103 to Siemens 
respectively. 

B. WORK PROGRAMME 

2.1 Preparation of a nuclear data base for actinides and fission products, which is 
needed for the experimental verification of technological aspects of transmutation 

2.2 Preparation of derived data in order to assess the ORIGEN nuclear data library for 
transmutation studies. 

2.3 Performing sample burn-up calculations for several scenarios with the updated 
ORIGEN nuclear data library. 

2.4 Investigation of possibilities of transmutation of long-lived fission products, 
and Physics of fission products recycling (associated study by Belgonucleaire) 

2.5 Extended feasibility study for the transmutation of fission products 

2.6 Physics of actinide recycling (associated study by Belgonucleaire) 

2.7 Impact on fuel fabrication (associated study by Belgonucleaire) 
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C. PROGRESS OF WORK AND OBTAINED RESULTS 

State of advancement 

In coordination with CEA and Siemens the work on three Community contracts is being 
harmonized. These three contracts all regard studies on possibilities to reduce the long-
term radio-toxicity of nuclear waste. The ECN work is focused on the preparation of 
common data sets and standardized libraries for relevant nuclear data as well as on a 
study of possibilities for transmutation of long-lived fission products. The original 
contract expired November 1993, but it was extended to allow more time for in-depth 
studies of fission product transmutation and for an extension of the work on validation 
of the working libraries. At the same date Belgonucleaire was associated to the ECN 
contract with studies on usage of MOX fuel for transmuting plutonium and americium. 
Possibilities for multiple (successive) recycling of Am in the form of a homogeneous 
extended MOX fuel (UPuAm)02 are considered. Particular attention will be paid to the 
composition and the reactivity on voiding in a PWR in case of once, twice, and three 
times recycling. With compositions resulting from these calculations the dose rates will 
be derived for some critical stages of fuel fabrication and the necessary extra shielding 
as well as the margins to criticality will be evaluated. Recycling the long-lived fission 
products Tc-99 and 1-129 in target pins in PWRs with and without extra moderation has 
been included into the Belgonucleaire contract. Calculations by Belgonucleaire are being 
performed in close cooperation with ECN through short-term delegations. 

Work programme 2.1 and 2.2 (Common data sets) 

In the period 1991-1993 a nuclear data base has been prepared, which is in accordance 
with the most recent European JEF-2.2 library. This nuclear data base is intended for an 
experimental verification of some scenarios, and mainly relates to nuclear data on 
actinides and long-lived fission products. Existing codes and libraries (based upon JEF-
2.2) have been evaluated. Most of these data have been extracted from the available 
libraries. For burnup calculations, the code ORIGEN is being reviewed together with its 
working libraries of cross sections, ICRP-61 toxicity data, yields and decay constants. In 
addition to an assessment of the existing ORIGEN nuclear data library for transmutation 
studies, some new data have been inserted in the ORIGEN library, which will include 
the inspected and updated relevant fission yields as well as a number of cross sections 
from the EAF-file. Extensions of the library also concern data, which are relevant to the 
effect of important traces. 

Some nuclides like Ce are relevant in relation to applications in matrix materials, which 
are inert during irradiation. Other nuclides in new materials, to be used in cladding of 
targets for irradiation, as well as the product-nuclides of the transmutation of 1-129 and 
Tc-99 (Xe and Ru isotopes) are equally relevant. Therefore ECN is extending previous 
work by inspection and by addition of data for all relevant nuclides. This work includes 
the calculation of multi-group constants in XMAS structure for these nuclides. 

During this year some evaluations on one-group cross sections have been made for 
actinides and fission products. The main achievements regarding this data evaluation are 
presented in ref. [1]. Validation of the ORIGEN nuclide libraries with some burnup 
calculations on a PWR and a fast reactor have been included. Another part of the 
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original contract includes a study of the transmutation rates of Tc-99, 1-129, and Cs-135 
in several reactors such as the High Flux Reactor, the Phenix reactor and a power 
reactor of the LWR type. These studies are being extended to more in-depth 
calculations, which also include the CANDU reactor. 

Work programme 2.3 (Sample burn-up calculations for actinides) 

Apart from this contract, ECN makes an effort towards small-scale demonstrations of 
transmutation possibilities at the Petten High Flux Reactor (HFR), which is an ideal test 
reactor for the study of transmutation with thermal neutrons. This effort in itself is not 
subject to the present contract, but it is strongly related and relevant to this contract. In 
order to support these demonstrations, sample calculations on the transmutation of an 
americium in the High Flux Reactor in Petten have been made [1, 11]. 

Sample burnup calculations on americium transmutation. 
Computer simulations of irradiations in a thermal neutron flux of 1.3 x 1014 cm-2 s_l 
have been made. A 10 grams sample containing Am203 with a ratio Am-241/ Am-243 
equal to 2.6 is given as an example. Irradiation of this AmOx sample in the HFR was 
supposed to last for 40 HFR cycles of 4 weeks. This is quite a long irradiation time and 
it has to be investigated yet whether such a long irradiation time in the HFR can be 
achieved with an americium sample (with respect to behaviour of sample and cladding 
during and after irradiation as well as with respect to sample handling after irradiation). 
Figure 1 gives the fission power as a function of irradiation time. This fission power 
reaches a first peak after about one HFR cycle, and this maximum is due to fissioning 
of Am-242m directly after it has been formed by neutron capture in Am-241. Almost all 
Am-242, which is formed during the irradiation quickly decays to Cm-242, which 
subsequently decays (with a half life of 160 days) to Pu-238. After Pu-238 has been 
formed, another neutron capture leads to the fissile isotope Pu-239. This leads to a high 
fission power in the sample after about 500 days as is shown in fig.l. Neutron capture 
in Am-243 leads to Am-244, which decays to Cm-244. Another capture in Cm-244 leads 
to Cm-245 which is fissile again and gives a contribution to the fission density after 
about 400 irradiation days. Together with a 70% reduction of the total actinide mass, 
the corresponding long-term toxicity decreases likewise. As can be seen from table I the 
toxicity also decreases with about 70%, if one considers a cooling down period of at 
least hundred thousand years. 

Table I: Radiotoxicity (Sv) of the AmOx samples (before and after irradiation and 
after several subsequent periods of cooling down in storage) 

Period (yr) 

100 
1000 

10.000 
100.000 

1000.000 

Unirradiated 

4.82E+05 
1.23E+05 
6.63E+03 
3.85E+02 
1.63E+02 

5 cycles 

6.14E+05 
4.19E+04 
6.50E+03 
7.36E+02 
1.31E+02 

40 cycles 

1.17E+05 
1.07E+04 
3.80E+03 
1.42E+02 
2.39E+01 
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8.0e+03 

o 

O.Oe+00 500 1000 
Irradiation Time (day) 

Total 
Cm-245 
Cm-243 
Am-243 
Am-242m 
Am-241 
Pu-241 
Pu-239 
Pu-238 

1500 

Figure 1: Fission power of a sample containing 10 grams of AmOx 
during 40 HFR cycles 



Work programme 2.4 (Investigation of transmutation of long-lived fission products) 

Besides the above mentioned nuclear data activities, some strategy studies on fission 
product transmutation have been performed. In these studies the transmutation scenarios 
were connected to geological deposition scenarios, in which the radiation dose is related 
to the mobility of long-lived fission products in a repository. It has been shown that the 
partitioning and transmutation would enable the reduction of the dose risk from the 
long-lived and geo-chemically mobile fission products Tc-99 and 1-129. This reduction 
would result from the transmutation of Tc-99 and 1-129 by neutron capture to harmless 
Ru-100 and to equally harmless Xe-130. It is intended to submit a report on fission 
product transmutation under coordination with the partners. In order to start the work a 
discussion-paper has been written on strategies of transmutation of fission products. This 
paper has been presented and discussed at the Technical Committee Meeting on "Safety 
and Environmental Aspects of Partitioning and Transmutation of Actinides and Fission 
Products" of the IAEA [2]. This work is to be extended in the frame of the new 
contract, but some preliminary conclusions have been drawn already such as: 

On the risk reduction and costs of recycling Tc-99. 
One of the problems with technetium is that it is an element which does not occur in 
nature, and one has little experience with its behaviour in the eco-system. It has been 
shown in ref. [2] that total transmutation of technetium could save future mankind some 
risk due to possible leakage of this radionuclide during very long storage times. In this 
way one might avoid a leakage-risk which, though it is rather small, may exceed the 
leakage-risk for actinides for most geological storage facilities. Practical applications 
however would require that costs of recycling Tc-99 are kept small with respect to the 
current fuel cycle costs. This seems possible, provided that chemical partitioning and 
reprocessing costs for Tc are low. 

On the risk reduction of 1-129, and on isotopic dilution. 
Justification for transmutation of actinides is not necessarily based on the wish to avoid 
leakage-risks, but it is mainly based on fears for loss of integrity of repositories by 
human intrusion or by natural catastrophes. Similar concerns could to a smaller extent 
also be applied to justify transmutation of 1-129. Moreover similar arguments based on 
the wish to reduce the leakage-dose risk could be given for 1-129 as well as for Tc-99. 
However two points disfavour the transmutation of iodine: First of all the upper limit of 
the leakage-dose due to long-term global 1-129 contamination is orders of magnitude 
lower than that for Tc-99. Secondly, iodine is an element which is rather abundant in 
nature and therefore the technique of isotopic dilution could perhaps be applied to 
reduce local dose rates. If one would dilute the 1-129 with about a factor of 500 with 
natural iodine, the resulting admixture might have a radiological impact smaller than for 
example the free amount of potassium in the biological cycle of any living creature. 
Such a small toxicity has never harmed life as far as we know, and high costs and risks 
of transmuting 1-129 should balance this marginal risk. The conclusion could be that 
isotopic dilution is preferable, if it were to receive public acceptance. In the meantime 
both partitioning/transmutation and isotopic dilution strategies ought to be evaluated. 

Recommendations 
For the time being it is recommended to study technetium, its dose consequences and its 
ecology, as well as its chemical nature especially in the solid state. If human intrusion 
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or other disturbances are taken into account, the actinides determine the maximum value 
of the expected individual dose rates. Actinides and the safeguarding problems have 
been dominating the discussion on transmutation of nuclear waste. The fact that 
safeguarding procedures should be accounted for in the partitioning of actinides, might 
also influence the scenarios for partitioning the fission products from the actinides. 

On the issues related to public acceptance 
Most discussions on nuclear waste, and also the present discussion are based on average 
quantities. Any such probabilistic assignment of risk creates suspicions, and public 
confidence in predictions that range over more than a few hundred of years is clearly 
diminishing. It should therefore be realized that the acceptance problem is too complex 
to be approached in a purely scientific/technological way. As it nevertheless is necessary 
to sketch a frame in which the waste problem could be approached, one should start to 
investigate whether transmutation of Tc-99 and 1-129 is technically/economically feasible. 

Work programme 2.5 (Extended feasibility study of fission product transmutation) 

By simple reasoning it is easy to show that fission-product transmutation is most likely 
to be practical if one uses capture of thermal neutrons. For any process with charged 
particles the cross sections are orders of magnitude smaller due to Coulomb repulsion. 
To demonstrate incineration methods in a high thermal neutron flux, several calculations 
have been performed on transmutation with accelerators and reactors. Extended studies 
have been made on the transmutation of fission products. This study includes energy-, 
mass-, and cost-balance for transmutation scenarios (costs of reprocessing are excluded 
for the time being). Similar to the sample calculations, which support the demonstrations 
for actinide transmutation at the HFR, also some in-depth calculations have been 
performed on heterogeneous transmutation facilities for long-lived fission products, and 
matrices inert to irradiation with thermal neutrons [3,11]. Refs. [3,11] treat the 
following: a) Pure accelerator methods (with high energy proton beams and a 
spallation target), b) Pure reactor methods (e.g. an HWR in a simple calculation), 
and hybrid methods c) Accelerators with sub-critical assemblies. 

Below the three methods are discussed shortly starting with method a): 
Without a fission booster each 1.5 GeV neutron produces less than 30 neutrons even in 
heavy targets like tungsten or lead. Suppose the accelerator efficiency is about 50% (a 
very optimistic statement). In this case the price of one thermal neutron is about 
1500/(30 * 0.5) = 1 0 0 MeV, if this price would be expressed in terms of electrical 
energy. As this electrical energy had to made from thermal energy, one would have 
required about three times more energy. Because it is too optimistic and even unrealistic 
to assume that each neutron will transmute a technetium nucleus, one will need much 
more than 300 MeV thermal energy for each technetium nucleus to be transmuted. In 
case that this 300 MeV would have been generated by means of a nuclear reactor, this 
would mean that more than one fission in the reactor is needed to transmute one 
technetium nucleus at the accelerator. Following this reasoning it seems obvious that 
method b (direct transmutation of technetium in a reactor) is much more economic in 
case that one excess neutron also becomes available for each fission in the reactor itself. 
Clearly the reactor method is more direct, and further it is also more economical 
because the 200 MeV, which is generated by fission, can still be used to generate 
electricity in the "pure reactor scenario" (this electricity is no longer needed to transmute 
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the technetium nucleus with an accelerator!). Because a high flux of thermal neutrons is 
most relevant for fission-product transmutation, one thinks in terms of neutron boosters. 
These are sub-critical systems with fissionable material, in which each neutron from the 
primary accelerator-target system might produce up to ten secondary fission neutrons. In 
fact it has been shown that such a sub-critical system will be more economical than any 
system without a booster. Combinations of an accelerator and a booster seem to 
approach the economy of the reactor method more closely if the setup is more close to 
criticality. However it can be shown by arguments of safety as well as mass and energy 
flows that hybrid systems are not favoured at the moment [3,11]. 
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Title: Potentialities and costs of partition and transmutation of long-lived 
radionuclides 

Contractor: CEA 
Contract n° : F12W-CT91-0106 
Duration of contract: 39 months, from October 1991 o December 1994 
Perio covered : January - December 1993 
Project Leader : CEA - Fuel Cycle Direction 

A. OBJECTIVES AND SCOPE 

The purpose of this conceptual study is to analyse the different strategies of waste 
management aiming at reducing contents of long lived radionuclides by partitionning and 
transmutation ; tecnical ways and costs will be evaluated. 

In a first step reference scenario will be defined ie to draw up an inventory of long lived 
radionuclides produce by the European installed or foreseen reactors and estimate radiotoxicity of 
such nuclides. 

In a second step will be estimated the expected decrease of radionuclides stockpile 
according to two mains scenarii: first one using presently known or available technologies, second one 
taking into account all foreseen innovative technologies. 

B. WORK PROGRAM 

The program is divided in two main part : technical studies to find the best way of 
stochpiles reducing and economical studies to evaluate the cost of partitionning 

The different items of this program are the following : 

1.- References scenarios : (treated in the previous report) 

. definition of involved reactors (number, type, ...) 

. evaluation of produced radionuclides (Am, Np ...) 

. potential radiotoxicities 

2. - Step one : available technologies : (present report) 

. separations : 
. definition of processes 
. evaluation of efficiencies and losses 
. costs 

. transmutation : 
. in FBR 
. in PWR 

3. - Step two : foreseen technology : 
. same items than for 2 
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C PROGRESS OF W O R K AND RESULTS 

This report presents the phase two of the working program. 

1. - Tne principal hypothesis 

The studies concern the tranmutation of Neptunium and Americium in LWR's or 
FBR's representing respectively the scenario RP 1-1 and the scenario RP 1-2. 

Neptunium and Americium are irradiated either in homogeneous mode : 
. RP 1-1 : in PWR (UOX) fuels containing 1 % of each actinide, which will 
be reprocessed. 
. RP 1-2 : in FBR (MOX) fuels containing 2,5 % of each actinide, which will 

be reprocessed, 
or as heterogeneous targets which will be irradiated at a maximum acceptable level then 

disposed of: 
. RP 1-1 : specific targets (clusters containing actinide oxide rods) are placed 

in the guides of a UOX fuel assembly. 
. RP 1-2 : specific targets (intert matrix) are placed in the first radial blanket 

The reprocessing iosses are : 

U = 0.3 %, Pu : 0.5 %, Np : 5 %, Am : 5 % 

The targets are not reprocessed 

2. THE MATERIAL BALANCE OF REPROCESSING WASTES 

The material balance for scenarios RP 1-1 or RP 1-2 are compared with those for 
scenario R2 or R3 (the equivalent scenario without transmutation). 

The table shows the cumulative (tons) reprocessing wastes (U losses, Pu losses, Np losses, Am losses 
and Cm) in 2100. 

Reprocessing 
wastes 

Ulosses 

Pu losses 

Np losses 

Am losses 

Cm 

R2 

470 

22 

100 

420 

65 

RP 1-1 
(Horn) 

470 

22 

12 

27 

108 

Rp 1-1 
(Het) 

470 

22 

10 

25 

51 

R3 

420 

23 

94 

247 

40 

RP1-2 
(Horn) 

420 

23 

11 

24 

54 

RP 1-2 
(Het) 

420 

23 

9 

20 

30 

Americium recycling results in increased Curium production (+ 65 % for the recycling in 
the PWR (UOX) fuels and + 35 % for the recycling in the FBR (MOX) fuels). In the event of 
heterogeneous recycling, allowance must also be made for the curium contained in the irradiated Am 
targets : the end results is approximately the same as for homogeneous recycling. 
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3. POTENTIAL RADIOTOXICITY (INGESTION) BALANCE 

The results were normalized with respect to the Rl results (open cycle) 

Two radiotoxicity inventories were performed : 

. a "waste" inventory including the radiotoxicity due to nuclear materials suitable for 
ultimate disposal (losses, waste reprocessing), 

. a "cycle" inventory including the radiotoxicity due to nuclear materials throughout 
the fuel cycle (industrial facilities, interim storage, reactors and wastes). 

Figures 1 and 2 show the evolution of the potential ingestion radiotoxicity beginning in the year 2100 
for scenarios R2, RP 1-1 and R3 1-2 in the "waste" and "cycle" inventories. 

3.1. Comments on the scenarios RP 1-1 and RP 1-2 

. Comments on the "Cycle" Inventory 

. The "waste" represents less than 20 % of the overall radiotoxicity after the first 100 
years. The most important items are irradiated fuel and targets (both in interim 
storage and in the reactors) up to 10 6 years ; depleted uranium accounts for most of 
the radiotoxicity thereafter. 

. The gains over scenerios R2 and R3 are not significant: for the scenario RP 1-1, the 
radiotoxicity increases during the first 100 years due to Cm production. 

. Interim storage of the irradiated targets penalizes the heterogeneous mode scenario 
compared with the homogeneous mode. 

. The Np and Am recycled don't degrade the radiotoxicity of the cycle inventory. 

. Comments on the "Waste" Inventory 

. Both recycling modes provide equivalent gains. 

. Significant gains (by a factor of 6) over scenarios R2 or R3 are obtained for two 
time periods: 

. between 10 2 and 10 3 years, a period when most of the radiotoxicity is 
attributable to Am, 

. between 5 x 10 5 and 5 x 10 6 years, a period when most of the radiotoxicity 
is due to Np. 

. For the other short and medium-term time periods, the increased Cm production 
appreciably limits the gains. 

. Compared with scenario Rl, the gain is by a factor of 10 to 50 beyond the first 100 
years. 
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4 SEPARATION COMPLETION OF THE ECONOMIC PART OF THE STUDY 

This part consists in comparing the costs of a cycle using current techniques, such as those 
implemented today in France, with a cycle management ensuring separation and then incineration of 
minor actinides (neptunium and americium). The options to be assessed are the two advanced 
reprocessing scenarios of level 1 (RP1): 

. RP1-1 in which the plutonium and the minor actinides (Np and Am) are incinerated in PWR 
reactors, 

. RP1-2 in which the incineration is performed in FBR reactors. 

The results are given in relative value with respect to a reference cycle operation. The reference 
scenarios are the following': Reprocessing without separating the minor actinides and recycling all 
the plutonium (apart from the losses) in a PWR reactor (scenario R2) and FBR reactor (scenario R3). 
This comparison is made by determining the cost of the different unit operations in the fuel cycle. 

At the level of the reactors, the transmutation of actinides is performed in the same type of power 
generating reactor mix as that making up the reference for the study, without it being necessary to 
make any noticeable modifications. Therefore, for the "reactor" part of the cycle, there is no 
investment or operating overcost in the RP1 scenarios. However, it may be necessary to modify a part 
of the fuel, particularly the enrichment in uranium 235 or plutonium, but these cost increases are 
included in the overall cost increase of the fuel cycle. 

The cycle expenditures are assessed by multiplying the various flows of matter per year by the unit 
cost of each operation. These costs, essentially drawn from national or international studies (exclusive 
of reprocessing costs and fuel fabrication costs which have been assessed in the framework of the 
study) correspond approximately to market prices. 

This approach, in which discounted cost is not taken into account, allows to weigh the 
relative importance of the different steps of the cycle in the scenario studied. However, this 
does not allow to integrate the cost of the cycle thus determined in the kWh as it is assessed 
by a different economic procedure. 

4.1. Procedure 

The annual expenditures of a cycle for each scenario are determined from services and material 
balances and from the unit costs determined for each operation in the fuel cycle. This calculation 
requires two or three successive steps, depending on the operation involved: 

- Step 1 / determination of the construction cost of the production facilities corresponding to each 
operation of the cycle (presented in the Progress Report, 1st semester). 

- Step 2 / based on these costs, determination of the corresponding unit costs (presented in the 
Progress Report, 1st semester). 

1 The direct storage scenario without reprocessing (scenario Rl) is taken as reference for the 
comparisons in terms of radiotoxicity only. 
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For the reference scenarios, we have direct access to the unit costs of each operation in the cycle, as 
they have already been studied in a national (CEA, DIGEC) or an international (OECD) framework 
and correspond approximately to market prices. However, some adjustments are necessary to take 
particularities into account (case of the scenario R2^). 

For the other scenarios, two operations of the cycle vary, reprocessing and actinide fuel fabrication. 

- Step 3 / determination of annual cycle expenditures. 

4.2. Results 

The economic comparison between the different scenarios may be made at each step : 

-Step 1, comparison of reprocessing plant construction cost RP1-1/R2 and RP1-2/R3. 
The results are summarized in the following table : 

RELATIVE COST INCREASE 
(RP1-1-R2)/R2 
(RPl-2-R3)/R3 

0,23<0,35<0,47 
0,28<0,48<0,68 

-Step 2, comparison of the unit costs of the reprocessing operation and the actinide fuel fabrication 
operation. 
The results are summarized in the following tables : 

Reprocessing costs 

The reprocessing cost is directly proportional to the construction cost, so the results of step 2 are the 
same then step 1( see §4-1). 

RELATIVE COST INCREASE 
(RP1-1-R2)/R2 
(RPl-2-R3)/R3 

0,23<0,35<0,47 
0,28<0,48<0,68 

Minor actinide Fuel Fabrication for homogeneous recycling 

we considered two values of cost in order to carry out a sensitivity study 

The first reflects the fact that the fabrication of UO2 + Np02 or Am02 fuel will cost at least as much 
as MOx fuel, and that even under ideal circumstances, some modifications would be necessary, 
resulting in a minimum cost supplement of 10%. The second figure doubling of the cost assumes that 
the "glove box" technology implemented in the MOX plant must be abandoned, and that a different 
"shielded line" technology must be developed, with a major impact on fabrication costs. These figure 
of + 100% must not be taken too literally, as it was not obtained by a serious evaluation but is only 
postulated to assess the sensitivity of the overall results to a significant increase in the actinide fuel 
fabrication cost. 
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Relative Unit Cost Increase 
of Minor Actinide Fuel Fabrication Compared with: 

UOx fuel 

MOx fuel1 

2.6 < 2.9 < 5.5 

0.1 < 0.2 < 1.0 

The bold numbers will be used as the reference for the remainder of this investigation, 

-Step 3, comparison of expenditures, RP1-1/R2 and RP1-2/R3 

The comparisons were made from three types of balances without any discounted cost: 

*Yearly balances, showing the evolution of cycle expenditures year by year, 

* cumulated balances over the duration of the scenarios, allowing the effects of inertia of the 
scenarios to be taken into account. 

* current year balance, taken at the end of the period to be as close as possible to a stable state. 
This type of comparison is significant of thes differences of nature between scenarios. 

"The main results are indicated in the following table: 

Basis 

High Estimate 
Reference 
Low Estimate 

(RP1.1 -R2)/R2 

Typical Year 

54% 
33% 
21% 

Cumulative 

44% 
27% 
17% 

(RP1.2 - R3)/R3 

Typical Year 

52% 
28% 
11% 

Cumulative 

29% 
17% 
7% 

Under the assumptions of this study, compared with the conventional fuel cycle scenarios, the parti
tioning/transmutation scenarios imply a cycle cost supplement ranging from 20% to 55% for the PWR 
scenario, and from 10% to 50% for the FBR scenario. 

5 "IMPLEMENTATION OF ADVANCED TECHNIQUES AND KNOWLEDGE" 
SCENARIO (RP2) 

Reprocessing process RP2 

The principle of the process proposed was described in the Progress Report of the First Semester. 

The three main points are recalled here: 

Types of fuel and targets to be reprocessed: 

PWR UOX fuels, 
FBR MOX fuels, 

^The cost of MOx fuel fabrication is roughly 3.25 times that of UOx fuel. 
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dedicated FBR fuels (initial Np 5%), 
initial targets AmC>2 40% in MgO from dedicated FBRs, 
targets PM2 and metallicTc from dedicated FBRs. 

Process options: The main options chosen are: 

- Desorption of iodine at the level of the dissolution operation. The iodine is recovered at the output of 
the plant as a lead iodide precipitate Pbl2. 

- For the U, Pu and Np cycles, the TBP is replaced by a monoamide. 

- Separation of technetium in the form of pertechnetate (TCO4") at the level of the first cycle. 

- Direct separation FP/minor actinides in a single cycle is obtained by using picolinamides. 

- As for RP1, the Am/Cm separation is done by acting on the selective extraction phenomenon of 
americium in the oxidized state, the solvent used is the same monoamide as that of the U, Np and Pu 
cycles. 

Separation efficiency: 

U and Pu 99.9% 
Np, Am, Cm 99.5% 
I, Tc 90% 
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A2: WASTE TREATMENT 

Task 2 

'Treatment of Radioactive Waste" 

* List of contract 
* Introduction to Task 2 

Topic 1 : Minimization of radioactive discharges 

Topic 2 : Reduction of waste volumes to be disposed of 

Topic 3 : Waste de-categorisation and actions at the source 

Topic 4 * : Spent fuel conditioning for disposal 

Topic 5 : Potentialities of transmutation of long-lived radionuclides 

* No activity running on this topic 
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TASK 2 - LIST OF CONTRACTS 

Topic 1 : Minimization of radioactive discharges 

FI2W-CT90-0054 Improvement in the performance of the conventional treatment of 
liquid effuents by co-precipitation. 

Topic 2 : Reduction of waste volumes to be disposed of 

FI2W-CT90-0053 Wet oxidation of organic containing wastes. 

FI2W-CT90-0057 Advanced processes for the treatment of low level liquid wastes at 
a pilot plant scale. 

FI2W-CT91-0095 Process design and feasibility study for incineration under pressure, 

condensation and effluent treatment of radioactive waste. 

FI2W-CT91-0100 Melting of incinerator ashes using a microwave furnace. 

FI2W-CT91-0108 Treatment of radioactive solvent waste by catalytic oxidation. 

Topics 3 : Waste de-categorisation and actions at the source 

FI2W-CT90-0062 New macrocyclic extractants for radioactive waste treatment 
Ionizable crown ethers and functionalized calixarenes. 

Topic 5 : Potentialities of transmutation of long-lived radionuclides 

FI2W-CT90-0047 Partition of radioactive wastes. 

FI2W-CT91-0112 High-level liquid waste partioning by means of completely 
incinerable extractants. 
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INTRODUCTION TO TASK 2: TREATMENT OF RADIOACTIVE WASTE 

A. Objectives 

Improvement of radwaste management schemes by means of new treatment 
processes allowing : 

* the minimization of radioactive discharges into the environment; 
* the reduction of the waste volumes to be disposed of; 
* the de-categorisation of waste packages in terms of disposal routes; 
* the removal of long-lived radionuclides from high level waste for partitioning 

and/or transmutation purposes. 

B. Research topics investigated within the programme 1985-1989 

Investigations were carried out on volume reduction techniques for liquid waste 
from reactor operation, spent fuel reprocessing and from research centres. The 
work was focused on ultrafiltration techniques, electrochemical ion-exchange and 
chemical precipitation coupled with centrifugation. 
Research work was devoted to the waste de-categorisation for making easier 
conditioning, transport and disposal operations of a number of alpha and MLW, 
particularly on : 

treatment flow-sheets relying on solvent extraction; 
chemical precipitation and inorganic ion-exchange techniques; 

- exhaustive decontamination of solid alpha waste by leaching with 
electrogenerated Ag(II). 

New immobilisation matrices (modified sulphur cement, ceramics and new cement 
formulations) have been investigated for various wastes like incinerator ashes, ion-
exchange resins, sludges, dissolver residues. 
Actions taken at the source of production (MOX fuel fabrication plant) for 
reducing alpha waste arisings also played an important part in this programme. 
Quality assurance schemes for waste products in conditioning facilities for 
cementation, drying and compaction were elaborated and critical parameters for 
disposal criteria selected. 

C. The present programme 1990-1994 

At the beginning, Task 2 comprised 13 research contracts, four of them being 
multinational. In 1993, the work has been progressing for 10 contracts, two of 
them being completed and one cancelled. The following topics have been covered: 

Topic 1 : minimization of radioactive discharges 

- Setting up of a downstream treatment processes for low level liquid effluents 
at the La Hague reprocessing plant (CEA Cadarache). 

- Radium recovery from uranium tailings (LNETI). 

123-



Topic 2 : Reduction of waste volumes to be disposed of 

- Recovery of boron from PWR low level liquid waste by electrodialysis, 
reverse-osmosis, distillation, ion-exchange and electrochemical ion-exchange 
as alternative treatments (Laborelec, AEA Harwell and CEN/SCK). 
Volume reduction of alpha-bearing incinerator ashes by microwave furnace 
and melting processes for spent fuel zircaloy hulls in a cold crucible (CEA-
Valhr6). 

- Ion-exchange resins destruction by H2Oz (AEA-Winfrith) and by incineration 
with oxygen under pressure (Bertin, CEA-Cadarache and INITEC). 

- Treatment of liquid waste by distillation and wet oxidation (ENEA Saluggia). 

Topic 3 : Waste de-categorisation and actions at the source 

- Evaluation of decontamination performances of leaching technique with nitric 
acid and electrogenerated Ag(IT) on different solid alpha-bearing wastes 
(CEA-FAR). 

- De-categorisation of medium-level reprocessing concentrates by using "tailor-
made" macrocyclic extractants (calixarenes and crown-ethers). This 
multipartner project associates CEA-Cadarache with the Universities of 
Barcelona, Belfast, Mainz, Parma, Strasbourg and Twente. 

Topic 4 : Conditioning of spent fuels in view of their direct disposal 

There are no activities running on this topic. 

Topic 5 : Potentialities of transmutation of long-lived radionuclides 

- Development and testing of enhanced treatment scheme for separation of 
long-lived radionuclides from high level liquid waste. This co-ordinated 
research programme is being carried out by CEA-FAR and KfK. 
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Title : Improvement in the performance of the conventional 
Treatment of Liquid Effluents by Co-Precipitation 

Contractor: CEA-DCC 
Contract N° : FI2W/CT90/0054 
Duration of Contract: From May 1st to April 30th 1995 
Period Covered : January-December 1993 
Proiet Leader : FROMONT Michel, FEDERICI Veronique 

A. OBJECTIVES AND SCOPE 

The capacity of treatment of the COGEMA irradiated fuel reprocessing plant at The 
Hague is to be progressively increased from 400 to 1600 tonnes a year. The regulations 
concerning the release of radioactive effluents into the sea remain unchanged, that is to say 
they authorize : 

- 45000 Ci (1665.103 GBq) for all radioelements (except tritium) including 6000 Ci 
(222.103 GBq) for Sr90 and Csl37; 
- 45 Ci (1700 GBq) for a emitters. 
The efficiency of radioactive liquid effluent chemical treatment should therefore be 

improved. 
At present, the Liquid Effluent Treatment Plant (so called STE3) implements a process 

involving a chemical co-precipitation for low activity (act.p<5 Ci/m3) and medium activity 
(act.p<300 Ci/m3) radioactive effluents and a neutralization, followed by filtering for any 
effluents suspected of the slightest radioactivity (act.oc<10"4 Ci/m3, act.p<10"2 Ci/m3). 

In association with the treatment plant (STE3) operators who are to supply actual 
radioactive effluents, we propose to implement complementary treatments in a hot laboratory, 
using for example mineral exchangers, organic extractants and chemical precipitation, the 
application of which, in the STE3 plant at The Hague, should entail only minor modifications 
to the existing process. 

B. WORK PROGRAMME 

The work programme consists of: 

- the caracterization of the chemical forms of the radioelements to be removed, 
- the insolubilization of these radioelements by means of mineral exchangers in powder 
form (oxydes, sulfates, phosphates,...), of supported organic extractants (active 
carbon, silica) and of precipitation treatments. 

- the study ot the separation of the insolubilized activity by means of the most 
appropriate processes : tangential filtering, centrifugation or columns used singly or in 
series. 

- the carrying out of tests on a radioactive pilot mock-up (1/60 scale). 

-125 



C PROGRESS OF WORK AND OBTAINED RESULTS 

- State of advancement 

The evolution of the radioactive liquid effluents discharged into the channel by 
the STE/La Hague shows a reduction of 30% of the active effluents and of 50% of the 
suspect effluents (so called "V"), but the distribution stays almost unchanged : 27% of 
90Sr, 23% of 127Sb, 17% of 106Ru and 3% of 137CS. To reduce the released activity, 
we focused therefore our attention to these radionuclides. Moreover. V effluents 
should be investigated as they account for 21% of the discharged alpha activity, 
although they represent only 6% of P activity. With complementary treatments 
implementation in view, our goal is to obtain a decontamination factor of the order of 
10. 

During the previous period (1992), we have shown that Sr90 and Sbl25 could 
be removed by means of titanium or zirconium oxides, used in situ precipitation, or in 
preformed precipitates or with solid compounds in powder or in pellets. 

Considering these results, we studied the fixation of the two radionuclides in 
column filled with sodium titanate pellets. Then, we considered the elution of Sr by 
nitric acid, the quantity of sodium which is released and the re-use of the materials. 

For Rul06, coupling active carbon and ion-exchanger or polyvinylpyridine was 
investigated, but results are disappointing with at best a decontamination factor of 5. 

PROGRESS AND RESULTS 

1. STRONTIUM REMOVAL ON COLUMN 

Sr removal can be achieved by percolation of the A effluent after STE3 in a 
column filled with 3,2 ml of sodium titanate pellets. Before, the effluent pH is 
increased until 12, which is the most effective value for the removal. The effluent is 
also spiked with Sr85 for y analysis. After percolation at a flow-rate 32 ml/h of the 
effluent in the column, y activity of the effluent, which is shown on Figure 1, is 
measured as a function of the volume. Considering the ratio v between the effluent 
volume and the adsorbant volume, this figure can be divided into three parts : 
- 0 < v <1000, DF is equal to 12 for 3,3 liters of effluent, 
- 1000 < v < 2000, DF decresases from 12 to 2,7 for 6,4 liters, 
- v > 2000, DF remains constant and equal to 2,7. 
This method is also effective to treat 3,2 liters of effluent contaminated by strontium 
with only 3,2 ml of sodium titanate pellets. Same results were obtained for a V 
effluent. 
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2. STRONTIUM ELUTION 

We also investigated the fate of the contaminates pellets. The first possibility is 
their embedding by ceramisation. The second alternative we have chosen is the elution 
of the pellets by nitric acid 0,1 M (this concentration has been optimized). The 
previous column which has removed Sr85 from the effluent is treated by nitric acid at a 
flow-rate 12 ml/h. Figure 2 is related to the eluted activity as a function of the 
ratio v.The peak has a maximum for v equal to 15. All the activity is eluted for v equal 
70 (245 ml of nitric acid). This has been confirmed by integration of the different peak 
areas corresponding to the removal and the elution. During Sr elution, sodium is also 
eluted. Its concentration is around 3,5 g/1, which is similar to the sodium concentration 
in the effluents. An other advantage is the pellets re-use. 

3. ANTIMONY REMOVAL 

Sr removal on sodium titanate pellets has been studied in the same manner. 
Previous experiences implied that the effluent pH must be acid for a better efficiency 
of the treatment. A column filled with 3,2 ml of material gave the results in the table I. 
When the effluent is at pH 7 and the pellets at pH 5, DF are below 2. We also 
decreased the pH (5 for the effluent and 2 for the pellets), but DF are still closed to 2 
when the flow-rate is 32 ml/h. Decreasing it to 12 ml/h increased DF to 3. These bad 
results were attributed to the contact time between the effluent and the pellets, which is 
still too low. 

4. RUTHENIUM REMOVAL 

Electrophoresis indicates that Rul06 is under three forms in the effluent at pH 9 
(a neutral, a slightly anionic and an anionic forms). Two adsorbants were also used in 
so far as to increase DF, one for the active carbon and an anionic exchanger. DF is 
equal to 3,4 for the active carbon alone and remains constant with the ion-exchanger 
(Table II). It was better to use polyvinylpyridine PVP in a second step, because DF 
increased from 3,4 to 5,4. But results remain disappointed, so that more experiences 
have to be achieved to improved Ru removal. 

LIST OF PUBLICATIONS 

No publications other than progress reports dealing with the work under with 
contract. 
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WET OXIDATION OF ORGANIC CONTAINING WASTES 

Contractor : AEA Technology 
Contract No: F12W/CT90/0053 
Duration of Contract : March 1991 to March 1995 
Period covered : January - December 1993 
Project Leader : Dr N S Holt 

A. OBJECTIVES AND SCOPE 

A wet oxidation process for the destruction of organics from intermediate level radioactive 
wastes has been developed in parallel by AEA Technology (Decommissioning and Waste 
Management) for the treatment of reactor sludges from the Winfrith Steam Generating Heavy Water 
Reactor, and by Nuclear Electric for the treatment of spent organic ion exchange resins from their 
nuclear power stations. 

The process, which is based on catalysed reaction with hydrogen peroxide, has already been 
subject to experimental investigations up to 10-50 kg non-active resin batch using pilot scale plant 
for the above applications. 

The main objective of this programme is to demonstrate the feasibility of wet oxidation 
treatment on a range of real radioactive wastes by the design, construction and operation of a fully 
active mobile pilot plant (50 - 100 kg / day capacity). 

The key organic wastes identified for possible investigation include : 

Ion exchange resins from power reactor operation 
Decontamination liquors 
Mixed reactor sludges from WSGHWR 
Solvents and scintillants 
Cellulose containing soft wastes 

B. WORK PROGRAMME 

The programme consists of the following tasks : 

Task 2.2 Analysis of literature data and assessment of candidate wastes in UK and EC 
context 

Task 2.3 Evaluation of previous experimental results 
Task 2.4 Completion of wet oxidation experiments 
Task 2.5 Appraisal of alternative plant concepts 
Task 2.6 Evaluation of complete treatment schemes 
Task 2.7 Design, construction and operation of a mobile active wet oxidation pilot 

plant 
Task 2.8 Drawing-up of flowsheets 
Task 2.9 Analysis of safety and economic aspects 
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C. PROGRESS OF WORK AND OBTAINED RESULTS 

State of Advancement 

By the end of 1992, the second year of the project, literature reviews, non-active laboratory studies 
and analysis of previous experimental data were complete. A final detailed design for a mobile pilot 
plant to treat radioactive organic wastes had been produced, and the construction phase of this plant 
had commenced. 

In the year covered by this report (January - December 1993), the construction of the mobile pilot 
facility was completed, after significant delay. The plant was successfully transported 200 km from 
the construction site to the Winfrith research centre by road. During the final quarter of the year the 
mobile wet oxidation plant has been installed and all components tested during commissioning trials. 
The first reactions between hydrogen peroxide and organic ion exchange resin (non-radioactive) 
were carried out in December 1993 as part of the commissioning procedure. 

Ion-exchange resin waste from a UK Magnox power station has been treated at laboratory scale. The 
mass of organic carbon present in the sample was reduced by 97% after wet oxidation treatment. 

The non-radioactive commissioning programme for the plant has received safety approval under the 
terms of the UK Nuclear Installations Inspectorate's licensing procedures. 

Progress and Results 

Task 2.2 Analysis of Literature Data 

Task completed 1992. The findings of a comprehensive literature survey on wet oxidation 
research were presented. 

Task 2.3 Evaluation of Previous Experimental Results 

Task completed 1992. The studies of AEA Technology and Nuclear Electric relating to wet 
oxidation prior to this programme were reviewed. 

Task 2.4 Completion of Wet Oxidation Experiments 

This task has now been completed with the laboratory treatment of real radioactive waste. 
The waste sample used, from a UK Magnox power station, consists mainly of spent cation exchange 
resin. Both organic and inorganic ion exchange materials are present in the waste, in proportions 
varying throughout the waste storage tank. In the sample used, the principal component (87% by 
volume) was Lewatit DN, a caesium specific cation exchange resin. The phenol-formaldehyde 
polymeric structure of this resin is functionalised with sulphonic acid exchange sites. The other 
significant component of the waste mixture is AW500, a synthetic zeolite again used for selective 
caesium removal. The bulk specific activity of the waste has been measured at 245 kBq g~l dry 
weight. The principle radionuclide present is '-^Cs, with a specific activity of 212 kBq g"l (1990 
values). The organic carbon content of the sample used was measured at 95 g kg"'. 

After reaction of a 200g batch of the sample with 800g of 17.4 M hydrogen peroxide solution, under 
reflux conditions and a reaction pH of 3.5, the organic carbon present in the sample was reduced to 
0.6g over a 4 hr period, representing a 97% reduction in organic carbon. This test suggests that 
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irradiated and aged Lewatit DN resin may be effectively treated by wet oxidation. The reaction 
efficiency relative to stoichiometric peroxide consumption was 35%, which is at the lower end of the 
expected range for batch wet oxidation reactions. 

Task 2.5 Appraisal of Alternative Plant Concepts 

Completed in 1992. Semi-continuous addition of waste throughout an extended reaction 
period emerged as the preferred option. 

Task 2.6 Evaluation of Complete Treatment Schemes 

This task requires data from non-radioactive and trace radioactive pilot plant trials, available 
in 1994, to progress. 

Task 2.7 Design, Construction and Operation of a Mobile Active Wet Oxidation 
Pilot Plant 

During 1993 the construction of the mobile pilot plant has been completed. The plant was 
delivered to AEA Technology's Winfrith site in early August, with some instrumentation incomplete. 
A detailed description of the mobile plant and the commissioning activities completed is given 
below: 

2.7.1 Plant Description 

The plant is fully contained within a single ISO transport container, with a mass of 8.4 te. 

The main part of the plant, containing the majority of the radioactive inventory, is housed in a glass 
reinforced plastic containment glovebox. This section includes the jacketed reaction vessel, waste 
feed hopper, the feed and discharge pumps and the plate coil heat exchanger. The design waste 
throughput for the plant is 50 - 100 kg per day, dependant on waste type, with a maximum activity 
within the containment of 0.1 TBq (2.7Ci) as ""Co. The containment box, is maintained slightly 
below atmospheric pressure by a vent fan. 

The steam and gases produced by the wet oxidation reaction pass through a heat exchanger. This is 
cooled by a closed circuit air blast cooler to minimise the dependence of the plant on external water 
supply. The air blast cooler is mounted within the plant for transport but its operational position is 
external to the plant. 

Condensed water from the process may be stored in the distillate tank. Non-condensed gases pass 
through a packed tower acid scrubbing column and circular High Efficiency Particulate Air filter 
(HEPA) before discharge to the atmosphere. 

Heat to initiate the process is supplied by a compact steam boiler. Both high pressure steam or cold 
water can be supplied to the reaction vessel jacket for heating or cooling respectively. 

2.7.2 Control and Instrumentation 

The operation of 10 pumps, over 30 actuated valves, and several heaters and fans are 
controlled directly by the computer system. In addition, over 100 data channels from temperature 
sensors, gas analysers, flow meters and pressure transducers are monitored and logged by the 
computer system. The software programming to allow remote operation of the plant by a single 
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operator has been completed over the period covered by this report. Commissioning operations are 
controlled using a hierarchical set of mimic screens, each controlling individual plant systems or 
operations. A second VDU provides the operator with real time measurements from plant 
instrumentation. 

A second control system, with permanent wiring and independent of the computer system has also 
been installed, which provides safety trips under maloperation conditions. 

2.7.3 Commissioning Programme 

The non-active commissioning of the plant has commenced, and testing with simulant resin 
and hydrogen peroxide has begun. An outline of the sequence of commissioning operations that have 
been carried out are given below. 

Connection and demonstration of plant services e.g. power supply, lighting 
Verification of computer control function 
Functional test of all manual and actuated valves 
Leak testing of all plant items and calibration of level indicators 
Testing of all key safety trips 
Steam boiler commissioning 
Trial operation using water only 
Demonstration of resin feed / discharge system with inactive simulant. 
Passivation of hydrogen peroxide circuit 
Trial operation with inactive simulants 

The first waste type to be investigated as part of the non-radioactive commissioning was a mixed 
anionic / cationic bead resin. This resin was used at a UK power station for non-active water 
treatment. A short trial reaction with 20 kg of this material has recently been completed, allowing 
parameters such as instrument performance, heat transfer rates, exothermicity and gas generation 
rates to be evaluated under close to design conditions. Although not the principle aim of this test, an 
overall reduction in the organic carbon content of the resin by 94% was achieved. 

Task 2.8 Drawing up of Flowsheets 

This task is awaiting data from mobile plant operations, and will be progressed in 1994. 

Task 2.9 Analysis of Safety and Economic Aspects 

The economics of wet oxidation treatment will be evaluated following radioactive plant 
operations in 1994 / 5. 

Prior to delivery of the mobile plant, a detailed safety submission was produced to justify the 
commissioning of the plant. This was approved under guidelines laid down by Her Majesty's 
Nuclear Installations Inspectorate (Nil). Information gained from non-radioactive plant operation 
will be required to confirm the safety of future radioactive operations. 

2.9.1 Main Hazards 

The main hazards identified with plant operation are a radiological hazard and chemical 
hazard to the operators. With the maximum design inventory of 0.1 TBq as ""Co, the estimated dose 
to plant operators is 1.2 mSv/yr assuming a distance of 10 metres between operator control point and 
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containment glovebox, and the provision of a 50mm thick lead wall (or equivalent). Control of the 
plant is currently possible at up to 15 metres from the containment box, and this distance may be 
increased further if necessary. 

Hydrogen peroxide, the main chemical hazard, is stored externally to the plant in a purpose built 
storage tank. This minimises the amount of hydrogen peroxide present in the mobile plant and 
reduces the potential for decomposition hazard. 

2.9.2 Safety Systems 

The main safety related components and systems fitted on the plant are shown below : 

• Housed in ISO container with appropriate vibration and shock protection for fixed items 

• Reaction vessel constructed of glass lined steel. Stainless steel pipework throughout. Gaskets 
and polymers selected for radiation tolerance. 

• A passive pressure relief system is provided via a water filled lute in case of overpressure. 

• A pressure relief valve is incorporated within the hydrogen peroxide feed line, venting into the 
containment box drip tray. 

• Distillate, scrubber liquor and off-gas discharge lines have sampling points. 

• Hydrogen peroxide is stored external to the plant and supplied by a dedicated feed line. 

• A full wash down system, including spray balls within the reaction vessel is fitted to the plant. 

• Hard wired safety trips are incorporated to prevent peroxide addition under fault conditions e.g. 
loss of agitation, high reaction vessel temperature, excess foaming. These are supplemented by 
software controlled alarms for improved reaction control. Rapid cooling may be provided via 
the reaction vessel jacket and emergency cooling by the scrubber circuit. 

• A glass reinforced plastic containment box held at slightly depressed pressure is fitted around 
all plant items containing significant quantities of radioactive material. 

• The control console is connected to the plant by a 10 metre long 'umbilical cord', allowing 
remote operation. 

List of Publications 

III HOLT, N.S., "Wet oxidation of organic containing wastes - Fourth semestrial report", AEA 
D&W Report CPDD(92)P034 (1993) 

121 TWISSELL, M.A., "Wet oxidation of organic containing wastes - Fifth semestrial report", 
AEA D&W Report CPDD(93)P111 (1993) 

12,1 TWISSELL, M.A., "Wet oxidation mobile active pilot plant - PreCommissioning Safety 
Report", AEA D&W Report CPDD(93)P060 (1993) 
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ADVANCED PROCESSES FOR THE TREATMENT OF LOW LEVEL LIQUID 
WASTES AT A PILOT PLANT SCALE 

Contractors : LABORELEC (B) - SKC-MOL (B) - AEA-HARWELL (UK) - LNETI (P) 
Contract n° : FI2W - CT90 - 0057 
Duration of contract: from April 1/1991 to 31/12/1994 
Period covered : 1993 
Project leader : Coordinator R. ROOFTHOOFT 

SCK P. DE REGGE 
AEA A. TURNER 
LNETI J.P. GALVAO 

A. OBJECTIVES AND SCOPE 
The objectives of the programme are : 

a) Eliminate boron from low level liquid waste of PWR plants. Five processes will be 
evaluated (electrodialysis, reverse osmosis, distillation, ion-exchange and electrochemical 
ion-exchange). 

b) Demonstrate the capabilities, reliability and cost-effectiveness of these processes for 
the treatment of real PWR wastes over realistic time scales at representative throughputs. 
As a part of this, it is a key goal to achieve low activity discharge levels (< 2 MBq/m2) and 
high waste volume reduction factors (> 500) in a cost-effective way. An additional goal will 
be to obtain purified boric acid with less than 1 ppm Cl~ and a B-recovery of more than 
75%. 

c) Evaluate electrochemical ion-exchange (EIx) on wastes from a nuclear research center 
(Harwell) in comparison with the flocculation/sand filtration process currently used for the 
removal of Cs, Co and a-emitters. 

d) Evaluate electrochemical ion-exchange and reserve osmosis for the removal of Ra and 
other heavy metals from uranium mine tailing wastes in comparison with flocculation. 

B. WORK PROGRAMME 
First the composition of the waste streams will be identified. To select the optimal 

equipment batch experiments are carried out on simulant wastes. On the basis of these, 
bench-top experiments will be realized, firstly with simulant and then with genuine waste. 

On basis of the obtained information one or more pilot plants will be designed and built. 
They will be used for testing on real waste : 
- at Doel or Tihange PWR-stations 
- at Harwell research laboratories 
- on the Portuguese site Sacavem for uranium mine tailing wastes. 

The processes which will be evaluated are : 
1) electrodialysis 
2) reverse osmosis 
3) distillation 
4) ion exchange 
5) electrochemical ion exchange. 

133 



C. PROGRESS OF WORK AND OBTAINED RESULTS 

CI. State of advancement 
Tests at the labo scale on genuine waste have been concluded. 

- E-D and EIX at Doel 
- EIX 1) Sacavem mine tailing waste 2) long term testing electrodes 
- flocculation has been tested as well as pretreatments before R.O. 
- distillation at SCK on genuine waste from Doel (2 experiments). 

Two pilot plants have been constructed at Doel. The first by Laborelec : the pilot consist 
of an ultrafiltration followed by a unit for electrodialysis. The second by AEA-Harwell : it 
consists of a unit for electrochemical ion exchange which will take its water after treatment 
by UF (Laborelec plant). A full safety report on the two plants has been presented to the 
Doel power plant operator. The inspection by the authorities has been performed in 
November '93 and the plant started in December. A third pilot plant is in construction 
(SCK-CEN). 

Laborelec and LNETI have performed tests in September in Urgeiriga with an R-0 
equipment (production of pure water: 130 1/h) 

Another test has been performed by LNETI with the same pilot in December '93. 
A pilot plant based on volatilization at elevated temperature and pressure has been 

developed by SCK. It was planned to order all equipment before the end of the year 1993. 
This pilot will be installed in Doel. 

C2. Progress and results 

a) E-D 
The tests with a bench scale unit (Corning unit) followed by the EIX were finished by 

Laborelec in the first months of the year at Doel. 
A pilot plant consisting of an EDR module protected against fouling by an ultrafiltration 

unit and a conventional filtration has been built in Doel. All the informations necessary to 
the follow-up of the treatment are collected in a database system with alarm system. This 
plant was authorized to start in December. The first test has been performed on LNA waste. 
It shows that: 

1) Decantation and filtration over 10 u filter cartridges : the biggest part of the activity is 
caused by Co-58 and Co-60. The activity of the waste is taken out for about 92 % after 
decantation and filtration over 10 u-cartridges. See table I. 

2) Ultrafiltration over Romicon cartridge : 
- in the permeate most of the insoluble parts have been removed. 
- about 2 % of the initial activity of the waste solution is remaining. See table I. 

3) First tests with an Aquamite I electrodialysis unit: 
- the unit concentrates further the Cs-134 and Cs-137 isotopes still in the permeate after the 
ultrafiltration. 
- Co-58, Co-60 and Mn-54 that remained are not concentrated. 
- during the first tests we also noticed that the efficiency of the electrodialysis process was 
decreasing. 
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- this problem could be caused by the presence of a big dose of surfactants, which would 
form a coating on the electrodes or saturate the resins that are in the stack with sulfonates. 
- further tests need to be done to see if reversing the polarity of the current on the stack 
(every 20 minutes) can solve this problem and if the surfactant used is containing sulfonates. 
- some results of electrodialysis, once through. See table II. 
- some results of electrodialysis, recirculating the product water back in the feed-tank. See 
tables m and IV. 

b)EIX 
A pilot plant has been completed and commissioned in Harwell. CEIX membranes have 

been loaded with cobalt ; it has been demonstrated that bound cobalt may be removed by 
running under acid conditions, thus enabling solution volume reduction factors in excess of 
4500. 

Long term testing of small electrodes has been continued. 
No sign of passivation is found after more than 30 months constant cycling of electrodes 

in precious metal oxide coated titanium meshes. This is equivalent to 4.5 years continuous 
operation under EIX conditions. 

Long term tests of AEIX flow cells have continued. The cell treating a feed with high 
level of chloride (150 ppm C1-) is now showing degradation in both physical appearance and 
EIX performance. No degradation has been noted with low chloride solutions. 

A pilot plant has been constructed and delivered in Doel. It will take its water after 
treatment by ultrafiltration (Laborelec plant). The agreement for start-up has been obtained 
in November after inspection by AIB-Vincotte. 

c) Reverse osmosis 
Laborelec and LNETI have performed tests in Urgeiriga with a R-O equipment and on 

genuine waste solutions. The membranes which were used,were of the composite type in a 
Rochem module based on discs. The solutions which had to be treated contained very high 
amounts of iron which result in fouling of the membranes. However the fouling is easily 
eliminated by flushings and cleanings with citric acid (adjusted to pH 4 with NH4OH). A 
reconcentration test had to be stopped because of an important increase of pressure. Citric 
cleaning was not efficient and a precipitation of CaSC»4 was suspected. 

Other tests and cleanings of the membranes have been performed by LNETI with the 
same plant in Urgeiriga in December. 

d) Distillation 
Two bench scale continuous experiments on genuine waste (LNA water Doel) were 

carried out. The pilot is based on the volatilization of boric acid at elevated temperature and 
pressure. The volume treated for each test is 150 1. The results of the experiments are a 
high decontamination factor (> 1000) and a good volume reduction factor (> 630). 

A parametric study of the boric acid distribution between the vapour and the concentrate 
has been performed to measure the importance of pH, temperature and boric acid 
concentration. 

A pilot plant is in construction. 

e) Ion exchange 
Ion exchange was not successful and has be abandoned. 
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Activities in MBq/m3: Table I 

global 7 

Co-58 
Co-60 
Cs-134 
Cs-137 
Mn-54 
Nb-95 
Sb-124 

Z 

Waste 
before treatment 

221 

66,20 
80,97 
1,60 
2,00 
5,40 
2,70 
0,80 

159,67 

Waste 
after decantation 

filtration 10 u 

17,4 

3,44 
6,06 
0,54 
0,68 
0,66 

-
-

11,38 

Waste 
after ultrafiltration 

3,7 

0,20 
0,34 
0,54 
0,74 
0,64 

-
-

2,46 

Table n 

Volume 
treated 

0) 

0 
50 
103 
206 
422 
577 
680 
783 

Feed 

Concentrate 
X 

uS/cm 

390 
894 
1438 
2010 
3360 
3770 
3950 
4120 

667 

B 
ppm 

-
45,6 

-
58,6 
66,2 

-
69,6 

121,6 

ci-
ppm 

-
157,8 

-
334,4 
447,3 

-
500,6 

63,3 

Product 
X 

uS/cm 

92 
86 
107 
212 
353 
279 
358 

B 
ppm 

-
106,1 
114,3 
109,2 
115,1 
113,0 
112,6 

ci-
ppm 

-
8,0 
10,0 
12,3 
24,8 
22,0 
26,1 
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Table III 

Hour 

0 
30' 

l h 07' 
l h 4 7 
2hOT 
3 h l 5 ' 
3h48 ' 
4 h l 7 ' 
5 h l 7 ' 
6 h l 7 ' 
7 h l 7 ' 
8hl7" 
9hl7" 
10 h 32' 
12 h 32' 
13 h 17' 
14hl7 ' 

Volume 
treated (1) 

0 
52 

1161 
1851 
2201 
3381 
3951 
4451 
5491 
6531 
7571 
8611 
9651 
10951 
13031 
13811 
14851 

T2(1 
PH 

7,74 
7,67 
7,55 
7,38 
7,28 
7,03 
6,93 
6,83 
6,03 
5,92 
5,89 
5,84 
5,82 
5,85 
5,89 
5,90 
5,92 

"eed) 
l (uS/cm) 

624 
554 
443 
342 
288 

178,3 
140 
115 
77,7 
53 

36,4 
26,8 
23,5 
16,8 
12,4 
11,8 
11,4 

T3 (concentrate) 
pH 

9,25 
7,8 
7,9 
8,0 
8,0 
8,0 
8,1 
8,1 
8,1 
8,1 
8,1 
8,1 
8,1 
8,1 
8,1 
8,1 
8,1 

X (uS/cm) 

265 
1111 
1412 
1640 
1756 
1988 
2070 
2120 
2200 
2260 
2290 
2330 
2320 
2340 
2360 
2360 
2360 

Table IV 

B (ppm) 
Q- (ppm) 

global 7 (MBq/m3) 

Waste : begin test 

110,0 
57,2 
3,2 

Waste : after test 

86,3 
0,433 
0,16 
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Title 

Contractors 

Contract N° 

Duration of contract 

Period covered 

Project leader 

Process design and feasibility study for incineration under 
pressure, condensation and effluent treatment of radioactive 
waste 

BERTIN & Cie (F), CEA-Cadarache (F) and INITEC (SP) 

F12W-CT91-0095 

From July 1991 to June 1994 

January 1993 - December 1993 

C. LEONARD 
J.F. DOZOL 
S. ALAMO 

BERTIN & Cie, Coordinator 
CEA 
INITEC 

A. OBJECTIVES AND SCOPE 

The main objective of this reseach is the evaluation of the technical feasibility of the 
combustion of a range of organic wastes containing radioactive elements, by means of 
oxygen under pressure, using a new type of incinerator relying on the recent technical 
developments achieved within the MESMA (Autonomous Energy Module) project. 
In particular, the study will have to demonstrate that this new type of incinerator enables a 
quantitative destruction of organic wastes while only releasing inactive-gases (in terms of 
radioactivity and chemical toxicity). 
The work to be performed is focused on the study of the adaptation of a closed loop for 
combustion under pressure operating at 60 bar - including the setting-up of a suitable off-
gas treatment - to incineration of organic waste, and mainly of spent ion-exchange resins. 
BERTIN has to adapt the process, developed for the MESMA project, to the case of waste 
incineration. In particular, a test bench for spent ion-exchange resins incineration has to be 
realized. The CEA will make a review of the possible waste to be processed, and will 
perform laboratory incineration and treatment trials. 
INITEC participates to the design of the incineration test bench and to the trials. 

B. WORK PROGRAMME 

According to the additional clause of the contract, the work programme has been modified 
and comprises five distincts steps. 

1. Identification of radioactive waste which could be incinerated : different organic wastes 
will be analysed. The choice will take into account the incineration characteristics as well 
as the interest in removing organic elements from the waste (amount produced, existing 
solution of removal, ...). 
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2. Drawing-up of process flow-sheets for incineration of spent ion-exchange resins. The 
best process and its main operating parameters will be defined. 

3. Treatment and conditioning study of secondary waste generated during the incineration 
process : ashes, dust, liquids and gases (uncondensable gases and the release of under 
pressure storage tanks). 

4. Bench-scale tests : after realization of a specific test bench, various incineration and 
treatment trials will be performed to confirm the hypothesis made for the drawing-up of 
process flow-sheets. 

5. Technical evaluation : based on the results of bench-scale tests, this last step will permit 
to conclude upon the feasability of the process. 

C. PROGRESS OF WORK AND OBTAINED RESULTS 

1. State of advancement 
Work carried out over the last year has made it possible to : 
- define the whole process for thermal destruction of spent ion-exchange resins, including 

treatment of secondary waste : the flow-sheet corresponding to a 10 kg/h pilot plant has 
been established (Steps 2 and 3) 

- size, erect and tune up the incineration test bench (Step 4) 
- performe preliminary incineration tests at atmospheric pressure (Step 4) 

2. Progress and results 
2.1. Defining of the process 
2.1.1. Incineration process 
The incineration process, the scheme of which is given in figure 1, is composed of: 
- a furnace 
The furnace, a fluidized bed, is equipped with a waste feeding system (endless screw) and 
with a gas circuit (0 2 + recirculated gases) devoted to fluidizing the waste and supplying 
oxygen for combustion. The internal temperature is controlled at around 1000°C by the 
action of the recirculated gases (variation of flowrate by variation of the rotary speed of the 
surpressor). Oxygen flowrate is regulated to obtain 7 % oxygen excess in the exhaust gases 
in order to achieve a complete combustion. 
- a quench / scrubber 
This device has 3 functions : 
- cooling/condenser function : cooling of combustion gases from 1000°C to 40°C by water 

injection into this gas. During this, water resulting from the waste combustion is also 
condensed 

- dedusting function : recovery of dust (lithium, bore, radioelements oxides) in the 
condensed water 

- scrubbing function : recovery and neutralisation of sulphur oxides by soda and partially 
of nitrogen oxides 

The washing solution is stored in the quench tank. Part of it is sent to the liquid treatment 
system. The other part is cooled round 30°C before being re-injected into the quench. A 
continuous soda supply keeps the pH of the washing solution constant. 
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- a scrubber 
A bubble scrubber is set downstream from the quench in order to complete the recovery and 
neutralisation of gases. A continuous soda supply keeps the pH constant. A liquid exhaust 
circuit is devoted to discharge sulphur and nitrogen saltz to the liquid treatment system. 
- a recirculated gases circuit 
Downstream from the scrubber, the prior part of clean gas is recirculated to the furnace by 
the surpressor. 
- an exhaust gas circuit 
In order to keep the incineration pressure constant (from 1 to 60 bar), part of combustion 
gases have to be discharged outside by means of an exhaust gas circuit comprising a heater, 
a filter, devoted to recover radioelements which may still be contained in the gases and a 
discharging device. 

2.1.2. Treatment process for secondary waste 
The composition of the secondary waste generated during the incineration of spent ion-
exchange resins (quench and scrubbing of combustion gases) is expected to be : 
- water 
- soda saltz 
- metallic oxides 
- radioelements 

88% 
10 % (Na2S04) NaN03, NaHC03) 
2 % (Boron and Lithium) 
(Cs, Co, Mn, Sb) 

The treatment of the secondary liquid waste must fulfil two requirements : 
- simplicity of implementation 
- minimization of the waste volume 
Chemical precipitation complies with these requirements. The radionuclides (mainly 60 Co) 
can be precipitated either by increasing the pH (with caustic soda) or by adding a cation that 
is not very soluble in sulphate of carbonate/bicarbonate medium, calcium for instance. 
Precipitating only with NaOH must lead to the smallest volume of sludge ; sodium being 
very soluble, only transition cations will precipitate. 

2.1.3. Flow-sheet of a 10 kg/h pilot plant 
Calculation shows that the mass reduction factor of the waste (mixture of anionic and 
cationic ion-exchange resins) would be round 10. Main results are shown on figure 2. 

2.2. Incineration test bench 
In order to validate the assumptions made in establishing the flowsheet of the 10 kg/h pilot 
plant, a test bench has been sized and erected (figure 3). 

2.3. Preliminary atmospheric pressure trials 
Preliminary incineration tests, performed at atmospheric pressure and with air instead of 
oxygen/C02 mixture, led to a fusion of a part of the furnace because of a too high 
temperature (> 1300°C). 
After some modifications of operating conditions, good control of the combustion 
temperature has been obtained and no fusion appeared any more. 
Resin combustion is complete and no soot can be observed in combustion gases at the 
outlet. 
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Figure 2 : flowsheet of the process 
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Figure : 2 Flowshet of the process 
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Figure 3 : global view of the bench tests installation 
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M E L T I N G O F I N C I N E R A T O R A S H E S 
IJSINCx A M I C R O W A V E F U R N A C E 

Contractor: CEA DCC/DRDD/SCD 
Contract No: F12W CT910100 
Duration of Contract: July 1991 - July 1995 
Period Covered: January - December 1993 
Project Leader: J.J. Vincent 

A. O B J E C T I V E S A N D S C O P E 

The purpose of this investigation is to design, build and test an inactive proto
type microwave melting facility for incineration ashes, with a capacity not exceed
ing a few kilograms per hour. 

The microwave melting technique will significantly reduce the ash disposal 
volume while ensuring chemical and mechanical stability comparable to that of the 
most favorable radioactive waste containment matrices. This technique is also 
particularly well suited for the t reatment and conditioning of radioactive ashes, 
which are produced in relatively small quantities (about 10 m3 per year) based on 
projections for the French MELOX mixed U 0 2 - P u 0 2 oxide fuel fabrication plant. 

B . W O R K P R O G R A M M E 

B.l Bibliographic review. 
Interrogation of data bases covering microwave melting (existing processes, 
operating conditions, dielectric properties of materials). 

B.2 Laboratory study. 
Specification and development of a glass composition for ash incorporation 
compatible with certain constraints: 
• moderate melting temperature (1100°C), 
• satisfactory microwave susceptibility, 
• suitable glass leaching resistance. 

B.3 Selection of a melting device. 
• Generator power and frequency. 
• Melter type: casting furnace or expendable crucible furnace. 
• Energy transmission mode: monomode or multimode. 
• Crucible structure: cooled metal or refractory material. 
• Glass casting mode: batch or continuous. 
• Microwave cavity design. 

B.4 Design and construction of the melting facility. 

B.5 Testing and development. 

B.6 Technical and economic assessment. 
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C. PROCxRESS O F WORK A N D OBTATNED R E S U L T S 

S t a t e of A d v a n c e m e n t 

Task B l (bibliographic review) was completed in 1993. 
Task B2 (laboratory studies). After developing and testing the glass composition 

in 1992, laboratory tests continued in 1993. The glass formulation was improved 
and the final composition was subjected to leach testing under nonradioactive 
conditions. 

Task B3 (selection of a melting device). The reference solution remains, the 
monomode, cooled metal melter operating at 915 MHz. Nevertheless, the work 
undertaken in 1992 to develop other melting devices continued in 1993. 

Task B4 (design and construction of the melting facility). The 915 MHz reference 
melter was built and delivered to the SCD in July (SGN was the prime contractor). 

Task B5 (testing and development). The first melting tests were conducted after 
installing the 915 MHz melter. 

P r o g r e s s a n d R e s u l t s 

Task B2. Laboratory Studies 

• Improving the Glass Formulation 

A standard composition was adopted in 1992 for the ash containment glass 
(Table I). At tha t time, the glass consisted of 40% ashes; the remaining 60% was a 
mixture of 26% Si0 2 , 33% H 3B0 3 , 33% Na 2 C0 3 and 8% Fe 3 0 4 . When the glass was 
fabricated, the boric acid and sodium carbonate decomposed according to the follow
ing reactions: 

2 H 3 B 0 3 => 2 B 2 0 3 + 3 H 2 0 
Na 2 C0 3 => N a 2 0 + C 0 2 

The gas released by these reactions caused the flashes observed during casting 
tests in the prototype facility at Cadarache. 

In order to mitigate this problem, the vitrification additive (Si02 , Na 2 C0 3 
H3B03) was no longer added in powder form, but as glass frit containing 33% of 
S i0 2 , 33 % of N a 2 0 , 33 % of B 2 0 3 . The ash/frit ratio for the new mixture 
(designated C0) was 50/50. While maintaining the final glass composition, this 
formulation significantly reduced the gas release that would be incompatible with a 
melting process implementing microwave heating. 

• Boiling Water Leach Test of Nonradioactive Ash Containment Glass 
at Atmospheric Pressure 

From a safety standpoint, the most important property of a containment glass is 
its aqueous corrosion resistance and containment integrity. The development of a 
microwave ash melting system cannot be separated from the quality of the process 
glass (electromagnetic susceptibility, process temperature, etc.); qualification of the 
leaching behavior of the reference ash containment glass was thus indispensable. 

A "Soxhlet" leaching device, consisting of a boiler topped by a condenser, is used 
to select and characterize containment glasses. A glass test specimen is exposed to 
water at the boiling point under atmospheric pressure. Two types of tests are 
conducted: dynamic and static. 
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•For dynamic testing, the specimen is placed in a boat beneath the condenser, 
exposed to the condensed (demineralized) water stream; this prevents the 
aqueous medium from reaching saturation, which would limit glass corrosion. 
Dynamic tests provide information on the initial corrosion rate. 

•For static testing, the specimen is placed directly in the boiler and is therefore 
exposed to an aqueous leaching medium that gradually becomes enriched in 
leaching products: the corrosion rate thus progressively diminishes. Static tests 
take account of the drop in the corrosion rate as the medium reaches saturation, 
and are therefore more representative of glass behavior under actual repository 
conditions. 

The results obtained for the ash containment glass were compared with the 
data available for the R7T7 reference glass, which has been fully characterized in 
our department. 

• Dynamic leach testing indicated that corrosion (i.e. the normalized mass loss 
NL) of the ash containment glass was three times greater than that of R7T7 glass. In 
other words, the initial (maximum) corrosion rate of the ash containment glass is three 
times higher than for R7T7 glass. The normalized total mass NL(M) and boron mass 
NL(B) losses measured after 28 days of leaching were as follows: 

NL(M) = 160 x 10"4 gem - 2 for the ash containment glass 
to compare with : 56 x l O 4 gem - 2 for R7T7 glass. 

NL(B) = 225 x 10 4 g-cnr2 for the ash containment glass 
to compare with : 72 x 10 4 gem"2 for R7T7 glass. 

• The 28-day static leach test revealed that , without leachate renewal, corrosion of 
the ash containment glass was low, practically identical with that of R7T7 glass. 
The corrosion rate thus drops considerably as the water medium becomes 
saturated: 

NL(M) = 16 x 10"4 gem"2 for the ash containment glass 
to compare with : 16 x 10"4 g e m 2 for R7T7 glass. 

NL(B) = 26 x 10 4 gem"2 for the ash containment glass 
to compare with : 24 x 10"4 g e m 2 for R7T7 glass. 

The ash containment glass may therefore be considered to be of good quality. 
Although the normalized mass losses under dynamic leaching conditions were three 
times higher than for R7T7 glass, they are indicative only of the initial corrosion 
rate. Static leach tests, which are more representative of actual glass behavior, 
were fully comparable with R7T7 glass. 

Task B3. Selection of a Melting Device 

At the present time, the reference solution remains a monomode, cooled metal 
melter operating at 915 MHz (Figure 1). Nevertheless, alternative microwave 
melting processes (in-can melting at 2450 MHz) continue to be investigated. 

The cooled metal melter option operating at 915 MHz was selected for a number 
of reasons. 
• The program target (a melting rate of 15 kg of ashes per hour) requires a micro

wave power rating of about 25 kW. As the power output from a microwave 
generator is inversely proportional to the frequency, the specification requirement 
can only be met by 434 MHz or 915 MHz generators. As the former raise a 
number of technological problems in use, we naturally opted for the latter. 
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• Monomode operation was selected because it ensures the highest power densities 
while providing uniform heating. 

• Microwaves directed parallel to the surface were adopted rather than perpen
dicular or oblique waves to increase the melting surface area and minimize hot 
spots. 

• Having selected these two techniques, we opted for a continuous casting melter 
using a cooled metal structure to limit corrosion. 

• Finally, the melter is primarily a research and development facility, for which a 
modular design was most appropriate. The applicator comprises five separate 
sections; the ends may be reversed to direct the microwaves at the casting nozzle 
or at the opposite side. The nozzle itself features a slotted opening with an inter
changeable strap to adjust the height of the glass melt. 

Task B4. Design and Construction of the Melting Facility 
SGN, the prime contractor, delivered the 915 MHz melter to Marcoule in the 

summer of 1993, and acceptance testing began in September. 

Task B5. Testing and Development 

• 915 MHz Melter 
The unit was assembled in the SCD technological test facility. The melter was 

connected to a 25 kW 915 MHz generator and to a previously calibrated feed 
system before acceptance testing, including the formation of the holdup (the glass 
heel in the reactor) and an initial casting test. 

About 2Vi hours were required to form the holdup with about 5 kg of molten 
glass. No electric arc was observed during this preliminary phase (unlike the test at 
2450 MHz). The melt exhibited satisfactory thermal homogeneity, and its slightly 
dark orange color and viscous appearance showed that little or no overheating 
occurred. 

This observation was confirmed by the casting test. The relatively viscous liquid 
stream was 20 to 30 mm in diameter as it exited from the casting nozzle. The 
nozzle was not cooled, so the glass remained fluid: plugging only occurred once. 
Visual observation showed no unmelted ashes in the glass (unlike the 2450 MHz 
melter). After cooling, however, the glass did not appear sufficiently refined. This 
may be attributable to the short residence time, to the absence of overheating, or to 
an extended digestion time. The average throughput during the first test was 
2.8 kgh"1, well below the potential melting capacity. 

It is important to note that the 915 MHz generator does not include a return 
power indicator, making it impossible to adjust the applicator impedance using the 
tuning piston. This situation would have been intolerable with the 2450 MHz 
melter (repeated short-circuits), but was not too penalizing at 915 MHz: only one 
generator shutdown occurred due to overheating of the filaments. A measurement 
diode will be added at the water load outlet; coupled to a milliwattmeter it should 
indicate the order of magnitude of the return power and thus allow us to tune the 
system impedance. 
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• 2450 MHz In-Can Melter 

Along with the 915 MHz melter tests, we also conducted in-can melting tests at 
2450 MHz. The initial tests in a cylindrical multimode cavity did not produce glass 
of sufficient quality to meet nuclear containment requirements: a layer of 
completely unmelted ashes was found at the glass/melter interface, and the glass 
contained numerous ash inclusions. 

In view of the poor results obtained with a multimode cylindrical crucible, we 
turned to an energetically more favorable solution in the form of a monomode in-
can melter using a rectangular RG 112U waveguide as a resonant cavity 
(Figure 2). Unfortunately, the results were no less unsatisfactory than in the 
multimode configuration. The results demonstrate the technological feasibility of 
an in-can microwave melting process for vitrifying a mixture of incineration ashes, 
but they also show that a good containment matrix is very difficult to obtain. 

Table I - Selected Glass Composit ion 

Si02 

A1203 

Na20 
B 2 0 3 

CaO 
Fe 3 0 4 

Ce02 

Fe 2 0 3 

ZnO 
Ti02 

MgO 
BaO 

CI 
C 
S 

37.0 % 
12.4 % 
16.6 % 
15.2 % 
5.0% 
5.0% 
2.9% 
0.3% 
1.9% 
0.1% 
1.4% 
0.4% 
1.3% 
0.1% 
0.4% 
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Title: Treatment of radioactive solvent waste by catalytic oxidation 
Contractor: ENEA 
Contract N°: FI2W-CT91-0108 
Duration of contract: from 1 October 1991 to 31 March 1994 
Period covered: January - December 1993 
Project Leader: Alfredo LUCE 

A. OBJECTIVES AND SCOPE 

As a result of past reprocessing campaigns performed in the EUREX pilot plant (Saluggia, 
Italy), about 26 m3 of spent solvent were produced. Taking into account the difficulty to 
process this waste type (a mixture of tri-butyl-phosphate, tri-capryl-amine, kerosene and 
methyl-benzenes) according to existing technologies (e.g. Incineration), this research activity 
aims at setting-up a suitable treatment process capable of reaching three major objectives: 
1) reduction of the waste volume by a factor at least equal to 10; 
2) oxidative destruction of the reduced volume waste; 
3) compatibility of the processed waste with conventional immobilisation matrices like 
cement. 
For the specific purpose, it is intended to investigate the potentialities of the combination of 
distillation with wet oxidation. Scope of the distillation is the reduction of the waste volume, 
producing a non contaminated distillate, to be conventionally incinerated without 
containment, and a bottom residue, containing all the activity, to be processed by wet-
oxidation. 
The research activity comprises the implementation of the following items: 
1) Laboratory scale distillation tests using genuine samples of EUREX spent solvent waste. 
2) Wet oxidation experiments both on laboratory scale with genuine waste and on bench 
scale with simulated waste, using hydrogen peroxide in presence of a catalyst. 
3) Cementation tests of the aqueous waste arising from the wet oxidation. 
4) Preliminary design of a full scale treatment plant. 

B. WORK PROGRAMME 

The work programme includes the following tasks: 
1. Conduction of laboratory scale distillation tests with genuine waste coming from the 
EUREX plant storage. Scope of the tests is the optimisation of the operating parameters in 
order to get a DF of the top fraction which satisfy incineration criteria in conventional plants. 
2. Wet oxidation experiments 
2.1. Laboratory-scale experiments. These experiments are conducted using the bottom 
product generated during distillation tests of the genuine solvent waste. 
2.2. Bench scale experiments. These experiments involve processing of 3-5 litres batches of 
inactive simulated waste in order to quantify the scaling-up effect and to optimise the process 
parameters which enable a minimisation of the final aqueous waste volume. 
3. Conduction of cementation tests using ordinary Portland cement (possibly with inorganic 
additives) on the inactive aqueous waste coming form the wet oxidation bench-scale 
experiments. 
4. Preliminary design of a full scale treatment plant for processing the whole stock of the 
EUREX solvent waste, including the distillation section, the wet oxidation section and the 
interface with the cementation plant. 
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C. PROGRESS OF WORK AND OBTAINED RESULTS 

State of advancement 

The following tasks of the research contract have been completed in line with the time 
schedule: 
1) Distillation experiments. 
2) Wet oxidation laboratory experiments. 
3) Wet oxidation bench scale experiments. 
The experimental results are so far quite satisfactory; the feasibility of the distillation as 
method to drastically reduce the volume of the waste has been demonstrated. More than 88% 
of the solvent waste can be distilled with a negligible rising of the activity, so that the top 
product of the distillation can be conventionally incinerated according with the environmental 
radioactivity receptivity. 
The bottom residue of the distillation can be treated by wet oxidation with hydrogen peroxide 
producing an aqueous stream to be discharged and an aqueous residue to be cemented. 
The 4th task (Cementation tests) is at a good stage of completion. Cementation tests of the 
aqueous residue, coming from the bench scale experiments, are in progress in a cold 
technological hall of ENEA Casaccia site (Rome). 
Last task (Preliminary design) has been initiated with the assistance of an Engineering 
Company and the conclusion of the task is expected within the time scheduled. 

Progress and results 

1. Distillation Tests 

The distillation tests have been successfully completed and fully described in the previous 
reports, showing that more than 88% of the solvent waste can be distilled with a negligible 
rising of the activity. 
The distillation tests has been carried out inside a laboratory fume hood. The equipment is 
completely borosilicate glass made, and consists of Reboiler (Volume = 2 1), distillation 
column, phase separator and condenser. 
Several hot tests have been carried out utilising quantities of genuine waste ranging between 
0.6 and 5 litres in batch steam distillation. Efforts have been made to maximise the 
decontamination factors and to minimise the operating time. 
The described tests confirm the feasibility of the distillation process in order to obtain a 
substantial volume reduction of the waste before the chemical treatment. 
Table I shows a resume of the main data concerning the distillation of the entire stock of 
Solvent Waste to be distilled, with the global expected ripartition of the activity between the 
streams. 

Table I - Ripartition of the Activity 

S.W. 
Distillate 
Residue 

a+ p 
(Bq) 

2.25E+10 
2.21E+07 
2.25E+10 

(Ci) 
0.608 

5.98E-04 
0.608 

P(n.v.) 
(Bq) 

4.39E+09 
7.52E+05 
4.39E+09 

(Ci) 
0.119 

2,03E-05 
0.119 

a 
(Bq) 

1.31E+09 
1.55E+04 
1.31E+09 

(Ci) 
0.0355 

4.19E-07 
0.0355 

Volume 

(1) 
25000 
22125 
2875 

n.v. = non volatile radionuclides 

The achieved results show that the distillate can be conventionally incinerated, because all the 
residual activity can be completely released to the atmosphere without any filtration according 
with the authorised discharge limits of the EUREX plant for the gaseous effluents. The 
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respect of the authorised discharge limits assures that the discharged activity is much below 
the limits of the local environmental receptivity. 

2. Wet Oxidation Experiments 

2 . 1 . Laboratory scale experiments 

Laboratory scale experiments with real waste have been conducted using the bottom products 
of the distillation tests. The same installation used for the distillation tests has been used, 
with some modification, especially studied for the new safety requirements. So the reboiler 
has been used as reactor, while the packed column as a high efficiency demister. 
The above equipment is installed inside a laboratory fume hood; due to the safety 
consideration about explosion hazard, the reactor is ventilated with N2, in order to maintain 
the possible flammable gases always below the explosion limits; this gas also provide a 
bubble mixing of the liquid. External peristaltic pump is used to continuously feed H2O2 to 
the reactor. Heating is provided by a laboratory electric heater. 
3 batches have been conducted, each batch processing 100 ml of the organic residue of the 
distillation tests; the organic waste is introduced into the reactor together with 2 g of ferrous 
sulphate in 100 ml demineralized water. Heating is provided to keep the temperature at the 
boiling point (about 100 °C). The stirring is provided without mechanical devices, but with 
the inlet of the N2. A continuous feed rate of 100 ml/h 40 % m/v hydrogen peroxide is 
maintained. 
The distillate is completely condensed and the aqueous phase is collected and periodically 
sampled while the organic one is recirculated to the reactor. 
Table II shows the main informations coming from the tests. 

Table II - Main Data of Hot Laboratory Experimental Tests 

Real Waste (1) 
- Beta-tot. (Bq/1) 
- Beta n.v. (Bq/1) 
- Alfa (Bq/1) 
H 2 0 2 40% fed (kg) 
H2O2 consumption (kg/1 of waste) 
H2O2 average feed rate (kg/h) 
Catalyst (g) (ferrous sulphate) 
Reaction Temperature (°C) 
Organic Residue (1) 
Aqueous Residue (1) 
Aqueous Distillate (1) 
- Beta-tot. (Bq/1) 
- Beta n.v. (Bq/1) 
- Alfa (Bq/1) 

Test 1 
0.1 

~ 8.OOE+O6 
~ 1.50E+06 
~ 4.50E+05 

4.50 
45 

0.10 
2 

100 
0.020 
0.300 
3.300 
230 

£13,5 
1.3 

Test 2 
0.1 

~ 8.00E+06 
~ 1.50E+06 
~ 4.50E+05 

3.40 
34 

0.10 
2 

100 
0.020 
0.400 
2.600 
265 

<13,5 
1.7 

Test 3 
0.1 

~ 8.00E+06 
~ 1.50E+06 
~ 4.50E+05 

2.80 
28 

0.10 
2 

100 
0.030 
0.200 
2.000 
320 

<13,5 
1.5 
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The global efficiency of the reaction seems to be lower than for the bench scale experiment, 
and the organic residue is bigger. The explanation is the minor efficiency of the stirring 
method, which confirm that the vigorous stirring is essential for the process. 
There are no information about the losses of radioactivity with the off-gas, but from Tab.II 
we note that the rising of the radioactivity with the aqueous distillate is extremely low, so we 
believe that the off-gas also should be very slightly contaminated, and only with volatile low 
radiotoxicity nuclides (e.g. 3H, 14C) so to be compatible with the discharge limits. 

2 . 2 . Bench scale experiments 

Bench scale experiments with simulated waste have been conducted in order to quantify the 
scaling-up effect and to determine the process parameters which enable a minimisation of the 
final waste volume. Tests involve processing of 3-10 litres batches of inactive simulated 
waste with about the same composition of the bottom product of the distillation, of course 
without contamination. 
All the equipment (see Fig. 1) has been installed inside a cold technological hall of the 
EUREX plant and consists of: 
• Reactor borosilicate glass made, volume = 30 1, equipped with stirrer, heating, pH-meter, 
temperature measurement, off-gas condenser, sampling. 
• On-line monitoring of the off-gas flow-rate and composition, referring to main gaseous 
decomposition products (CO2, CO, O2). 
• Other equipment: dosimetric pumps, instrumentation, data acquisition, etc. 

Two campaigns of bench scale wet oxidation tests have been carried out; Table III shows the 
main experimental average data. 
From the experimental results of the two campaigns some consideration can be done: 

1) The best reference operational procedure seems to be as follow: 
- batch loading of the organic waste togheter with the catalyst solution; 
- continuous feeding of H2Q2 and distillation conditions; 
- continuous discharging of the aqueous distillate; 
- batch discharging of the residue in the reactor; eventual supplementary evaporation for 
volume reduction. 

2) The exothermicity of the reaction is quite enough to keep the temperature of the reactor at 
the operating level (98-;-100 °C) for long time, also providing an evaporation which can 
automatically remove the aqueous excess from the reactor. External heating is necessary 
during the less efficient step and also to provide an evaporation to keep low the final aqueous 
residue in the reactor. 

3) 20+24 kg H2O2 40% are necessary for the almost complete "destruction" of 1 litre of 
organic waste, but big quantities of soluble degradation organic compounds are still present 
in the aqueous distillate, as the high TOC values demonstrate. 

4) TCA is by far the most reactive component of the mixture, in the sense that it is very 
quickly decomposed to intermediate molecules. The big reactivity of the mixture, observed at 
the beginning of the batch, is essentially due to the presence of the TCA. 

5) It seems that the quantity of organic phase in the reactor doesn't influence the reactivity, 
because the reaction happens at the interface with the aqueous phase, so that the more soluble 
organic substances are more reactive (e.g. TCA, which is more soluble in the acidic aqueous 
media). 
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6) A small quantity (2+3 % of the initial volume) of very viscous unreactive residue is found 
in the reactor at the end of the batch. Conditioning hypotheses are being studied for this 
fraction. 

7) The addition of fresh organic during a batch, continuously or discontinuously, doesn't 
influence significantly the global efficiency of the process. 

8) The reduction of the H2SO4 doesn't decreases the efficiency very much, but the lower 
acidity allows the precipitation of ferrous-ferric phosphates. 

Table III - Average Results of Bench Scale Experiments 

Operative Parameter 

Simulated Waste (1) 
H2O2 consumption (kg/1 of waste) 

H2O2 feed rate (kg/h) 
Catalyst (g/1 of waste) 

H2SO4 96% 
Reaction Temperature (°C) 

Organic Residue (%) 
Aqueous Residue (1/1 of waste) 
Aqueous Distillate (1/1 of waste) 
TOC Aqueous Distillate (mg/1) 
TOC Aqueous Residue (mg/1) 

Solid Residue 

Average Batch 

3+10 
20+24 

3+4 
20 

0.5%oftheH2O2 
98+100 

2+3 
2+4 

16+19 
5000+6000 

200+300 
small amount powdery precipitate 

3. Cementation Tests 

Cementation tests have been started in the second half of the year, in order to determine the 
compatibility of the wet oxidation product with conventional immobilization matrices. 
The major problem of this task comes from the high salts content of the aqueous solution 
(sulphates, phosphates, etc.). Efforts have been done in order to find an appropriate alkaline 
solution for neutralization step. Neutralization with sodium hydroxide and calcium 
hydroxide seems to be the best procedure which enables the precipitation of calcium sulphate 
and phosphate, which can be inglobated in the cement without significant influence on its 
properties. 

4. Preliminary Design 

A preliminary design of a full scale plant for processing the EUREX solvent waste has been 
started. The design will include the distillation section, the wet oxidation section and the 
interface with the cementation plant. A flow sheet will be drawn up, including mass and 
radioactivity balances and all the steps up to the production of cemented blocks. 
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On the basis of the design of the full scale treatment plant, a detailed assessment of the safety 
implications of the process will be made, including the practical means to prevent the effect 
of an unexpected growing up of unreacted hydrogen peroxide within the reactor. 

List of publications 

/ l / A.LUCE, F.TROIANI, Treatment of Radioactive Solvent Waste by Catalytic Oxidation, 
CEC Contract N° FI2W-CT91-0108, Third Progress Report, April 1993. 
HI A.LUCE, F.TROIANI, Treatment of Radioactive Solvent Waste by Catalytic Oxidation, 
CEC Contract N° FI2W-CT91-0108, Fourth Progress Report, September 1993. 
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Figure 1 - Bench Scale Scheme of Installation 
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Title : New macrocyclic extractants for radioactive waste treatement: 
ionizable crown ethers and functionalized calixarenes 

Contractors CEA-Cadarache (F) - Universities of: Barcelona (E), Parma (I), 
Mainz (D), Belfast (G.B), Twente (NL) and Strasbourg (F) 

Contract n° F12W-CT90-0062 
Duration of contract January 1991 - August 1995 
Period covered January 1993 - December 1993 
Project leader Coordinator : J.F.Dozol (CEA-Cadarache) (F) 

F.Lopez Calahorra (E), A. Mc Kervey (G.B), V. Boehmer (D), 
R.Ungaro (I), M.J.Schwing (F), D.Reinhoudt (NL). 

A. OBJECTIVES AND SCOPE 

The principal aim of this research consists in perfecting the schemes of decontamination 
of real liquid wastes : medium level reprocessing concentrate and more generally liquid 
wastes arising from reprocessing plants. 

The objective of this research is to selectively remove actinides, cesium and strontium 
from high salinity wastes arising from reprocessing operations in order to minimize the 
volume of wastes to be disposed of in a geological formation. 

It is intended to investigate the potential of new classes of organic extractants under 
development in different university laboratories. 

Four laboratories (Parma, Belfast, Mainz, Twente) are working on the basic research on 
calixarenes. Synthesis of these macrocyclic compounds from the various p-alkyl-
calixarenes will be carried out in order to obtain very strong and selective extractants for 
long-lived radioactive cation such as strontium, cesium and actinides. The Barcelona 
laboratory synthesizes crown ethers which possess pendant ionizable groups. Compared 
with classical crown ethers, the presence of these groups facilitates the extraction or 
transport of metal ions. 

The four laboratories working on calixarenes and already collaborating in more basic 
research, and the laboratory in Barcelona which synthesizes crown ethers, provide 
functionalized calixarenes and ionizable crown ethers for EHIC and CEA which in turn 
test these different products. 

The CEA is the coordinator of the project, begun on September the first 1991, with six 
contractors, the Universities of : Barcelona (Pr F. Lopez Calahorra), Belfast (Pr M.A. 
Mc Kervey), Mainz (Pr V. Boehmer), Parma (Pr R. Ungaro), Twente (Pr D. Reinhoudt), 
Strasbourg (Pr M.J.Schwing). 
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B. WORK PROGRAMME 

1- The EHIC Strasbourg tests all the macrocycles synthesized in the frame of the 
contract, after this screening (or simultaneously) the most promising products undergo 
extra tests in Cadarache. 

2- The four universities (Belfast, Mainz, Parma, Twente) working on the synthesis and 
basic research of calixarenes devote their efforts to prepare selective extractants for 
actinides cesium and strontium and work in close collaboration, 

3- The University of Barcelona synthesizes crown ethers with pendant ionizable groups 
such as phosphoric and sulfonic in order to allow for the removal of cesium and 
strontium from a highly acidic solution. 

4- During the first two years, synthesis, basic studies, measurements of characteristics 
and of distribution coefficients of nuclides between organic and aqueous phases have 
been carried out. 

5- The new process defined with functionalized calixarenes or ionizable crown ether will 
be compared with the process using CM.P.O. and neutral crown ethers. 

C. PROGRESS OF WORK AND OBTAINED RESULTS 

1- State of advancement 

Since the beginning of the contract more than 60 macrocycles have been synthesized by 
the several Universities involved in the project and screened at the EHIC Strasbourg. 
About 30 were tested at Cadarache with nuclides in simulated liquid waste. 

2 - Progress and results obtained in the various laboratories 

2.1- European Higher Institute of Chemistry of Strasbourg 

In 1993, besides the continuation of the investigation of calix-crowns, hexaesters and 
modified crown-ethers, the study of some new calixarenes containing phosphorous 
groups has been started, as well as the study of the complexation of Th(IV) as a model 
for tetravalent actinides. 26 compounds have been tested by cation picrate extraction 
experiments, from a neutral aqueous solution to dichloromethane, by determination of 
the stability constants in methanol and of the rate of transport of metallic thiocyanates, 
between two aqueous phases through a thick liquid membrane of dichloromethane. 
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2.1.1- Extraction, transport and complexation of alkali, Sr2+ and Eu3+ cations by 
various ligands 

a- Calix[4]-crowns (from Parma) and calix[5]-crowns (from Mainz). Nine calix[4]-
crowns with different conformations (mobile, cone, 1,3 alternate), residues on the 
unbridged positions and crown-sizes have been examined. The results confirm the better 
efficiency of the 1,3 alternate calix[4]-crowns-6 for the extraction and complexation of 
the larger alkali ions especially Cs+. The introduction of two ester or amide functions on 
the unbridged positions slightly enhances the extraction of Sr2+ and Eu3+, but to a 
greater extent, that of Na+. The phosphonate derivative is not effective for all the cations 
investigated. None of these compounds is suitable for Sr2+ or Eu3+ removal. Among the 
four calix[5]-crowns studied, only three are Cs+ selective, but however less than the 
tetramers. 

b- Hexaesters (from Belfast). The high performance of the dealkylated hexaesters for 
Cs+ removal has been confirmed by transport experiments. The transport of Cs SCN has 
been demonstrated to be diffusion controlled. 

c- Calix-spherands (from Mainz). Three calix-spherands, substituted with ester and 
amide functions, have been tested. They show high extraction levels for Na+ and Cs+, 
Sr2+ and Eu3+ are also well extracted. 

d- Phosphorous containing calixarenes (from Belfast). Four new calixarenes bearing 
phospine and phosphine oxide groups have been tested in extraction towards Na+, Cs+, 
Sr2+, some lanthanides and some transition and heavy metal ions. A calix[4]phosphine 
reveals to be extremely selective for Ag+ but is not effective for Cs+, Sr2+ or Eu3+. On 
the contrary, all the phosphine oxide derivatives are Eu3+ selective, the best one being 
the hexamer. 

2.1.2- Extraction and complexation ofTh(IV) 

Seven of the previously studied calixarenes and the three phosphine oxides have been 
tested in extraction and in complexation towards Th(IV). At this stage, the phosphine 
oxides seem to be promising. 

2.1.3- Modified crown-ethers (from Barcelona) 

The complexing properties of four new compounds for alkali and alkaline-earth cations 
have been tested in methanol. The results show that the introduction of one negative 
charge (sulphonate) on the benzo 18 C6 leads to only little changes on the selectivity 
profile in the alkali series. However, when this charge is more distant or when a second 
one is introduced, the complexation level is decreased. With the alkaline-earth cations 
the effects are globaly more important. 
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2.2- CEA Cadarache 

Three classes of calixarenes were particularly studied en 1993 : 
- The calix[4]arene crown prepared at Parma. 
- The p tert butyl calix arene diphenyl phosphine oxide synthesized at Belfast. 
- The calix[6]arene hexa ester synthesized at Belfast. 

Unfortunately this last class of compounds which is very efficient and selective towards 
cesium was not stable in very acidic nitrate media. 

The calix[4]arene crown 6, in the 1.3 alternate conformation, displayed exceptional 
selectivity for cesium, particularly the octyl and isopropyl derivatives. Diluted in NPOE 
or NPHE (10"2 M) they allow us to transport cesium selectively and quantitatively from 
a concentrate to water. A joint patent was registered with the Parma group. 

Repeated transport of cesium carried out with the octyl derivative, in which both 
aqueous solutions were renewed every day while the membrane remained the same, 
displayed the lipophilic character of this compound since 40 transport experiments were 
possible ; a permeability decrease was observed during the first runs. 

The efforts of the Twente group were devoted to increasing the lipophilicity of these 
products by synthesizing an NPOE derivative. Unfortunately repeated experiments 
carried out with the NPOE derivative did not display any perceptible increase of 
lipophilicity. Calix arene diphenyl phosphine oxides were very effective for the removal 
of actinides from simulated liquid waste,particularly the hexamer : the distribution 
coefficients were much higher than those obtained with CMPO. However, for the 
hexamer the transport kinetics of actinides is lower than for CMPO ; this low 
permeability is no doubt due to insufficient stripping of the cations even in a complexing 
medium. 

2.3- University of Twente 

Calix[4]crown-6 derivatives 1.5, synthesized in Parma and Twente, were succesfully 
applied in supported liquid membranes to transport Cs+. The Kex and D^ values are : 

1 
2 
3 
4 
5 

Derivatives 

R = n-propyl 
R = i-propyl 
R = n-octyl 
R = o-NPOE 
R = CH2COOEt 

Kex 
(M-l) 
1.35E-3 
1.20E-3 
1.07E-3 
1.49E-3 
1.07E-4 

DM 
(V.S"1) 
1.49-E-ll 
1.21E-11 
1.49E-11 
1.23E-11 
1.29E-12 
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Selectivity experiments show a very high initial selectivity (24 h) for Cs/Na of 
approximately 3 x 104 for 1.4 ; the di-ester 5 has a much lower selectivity (1.1 x 104) 
which can be explained by an affinity from the carbonyl group for Na+. 

Because of the common-anion-effect it is possible to transport more than 50% of the 
CSNO3 from a solution of 10"3 M CsN03/ 1M NaN03 (the presence of the large amount 
of NO3 acts as a pump for the CSNO3). Compounds 1.4 (as 0.01 M solutions in NPOE) 
transport approximately 75-80 % of CsN03 from a 10"3 M CsN03 /1M NaN03 mixture 
in 4 days. The selectivity over 4 days is approximately 8000. 

Durability experiments indicate that there is no partition of the extractant into the water. 
The small increase in flux can be explained by the loss of a small amount of membrane 
solvent. 

2.4- University of Belfast 

The objectives of the University of Belfast during 1993 were to extend the range of new 
chemically modified calix[4]-,[5]-, and [6]arenes with ligating functional groups for 
screening as extractants for cesium, strontium, thorium and the lanthanides. The work of 
the University of Belfast during this period has concentrated almost exclusively on the 
synthesis of calixarenes with phosphine and phosphine oxide groups attached to the 
lower rim. Procedures have been developed for converting the free calixarenes, both 
with p-tert-butyl and p-H substituents, into derivatives of the type calix-OCH2CH2PPh2 
and calix-OCH2CH2P(0)Ph2. These transformations have been completed with the 
tetramers and hexamers and work on the pentamers and octamers is close to complexion. 
A tetramer phosphine oxide in the partial cone conformation has also been synthesized. 
Some of these compounds have already been screened in Strasbourg and preliminary 
extraction studies have also been carried out in Cadarache. The results of these 
measurements are contained in the reports of the groups in Strasbourg and Cadarache. 
Work has also continued on the preparation of ester and amide derivatives of the various 
calixarenes. 

2.5- University of Mainz 

2.5.1- Calixcrowns: 

1,3-crownether and -benzo crownether derivatives were synthesized from t-
butylcalix[5]arene by reaction with the detosylates of tetra-, penta- and hexaethylene 
glycol and of 1,2- and 1,3-bis (hydroxyethoxyethyl)benzene in acetonitrile using CsF as 
base in yields of 50-80 %. They were further converted to trimethylether and tri-ester 
derivatives by alkylation with methyliodide (yields of 65-90 %) and ethylbromoacetate, 
respectively. The latter reaction is complicated by the formation of different 
stereoisomrers and optimum conditions for the formation of the desired cone-
conformation are not yet found. 
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Studies to attach various further functional groups (e.g. acid, amide, phosphonate, 
phosphine oxide) onto the three remaining OH-groups of a calix[5]crown are on the 
way. 

2.5.2- Spherand calixarenes 

By condensation of 2,2'-dihydroxy-5,5'-di-t-butyldiphenol with formaldehyde under 
alkaline conditions a cyclic trimer and a cyclic tetramer is available in which diphenol 
units are linked via methylene bridges. Further alkylation of the phenolic OH-groups 
with ethylbromoacetate leads to ether derivatives. Conditions were found to convert the 
trimer exclusively into the hexaester with C2 - symmetry (while the D3 -isomer was not 
yet obtained). Further functionalities were obtained by hydrolysis (CH2COOH), 
transesterification (CH2C(0)OEt) and aminolysis (CH2C(0)NHR) of the initial 
hexaethylester. A complete etherification of all eight OH-groups is also possible with the 
tetramer, but conditions for the formation of a single stereoisomer (not necessarily 
important in this context) were not yet found. 

2.5.3- Calixarenes with functional groups similar to CMPO 

O-Alkylation of t-butylcalix{4]arene (C10 - C10), ipso-nitration and reduction of the 
nitrogroups gave in good overall yields the p-aminocalix[4]arene ethers (in the cone 
conformation), which can be easily reacted with chloroacetylchloride. The subsequent 
Arbuzov-reaction with triethylphosphite (successful with model compounds) gave not 
yet satisfactory results with the calix[4]arene. A clean formation of the desired NH-
C(0)-(CH2-P(0) - structures at the "upper rim" was possible, however, using the 
anhydride of Ph2-P(0)-CH2- COOH or (Et0)2-P(0)-CH2-C00H. 
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2.5.4- New calixarene structures 

Various alkylidene bridged diphenols (including as bridge for instance CH-CH2-P(0)-
(OHC2)2 were synthesized. They can be incorporated into calix[4]arenes by the "2+2"-
fragment condensation. Their use in one-pot procedures is presently studied, with the 
aim, to find an easy access to calixarenes with additional functional groups at the 
methylene bridges. 

2.6- University of Parma 

During 1993 the attention of Parma group has been devoted to the removal of cesium 
and actinides. For the first objective calix[4]arene-crown-ethers having different 
conformations have been synthesized. In particular it has been found that calix[4]arene-
crown-6 fixed in the 1,3-alternate conformation are much more selective toward cesium 
cation than other isomers or flexible compounds. The exceptional cesium/sodium 
selectivity found for this class of compounds, which is much superior to known 
ionophores, led to the filing of a patent. 
Some work was also devoted to provide this new class of cesium selective ligands with 
reactive functional groups in order to attach them to the membrane phases and allow 
transport studies (in Enschede). 
For the removal of actinides the attention has been devoted to the synthesis of 
calixarenes bearing phosphonate, phosphine oxide and phosphonamide groups. 
A systematic study on model compounds for the high yield synthesis of such compounds 
has been performed. 
Derivatives from p-tert-butylcalix[6]arene bearing six phosphonate (PO(OEt2)2 or 
phosphine oxide (POPh2) groups have been synthesized together with calix[4]arene 
crown ethers in the cone conformation having the same binding groups. 

2.7- University of Barcelona 

1) In its effort to synthesize crosslinking crown ether polymer by imprinting 
polymerization University of Barcelona has successfully obtained ten different polymers 
with monomelic unit guest complexed to crown ether unit host. The template cation or 
molecule can be easily removed by subsequently washing with dilute acid in aqueous 
organic solvents. 

2) The extraction behavior toward alkali metal ions (Li+, Na+, K+, Rb+ and Cs+) of all 
the polymers have been tested under batch extraction conditions. Most of the polymers 
exhibit good extraction capacity of cations. Some of them, exhibit good selectivity 
toward cesium. 

3) The extraction medium plays an important role in the extraction behavior of the 
polymers. The polarity and solvation ability of extraction medium will have an influence 
on the swelling ability of the polymers which in turn affects the accessibility of cations 
toward the polymer chain. 
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4) The effect of the template cation (Cs+) has not been proved yet clearly due to the 
shortage of the data where other cations are used as template as compared. It could be 
attractive to use potassium ion as template which may be favorable for the orientation of 
the conformation of crown ether cycles. The counteranion shows an effect on controlling 
the hole size of polymer matrix. As a result this leads to the increase of selectivity 
toward cesium. 

5) The strongly acidic repeating unit (sulfonate type) can behave as a component for the 
improvement of hydrophilicity of polymer matrix. This characteristic allow the polymers 
to extract cations in aqueous medium, even in water. 
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Title: Partition of Radioactive Wastes 

Contractor: Kernforschungszentrum Karlsruhe - KfK (D) 

Contract n°: FT2W-CT90-0047 

Duration of contract: from 1st March 1991 to 28th February 1995 

Period covered: from 1st January 1993 to 31st December 1993 

Project leader: Z. Kolarik 

A. OBJECTIVES AND SCOPE 

• Separation of long-lived actinides and fission products would reduce the ra-
diotoxicity of Purex process high-level wastes. This would lower the costs 
and risks of final waste disposal. 

• The aim of the work is to obtain distribution data, which are applicable to the 
development of a solvent extraction process for the separation of plutonium, 
neptunium, americium, curium and technetium from the highly active Purex 
waste solution (HAW). The target decontamination factors are 50000 for Am 
and Cm, 1000 for Pu and 100 for Np. 

• Application of solvent extraction for treatment of highly radioactive materials 
is well developed. Existing knowledge of the chemistry and engineering of the 
method can serve as a starting point for the project work. 

B. WORK PROGRAMME 

1. Search for extractants or complexants which make it possible to separate 
transplutonides from fission lanthanides by solvent extraction. 

2. Measurement of distribution and, eventually, kinetic data for selected trans
plutonides and lanthanides, and the working out of a proposal of a flowsheet. 
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C. PROGESS OF WORK AND OBTAINED RESULTS 

State of advancement 

The experimental work was concentrated on the search for solvent extraction sys
tems, in which transplutonides could be separated from fission lanthanides. Selective 
extraction of transplutonides(lll) over lanthanides(lll) was the preferential mode of the 
separation. The separation was attempted by the extraction of solvated salts other than 
nitrates, using tributyl phosphate (TBP), n-octyl(phenyl)-N,N-di-isobutylcarbamoylme-
thylphosphine oxide (OOD(iB)CMPO) and Schiff bases as solvating extractants. Dialkyl-
thiophosphinic, dialkyldithiophosphinic, dialkyldithiophosphoric and carboxylic acids 
were used as acidic components of the solvent extraction systems. Am(lll) and Eu(lll) 
were used as representatives of the transplutonide and lanthanide groups respectively. 
Di(2-ethylhexyl) dithiophosphoric acid with TBP present was the only extractant combi
nation, which under particular circumstances extracted Am(lll) over Eu(lll) with a signif
icant effectiveness. With other extractant combinations the Am(l I l)/Eu(l 11) separation fac
tor was as low as <2. 

Progress and results 

1. Extraction of transplutonide(lll) and lanthanide(lll) salts other than nitrates 
We have previously shown / 1 / that di(2-ethylhexyl) dithiophosphoric acid 

(HDEHDTP) extracts Am(lll) with a good separation efficiency over Eu(III). We further 
have shown that the separation factor strongly decreases with decreasing Eu(lll) con
centration in the system. According to our opinion, the phenomenon can satisfactorily 
be explained so that the HDEHDTP complex of Eu (III) is self-associated predominantly in 
the aqueous phase. On the other side, Musicas 121 supposes that a preparation of 
HDEHDTP contains a strongly extracting impurity which does not distinguish between 
Am(lll) and Eu (III). HDEHDTP itself can separate the two elements only at higher Eu(lll) 
concentrations, when the impurity is saturated by Eu (III). To assess the plausibility of the 
explanations, we fitted a mathematical model for each of them to the experimental data. 
The fit between the calculation and experiments was very good, when the formation of 
complexes with a Eu (III) to HDEHDTP ratio of 4:2 in the aqueous phase and 1:3 and 4:12 
in the organic phase was supposed. The behaviour of Am(lll) at increasing Eu(lll) con
centration was well described by partial copolymerization of Am(lll) with Eu(lll) in both 
phases, i.e. by the reaction of one Am3 + ion with one tetrameric Eu(lll) complex. A worse 
fit between the calculation and the experiment was obtained in assuming the presence 
of a strongly extracting impurity in the HDEHDTP preparation. Moreover, optimization 
of the fit implied an implausibly high extracting power of the impurity in comparison with 
HDEHDTP. 

Unsatisfactory results were obtained with bis(2,4,4-trimethylpentyl) dithiophosphin-
ic acid, which is commercially available under the trade name Cyanex 301. The extrac-
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Figure 1. Extraction of Am(lll) and Eu(lll) by 1.0 M (Cyanex 301 + TBP) in dode-
cane: Trace or macro amounts of Eu(lll) were present initially in the aqueous 
phase. Room temperature. 

tant is said by the producer to be more stable toward oxidation than HDEHDTP. It is seen 

in Figure 1 that, contrary to HDEHDTP, the extractant does not separate trace Am(lll) 

from macro amounts of Eu(III) in the presence of TBP. Obviously, TBP does not prevent 

copolymerization of the Am(lll) complex of Cyanex 301 with the Eu(lll) complex in the 

aqueous phase. Similar disappointing results were obtained in analogous experiments 

with bis(2,4,4-trimethylpentyl) monothiophosphinic acid, commercially available as Cya

nex 302. 

The Cyanex 301 extractant neither separates Am(lll) from Eu(lll) in the presence 

of OOD(iB)CMPO as a solvating extractant. OcI>D(iB)CMPO acts as a strong synergist in 

the system, but the difference between the distribution ratios of Am(lll) and Eu (III) is very 

small at 0.1 M HCI in the aqueous phase and at 0.1 M OOD(iB)CMPO and 0.1 to 0.45 M 

Cyanex 301 in the organic phase. Addition of thiocyantes to the system supports the ex

traction of Am(lll) and Eu(lll) and also improves the Am(IM)/Eu(llI) separation. At 0.1 or 

0.2 M HCI in the aqueous phase as well as 0.1 M CKDD(iB)CMPO and 0.2 M Cyanex 301 

in the organic phase, two thiocyanate ions appear to participate in the formation of the 

extracted Am(lll) and Eu(lll) species at >0.05 M NH4SCN. The Am(lll)/Eu(lll) separation 

factor tends under these condition to reach a value of 6, which is lower than the sepa-

167 



AQ.: Trace Eu(lll) and Am(lll), 
pH approx. 6 
1.0 M hexanolc acid 
+ variable PyEn 
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Figure 2. Extraction of Am(lll) and Eu(lll) in the presence of a pyridinyl substituted Schiff 
base: Effect of the Schiff base concentration on the distribution ratio of Am(lll) 
and Eu(lll). The Schiff base, PyEn, is N,N'-bis(2-pyridinylmethylene)-1,2-ethane-
diamine. Room temperature. 

ration factor 8 to 12 attained in the extraction of Am(lll) and Eu(lll) thiocyanates by 
0<DD(iB)CMPO 131. Trioctylmethylammonium chloride (0.01 to 0.1 M) acts as an antag
onist at 0.05 M HCI in the aqueous phase and 0.5 M Cyanex 301 in the organic phase, and 
the separation of Am(lll) from Eu(MI) is not improved. 

Since sulfur donor extractants did not give satisfactory or at least promising results 
as reagents for the separation of transplutonides(lll) from lanthanides(lll), we directed 
our attention to nitrogen donor compounds. We synthesized Schiff bases and other 
compounds, and this work is still in progress. Only preliminary distribution experiments 
with Am(lll) and Eu(III) were performed, in which Schiff bases were tested as solvating 
agents. Hexanoic acid, a precursorily chosen extractant, was taken as an acidic compo
nent of the extracted complexes. Figure 2 shows the results obtained with a tetrafunc-
tional Schiff base with only nitrogen donor atoms included in its molecule. The trend to 
a selective extraction of Am(lll) over Eu(lll) is little pronounced, but it possibly can be 
improved by varying the acidic component and diluent in the system. Practically no trend 
to an Am(l I l)/Eu(l 11) separation is exhibited by a tetrafunctional Schiff base with two ni
trogen and two sulfur donor atoms in the molecule (see Figure 3). 
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Figure 3. Extraction of Am(lll) and Eu(lll) in the presence of a thienyl substituted Schiff 
base: Effect of the Schiff base concentration on the distribution ratio of Am(lll) 
and Eu(lll). The Schiff base, ThEn, is N,N'-bis(2-thienylmethylene)-1,2-ethanedi-
amine. Room temperature. 
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Title High-level liquid waste partitioning by means of 
completely incinerable extractants. 

Contractor CEA-Fontenay-aux-Roses ; University of Reading 
Contract N° F12W-CT91-0112 
Duration of Contract October 1991-September 1995. 
Period covered January -December 1993. 
Projects leaders Dr. C. MADIC (CEA, Coordinator) 

Dr. M.J. HUDSON (University of Reading) 

A. OBJECTIVES AND SCOPE 
The main objective of this research is the demonstration of the suitability of new types 
of diamides as well as triazine-based compounds for the removal of actinides from high 
level liquid waste and the subsequent purification of minor actinides from rare earths 
respectively. Other types of extracting agents will be also considered for the same 
purposes. 
In terms of decontamination performances, these extractants have to demonstrate 
properties at least equivalent to bifunctional organophosphorous extractants (like 
CMPO) for actinide removal and to the combination of HDEHP with DTPA for the 
separation of lanthanides from trivalent actinides. These requirements are in addition to 
the requirement to be completely incinerable in order to avoid secondary wastes. 
This research, which is closely coordinated with those currently under study at KfK 
Karlsruhe, should result in the preparation of flow-sheets for HLLW partitioning and hot 
testings of these flow-sheets. 

B. WORK PROGRAMME 
This study will include the implementation of the following steps : 
B.l. Synthesis of new organic extractants (diamides, triazine-based, hydroxamic acids...). 

B.2. Determination of their extracting properties and extraction performances on simulated HLLW. 

B.3. Quantification of the exractants stability in the long term towards chemical attack and irradiation. 

B.4. Preparation of possible partitioning flow-sheets on the basis of the results from B2. 

B.5. Verification of two flowsheets at least through counter-current experiments with simulated HLLW 

in order to validate decontamination and separation performances of extractants in view of 

partitioning experiments with genuine HLLW. 

B.6. Scaling-up of the preparation procedure for diamides, triazines and other extractants. 

B. 7. Definition and verification of solvent regeneration treatments. 

B.8. Cooperation with laboratories working on HLLW partitioning in the framework of Task N°2 of the 

EC Programme. 
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C. PROGRESS OF WORK AND OBTAINED RESULTS 
State of advancement 

During the year 1993, many interesting results have been obtained in the framework of 
this research programme. Among these, the most interesting and promising results are as 
follows : 

Synthesis of extractants (B.l) : 
Diamides : 
A new, efficient and inexpensive route has been successfully established for the 
synthesis of diamide molecules. It is based on the reaction between malonyl ester and 
amine. 
TPTZ derivative : 
The new high pressure route, developed for the synthesis of the TPTZ, gives low yields 
for the preparation of the trimethylPTZ (TMPTZ). Nevetheless, few grams of pure 
TMPTZ were successfully prepared. 

Determination of the extractant properties (B.2) : 
Diamides : 
It has been shown that loading capacities of the solvents, (a mixture of diamides in 
solution with industrial aliphatic diluent (TPH)) when extracting solutes like nitric acid 
or U(VI), Nd(III) and Fe(III) nitrates, are greatly improved with an increase in the length 
of the central alkyl group of the diamide molecule. 
For the first time, the structure of a complex between a diamide and La(III) nitrate was 
established, which shows a coordination number of ten for La(III) and the bidendate 
character of the diamide. 
TMPTZ: 
It was shown than, as expected, TMPTZ in combination with alpha-bromocapric acid 
shows improved properties, in comparison with the TPTZ itself, for the separation 
between Am(III) and Eu(III). 
Hot tests of the DIAMEX process (B5) : 
Three hot tests have been successfully conducted using the DIAMEX process to 
decontaminate a genuine HLLW. 
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Progress and results 
B.l. Synthesis of new organic extractants 
Diamides : 
An entire new method of synthesis of the diamides has been developed utilizing the 
malonyl ester. The malonylesters are very much less expensive and less reactive than the 
corresponding malonyl dichloride and so a direct controlled route for the synthesis has 
been developed. The malonyl ester is mixed with the amine of choice and both are 
heated together at 120 °C for several hours. 
Several malonamide extractants were also prepared by PANCHIM, a small french 
chemical company. Moreover, seven kilogrammes of dimethyldibutyltetradecylmalona-
mide were synthetised by PANCHIM for the development of the DIAMEX process (see 
below). 
TMPTZ : 
Trimethylpyridinetriazine was found difficult to synthetize by the high pressure route 
newly developed for TPTZ itself. Nevertheless, as mentioned above, a few grams of 
pure TMPTZ have been prepared and its extracting properties studied. To explain the 
problems encountered in that synthesis, the existence of an intermediate compound was 
confirmed by preparing a solid complex with copper dichloride and resolving its crystal 
structure. 
Alpha-hydroxycapric acid : 
Alpha hydroxycapric acid, to be used in synergistic mixture with TMPTZ, was 
synthetised from capric in two steps. The intermediate compound was alpha-
bromocapric acid. The synthesis was easy to conduct. 

B.2. Determination of the extracting properties of the new molecules 
Diamides : 
For the optimization of the formula of the diamide (malonamide) extractant, one of the 
major properties to be studied concerns the loading capacities of the solvents, composed 
of malonamide solutions in an aliphatic hydrocarbon diluent like the TPH (used in 
COGEMA's La Hague plants), during the extraction of various solutes such as nitric 
acid, U(VI), Nd(III) and Fe(III) nitrates. The loading capacities related to these solutes 
have been determined for several dimethyldibutyl(alkyl)malonamides. It was shown that 
an increase of the length of the central alkyl group of the malonamides induces a large 
increase in the loading capacities of the solvents. For example, the solvent loading 
capacities for nitrate salts can be improved by a factor close to four when the tetradecyl 
group is replaced by the octadecyl one. 
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It was also confirmed that the introduction of an ether function in the central group 
improves the affinity of the extractant towards Am(III) nitrate. 
A very interesting result was obtained which concerns the determination of the crystal 
structure of the complex formed between N^NTvP tetraethylmalonamide and 
lanthanum (III) nitrate. This structure shows that the metallic ion possesses a 
coordination number often ; in the complex the two diamide molecules are bound to the 
metallic center through their two oxygen atoms. That structure will be helpful in the 
future for the realization of the molecular modeling studies. 
TMPTZ : 
It has been known for a long time that nitrogen donor atom ligands can react with 
An(III) more intensely than with Ln(III). Of course, in both cases, the intensity of these 
interactions are lower than those observed for oxygen donor atom ligands. It was shown 
in the past at the CEA, Fontenay-aux-Roses, that the tripyridyltriazine (TPTZ) ligand, in 
synergistic mixture with an organic acid is an interesting system for the separation 
between An(III) and Ln(III) by selective extraction of An(III). However, this system 
suffers some drawbacks like the tendency of the TPTZ to be stripped into the aqueous 
phase and the low aqueous nitric acidity required to achieve sufficient An(III) 
distribution coefficients. The newly synthetised TMPTZ shows improved properties in 
comparison with that of his parent compound TPTZ. Of course, it will be interesting to 
continue to increase the lipophilicity of the TPTZ derivatives, for example by using 
longer alkyl substituents than the methyl ones as used in the TMPTZ. 

B.5. Hot tests of the DIAMEX process 
Instead of running counter-current tests of the DIAMEX process with synthetic HLLW, 
it was considered more interesting to carry-out real hot tests. The objectives of these hot 
tests were limited. The first objective was to identify, using a real active effluent, the 
main problems to be solved for the design of a DIAMEX optimised flow-sheet. The 
other objectives were : 

• to demonstrate the extractability of the An(III) from a real HLLW with alpha 

decontamination factors at least equal to 100, 

• to decontaminate the An fraction of the fission products which possess high affinity 

for the solvent, by operating special scrubs. 
The hot tests were conducted during the month of June 1993 in the hot-cell CYRANO, 
in close cooperation with the staff members of the service SPHA. The HLLW used 
during these hot tests was an effluent produced in february 1993, during the 
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reprocessing of a MOx irradiated fuel by the PUREX process. Before implementing the 
hot tests it was necessary to define : 

• a purification method for the solvent, made of a 0,5 mol/L solution of DMDBTDMA 

in the TPH, which when impure has the ability to form stable emulsions, 

• the hydrodynamic conditions for the circulation of the organic solvent flow into the 

mixer-settlers batteries. 
Three hot tests were realized during the two weeks campaign. The main results of these 
tests can be summarised as follow : 

• the alpha DFs of the HLLW were very good (comprised between 300 and 1000) and 

always larger than that defined as the objective, 

• Zr(IV), which possesses a good affinity for the solvent, can be efficiently scrubbed 

using ketomalonic acid as the complexing agent, 

• no third phase formation occurred during these tests, 

• the stripping of the actinide alpha emitters from the loaded solvent was easy and 

quantitative. 
During these tests several problems were also identified. Among these, the most 
important seem to be : 

• the limited separation factor between Cm(III) and the ruthenium, 

• the poor stripping behaviour of the extracted Ru, 

• the failure to scrub Mo(VI) from he solvent using hydrogen peroxide as a complexant, 

• the degradation of the solvent by the high doses received, creates stable emulsion 

problems. 

B.8. Cooperation with EC laboratories 
Dr. M. HUGON(Brussels) suggested to establish a collaboration with Dr. GLATZ, from 
TUI (Karlsruhe, Germany), in order to study the retention behaviour of actinide species 
in the DIAMEX's solvent according to its radiolysis. For that purpose, a first contact 
happened in October 1993 at the TUI and the basis of the future collaboration discussed. 
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Part A3 

Task 3 

"Characterisation and Qualification of Waste Forms, Packages and their Environment" 

* List of contracts 
* Introduction to Task 3 

Topic 1 Waste form characterisation and performance 

Topic 2 Containment and barrier properties of the near-field (including modelling) 

Topic 3 Radionuclide assay : development of standard methods and equipment for 
specific applications 

Topic 4 Quality control of waste conditioning 
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TASK 3 - LIST OF CONTRACTS 

Topic 1 Waste form characterisation and performance 

FI2W-CT90-0012 

FI2W-CT90-0020 

FI2W-CT90-0025 
+ 0007 

FI2W-CT90-0026 

FI2W-CT90-0027 

FI2W-CT90-0028 

FI2W-CT90-0031 

FI2W-CT90-0032 

FI2W-CT90-0055 

FI2W-CT90-0077 

FI2W-CT90-0094 

FI2W-CT90-0099 

FI2W-CT93-0124 

The behaviour of Pu, Am, Np and Tc during the corrosion of the 
Cogema glass R7T7 in salt solutions. 

Consequences associated with gas production in geological 
repositories (PEGASE). 

Characteristics of bitumenized radioactive waste. 

Natural analogues of bitumen matrices in a deep repository. 

Aqueous corrosion of nuclear glasses: influence of disposal 
conditions. 

Effect of insoluble active dissolution fines on fission product 
glasses. 

The corrosion of nuclear waste glasses in a clay environment: 
mechanisms and modelling. 

Basic leaching for pure Beta long-lived emitters in radioactive 
wastes. 

Chemistry of the reaction of as-fabricated and high burnup spent 
U02 fuel with saline brines. 

Container properties ensuring safety 
biodegradation, corrosion. 

gas emission, 

Gas generation in supercompacted waste products. 

Impact of additives and waste streams constituents on the 
immobilisation potential of cementitious materials. 

Source aspects of leaching mechanisms of ions incorporated in 
cement or polymer. 
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TASK 3 - LIST OF CONTRACTS 

Topic 2 Containment and barrier properties of the near-field (including modelling). 

FI2W-CT90-0022 The effect of microbial activity on the near and far fields of a deep 
repository. 

FI2W-CT90-0030 Corrosion of selected packaging materials for disposal of heat-

generating radioactive wastes. 

FI2W-CT90-0035 Theoretical and experimental study of degradation mechanisms of 
cement in the repository environment. 

FI2W-CT90-0040 The performance of cementitious barriers in repositories waste in 
practice. 

FI2W-CT91-0096 Completion of the corrosion programme in Boom clay (in situ 
experiments). 

Topic 3 Radionuclide assay : development of standard methods and equipment for 
specific applications. 

FI2W-CT90-0010 

FI2W-CT90-0034 
+ 0109 

Determination of fissile material in waste package by neutron 
transport interrogation. 

Inventory and characterisation of important radionuclides for 
safety and s to r age -co r r e l a t i on to key nucl ides 
easy to measure in waste types. 

Topic 4 Quality control of waste conditioning. 

FI2W-CT90-0009 Construction and testing of a computer tomography assembly for 
routine operation. 

FI2W-CT90-0014 Behaviour of low-level radioactive waste under fire accident 
conditions. 

FI2W-CT90-0019 

FI2W-CT90-0021 

FI2W-CT90-0023 

Test for process control during treatment of low and medium 
radioactive waste in practice. 

Establishment of non-destructive or partially destructive test 
procedures for detennining the characteristics of waste containers. 

Non-destructive characterization of radioactive waste packages by 
advanced radiometric methods. 

FI2W-CT91-0107 High Energy Accelerator Tomography 

177 ■ 





INTRODUCTION TO TASK3 - CHARACTERISATION AND QUALIFICATION OF 

WASTE FORMS, PACKAGES AND THEIR ENVIRONMENT 

A. Objectives 

Determination of the relevant properties and performances of waste forms and 
their environment (Characterisation) 
Development and validation of models and data bases describing the long-term 
evolution of disposed waste (Modelling) 
Improvement of the control of radioactivity in the waste and the quality of waste 
products/packages. 

B. Research topics dealt with the 1985-1989 Programme 

In the previous programme, the following main research actions were pursued: 

Characterisation of low and medium level wastes: 
Eleven waste forms were selected for joint investigation and specified as reference 
formulations for conditioned LLW and MLW. Many of the characteristics of these 
waste forms relevant to the long-term safety in different disposal environments 
were determined with simulates and, as far as available, with real waste specimen. 
Testing and evaluation of high active and special alpha-bearing waste forms: 
During the period 1985-1989 the development of new candidate waste forms for 
the High Level Liquid Waste Stream was reduced in favour of extended testing and 
evaluation of the industrial reference borosilicate formulations. Corrosion, nuclide 
leaching, radiation damage and thermal stability were investigated in laboratory test 
series with inactive and spiked simulates. 

Study of container and buffer/backfill materials: 
The coordinated action on container corrosion launched in the second programme 
was concluded: corrosion rates and mechanisms of carbon steel, Ti-Pd and 
Hastelloy were determined under representative conditions. 
A variety of argillaceous and cement-based buffer materials were tested to 
determine suitable formulations for the various repository options. 

Development of a standard waste hostrock interaction test: 
The Repository Systems Simulation Test which permits the testing of HLW glass 
formulations in conditions representative of geological disposal was developed and 
validated in a Round-Robin campaign by 14 laboratories. 

Development of methods for the Quality Assurance of Waste Packages: 
Non-destructive test methods such as computer tomography and active neutron 
interrogation techniques for assaying alpha emitters as well as techniques and 
procedures for sampling solidified waste were the most important items of a wide 
range of R & D projects. 
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C. Present programme (1990-1994) 

1. Waste form characterisation and performance 

Characterization of heterogeneous waste forms 
Effects of radiation, corrosion, biodegradation, etc. on waste form stability 
Gas generation by corrosion, radiolysis and biodegradation 
Effect on inclusions on waste form crystallisation and stability 
Chemistry of reaction of spent fuel with saline brines 
Mechanisms of nuclide release under repository conditions 

2. Containment and barrier properties of the near-field 

Effect of microbial activity on the near-field 
Theorical and experimental study of degradation mechanism of cement in the 
repository environment 
Modelling and testing of the hydration of backfill and sealing materials 
Corrosion of selected packaging materials for disposal of heat generating 
radioactive waste 

3. Radionuclide Assay: development of standard methods and equipment for specific 
application 

Establishment of a European basis for the determination of relevant nuclide 
concentrations in industrial LLW and MLW: Study of existing methods and 
compilation of data bases, evaluation of currently used scaling factors and 
correlation. 
Development of equipment and methods for the assaying of LLW and MLW 
including the validation of scaling correlations for relevant emitters. 
Development of methods for measuring(checking)the nuclide inventory of 
conditioned TRU-wastes 

4. Quality control of waste conditioning 

Research actions to develop methods permitting the measurement and certification of 
compliance with quality requirements/criteria. Subjects being addressed include: 

Establishment of sampling procedures and techniques 
Verification of chemical composition 
Detection of unwanted or undeclared substances 
Detection/measurement of waste/matrix interaction, gas generation and release, 
container corrosion and swelling 
Measurement of physical properties of waste products and packaging 
Homogeneity, thermal stability, etc. 

D. Programme implementation 

At present the above topics and areas of research are being tackled under 26 contracts, 
the majority of which are multi partner and trans-european. Further details are provided 
in the summary reports presented hereafter. 
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Title : Retention of Pu, Am, Np and Tc in the Corrosion of COGEMA* Glass R7T7 in 
Salt Solutions 

Contractor: Kernforschungszentrum Karlsruhe (D) 
Contract: FI2W-CT90-0012 
Duration of contract: January 1991 - December 1994 
Period covered: January 1993 - December 1993 
Project leader: W. Lutze, B. Grambow, Institut fur Nukleare 

Entsorgungstechnik - KfK 

A. Objectives and Scope 

High-level radioactive waste from the reprocessing of German spent fuel is vitrified at La 
Hague. Glass blocks will be returned to Germany and must be disposed in the deep 
underground eventually. The repository is expected to be located in the Gorleben salt dome, 
the repository constitutes a system of technical and natural barriers (multibarrier system) 
against the release of radionuclides. The glass is the most central technical barriers. A 
detailed understanding of the glass performance must be obtained for all conceivable 
accidental conditions including contact with water. The respective results shall be used to 
describe source terms in the framework of safety analyses. 
The subject of this investigation is to study the chemical durability of the highly radioactive 
French borosilicate glass R7T7 in one of the three German "standard" salt solutions as a 
function of time and temperature. This work complements previous investigations on the 
durability of a very similar but non-radioactive CEA glass by measuring the release 
behaviour of Pu, Am, Np and Tc. 

B.Work programme 

The work programme was described in detail in the Annual Report 1992 (1). The corrosion 
test conditions were: powered CEA R7T7 glass (4,8 g, average grain size 86 |im) shall be 
corroded under static conditions in 25 mL (S/V 10000 m-1) of a Mg rich salt solution at 110, 
150 and 190°C for 45, 90, 180, 360, 720 and about 1000 days. Briefly the work programme 
consists of installing the host-cells to prepare glass powder, to handle Tantalum lined 
autoclaves filled with an Argon atmosphere and install equipment for separating and 
sampling solid and liquid phases at the end of the tests. The solution samples will be 
analyzed for the actinides and Tc99. The analytical techniques were developed to extract and 
analyze the actinides and Tc99 from the highly concentrated salt solution. Corrosion layers 
shall be analyzed using SEM, and host phases for radionuclides will be searched for and 
analyzed (if possible). 

* We were advised by CEA Marcoule to use a different designation for the glass. The glass 
investigated here was fabricated by CEA Marcoule closely simulating the chemical composition of 
the glass produced by COGEMA at La Hague in their vitrification plants. In the text, the glass from 
Marcoule is designated CEA R7T7. 
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During analyses and evaluation of the results of the first four experiments it became 
obvious that an extension of the work programme was necessary in order to be able to 
evaluate the retention of radionuclides during glass corrosion. This extension consists of fully 
and completely analysing the mass distribution (mass balance) of radionuclides among the 
surface alteration layer on the glass, the aqueous phase and material sorbed on the vessel walls. 
When analysing the aqueous phase, we distinguished between truly dissolved material and 
particulate or colloidal material. A description of the procedures of analysing solid and 
solution phases is given in Fig. 1. 

C. Progress of work and obtained results 

State of advancement 

1. All experiments, except some of the 45 day and 90 day experiments were started. 
2. The analyses of radionuclide inventories of the as delivered glass R7T7 was 

completed 
3. The analyses of radionuclide distribution between the leachate, the surface alteration 

layer and the reaction vessel walls are close to completion for a 45 day and a 300 day 
experiment at 190 °C. The analyses of the 90 days experiments were started. 

4. A crystalline alteration product, a rare earth elements containing powellite, was 
identified in the 45 day test performed at 190°C. 

5. Results of radioactive and inactive glass are compared. 

Progress and results 

Analyses of the as delivered glass 

Preliminary results of the glass analyses were reported in the Annual Report 1992 [1]. 
The data were completed by analysing Sr-90 and by repeating the analyses of Np237 and 
Am243/Np239 which was necessary, due to the low concentrations of theses nuclides in the 
glass, and the associated large uncertainties in the analyses values. The results are in excellent 
agreement with the value given by CEA Marcoule. The final analyses values are given in the 
Annual Report 1993. 

Analyses of leachates, filter residues, plate out of reaction vessel and surface alteration layers 

During glass dissolution, radionuclides are either mobilized (truly dissolved or 
colloidal) or are retained in immobile phases (sorption or precipitation on the reaction vessel 
walls (Ta), on the surface alteration layer or in particulate matter which may remain suspended 
in solution. A new analytical procedure (Fig. 1) was established with the aim to perform a 
complete mass balance. The new procedure provides for the identification of the radionuclide 
contents of the various phases after test termination. To the knowledge of the authors it is the 
first time, that a full mass balance of radionuclide distribution is attempted with a radioactive 
glass. A new technique was employed which allowed the separation of the pristine glass from 
its surface alteration layers by means of suspension in ethylene glycol within an ultrasonic bath. 
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The surface layer particles were separated from the residual glass particles by different 
sedimentation rates. In order to avoid contamination by the radioactivity content of the 
leachate, all immobile phases were washed cautiously. Solid phases were dissolved in 
HNO3/HF prior to radiochemical analyses. A minimum of 6 samples are obtained per 
experiment: two solution samples (450 and 1.8 nm filtered), two solutions of dissolving filter 
residues, one solution containing the dissolved surface alteration layer and one solution 
containing the sorbed or precipitated material from the reaction vessel walls. Results of the 
two solution samples are given in terms of the normalized elemental mass loss NL in [g/m2] 
(normalization by surface area and by radionuclide inventory of the glass). Results of analysing 
immobile phases are also given in terms of NL units. The ratio of the NL values of immobile 
phases to the NL value of the mobile phase is the retention factor. The NL values of immobile 
phases are summed up together with the NL value of the leachate. The sum values are a direct 
measure of the extent of matrix dissolution (gram altered glass per m2) and for all nuclides 
these sums should be equal, provided that a given element is not seggregated and is not 
susceptible to alkali/ion exchange. Hence, a criterion for a good mass balance is provided by 
the comparison of these NL sum value. 
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Fig. 1: Scheme of sample preparation after termination of a glass corrosion test 
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Results of the corrosion tests: 

As an example the results of a glass corrosion experiment performed for a duration of 
45 days at a temperature of 190°C are shown in Table 1. The pH value measured was 5.4 
(corrected for liquid junction and referred the pH convention of Pitzer). Unfortunately, the 
rinsing solution of the tantalum container could not be analysed because it got lost during 
manipulation in the hot cell. There is rather good agreement in the summed NL values of the 
various nuclides, indicating that the mass balance was performed successfully. Hence, the 
contribution to the mass balance of the radionuclides sorbed onto the vessels walls may be 
rather small. This is also true for colloidal and particulate matter. The mean value of the 
summed NL values of the various nuclides, i.e. the extent of matrix dissolution is 3 g/m2. The 
results show that a large fraction (>90%) of the inventory of the trivalent actinides and rare 
earth elements Am, Cm and Eu in the altered glass mass is retained in the surface alteration 
layer. Nevertheless, more than 50 % of Cs, Tc, Sr and Co are released into the aqueous phase. 
Surprisingly, also a quite high amount of about 30% of Pu is found in solution. 

As a second example results of a 300 day test performed at 190°C are given in Table 
2. The pH was 3.8. The mean value of the NL sums of the various nuclides (not considering 
Eu, Pu and Sb, whose mass balance appeared to be incomplete), i.e. the extent of matrix 
dissolution is 7.8 g/m2. In the leachate we found 98 % of the Co-60, 90 % Sr-90, 64 % Tc-99, 
96 % of the Cs-isotopes 134/137, 62 % of the Europium-isotopes 154/155, 99,5 % Np-237, 
76 % Am-241 and 66 % Cm-244. In comparison to the 45 day experiment, the high amounts 
of trivalent actinide (Am 241, Cm 244) and rare earth elements in solution (Eu 154/155) can 
probably be explained by the high mobility of these elements at the low pH value of 3.8. The 
data for Pu are still puzzling. The mass balance for Pu is not complete. Only about 12 % of the 
Pu content of the altered glass mass was recovered in the analysed phases, distributed to equal 
amounts between surface alteration layer and material plated out at the walls of the reaction 
vessel.. Work is continuing for finding the missing Pu. 

Identification of solid alteration products 

A tantalum metal plate (1 cm by 0.5 cm) has been added to each experiment, in order 
to study plate out effects at the reaction vessel walls. For the 45 day experiment, the metal 
plate was recovered after terminating the experiment. The metal was rinsed with distilled water 
to remove the salt solution. A typical scanning electron micrograph of a small fraction of a 
gold plated area is shown in Figure 2. The metal surface is covered with um-sized crystals. 
Additionally, adhering glass particles were found. This is because the metal contacted the glass 
powder during the experiment. EDX-analyses indicate that a calcium molybdate phase 
(powellite) rich in rare earth elements (Nd, La) has been formed, similarly as in corresponding 
experiments with inactive R7T7 glass, as reported in the literature [2]. The EDX system is not 
capable of analyzing a potential content of Am241 in this phase, as the content of Am in the 
glass is only 0.01 wt%, which is much lower than that of the rare earth elements. 

A parallel experiment with non-radioactive R7T7-glass under the same experimental 
conditions has shown that another phase was formed on the tantalum plate. Main components are 
Al, Mg and Si. Figure 3 compares the EDX spectrum of this phase with that of the surface 
alteration layer analysed in a similar experiment and identified as a gel layer containing saponite. 
The composition is rather similar, indicating that the gel layer which typically forms on the glass 
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surface may also form offset of the glass surface on other, energetically preferred sites such as the 
vessel walls. 

Comparison of reaction behavior of the active glass to inactive glass 

The results from the ongoing work complement previous work with an inactive simulated 
R7T7 glass which was undertaken under the same experimental conditions [3]. The inactive 
experiments were performed at S/V ratios ranging from 10 to 10000 m"1 for periods as much as 3 
years. A large data base was generated. Figure 4 shows the observed pH evolution in brine 2 (the 
leachant used in the present work) as a function of the amount of dissolved glass per unit of 
solution volume. The data for the radioactive glass obtained in the present work are included. The 
amount of glass dissolved per unit area is calculated from the mean value of the summed NL 
values of the various nuclides. As can be seen, there is excellent agreement in two cases and 
rather poor agreement in one case (the 45 day test described above, the high pH value of this test 
may explain the good retention of trivalent actinides). The time dependence of the reaction and 
the release of Pu and of Am is given in Fig. 5 together with respective data for B, Li, Si and Nd of 
the inactive tests. The concentrations of the elements and nuclides in solution are normalized to 
the respective inventory in the glass ("Normalized concentration" = NL value of a nuclide times 
the S/V ratio of the test) and are plotted agains the product of the square root of time and the S/V 
ratio. This modified time scale allows to plot results of experiments obtained at various S/V ratios 
and experimental durations in a single diagram [4]. The extent of matrix dissolution in the 
radioactive experiment ("Reaction, active") is in excellent agreement with the boron and Li data 
measured in the inactive experiment indicating that the time dependence of reaction is the same 
for active and inactive tests. This diagram may also be used directly for long-term extrapolations. 

The results in Fig. 4 and 5 clearly show that results of active and inactive experiments are 
similar, hence, the large data base generated for the inactive glass [3] can also be used 
quantitatively to explain and frame results of the active experiment and, consequently, long-term 
predictions can be based to a large extent on the results obtained from the inactive tests. With 
respect to actinide behavior and behavior of Tc, one may tentatively say that neither Np237, 
Cm244, Am241 nor Tc99 may be retained to a significant extent in immobile glass corrosion 
products (Fig. 5, and Table 2). Hence, the release of these elements from the glass is probably 
controlled by the kinetics of glass dissolution and consequently, Fig. 5 may be used for long-term 
extrapolations. This, however needs confirmation by the results of the ungoing work. No 
statement can yet be made on the behavior of Pu. 
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Figure 2: SEM micro graph, 2,500X. Ca,Nd,La-molybdate (powellite-type)crystals on a 
tantalum metal plate after 45 days of corrosion of glass R7T7 at 190°C in salt solution. 
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Figure 3: EDX spectrum of the layer of alumino-magnesium-silicate formed on a Ta-metal 
plate in a 90 day glass corrosion test, compared with the EDX spectrum of the surface 
alteration layer on the glass measured in a similar experiment 
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Fig. 4: Comparison of pH values obtained in the present corrosion test with high active CEA-

glass R7T7 with the pH evolution in coressponding tests with the inactively simulated glass 
R7T7 [3, 4]. 

1E+06 

1E+01 

1E+01 1E+02 1E+03 1E+04 1E+05 1E+06 

S/V*t "0.5 /d"0.5/m 

Li, inact. 

B, inact. 

Si, inact. 

Nd, inact. 

Reaction, active 

Pu 

Am 

B, Li, calc. 

Si, calc. 

Nd, calc 

Fig. 5 Time dependence of the reaction of the inactive and active glass. The concentrations of 
the elements and nuclides in solution normalized to the inventory in the glass plotted versus the 
product of the square root of time and the S/V ratio. The extent of matrix dissolution in the 
radioactive experiment: "Reaction, active" 
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TABLE 1: CORROSION OF THE CEA-HLLW-GLASS R7T7 
Time: 45 d - Temperature: 190°C 

oo 
co 

Co-60 
Sr-90 
Tc-99 
Sb 125 
Cs-134 
Cs-137 
Eu-154 
Eu 155 
Np-237 
Pu-238 
Pu-239/240 
Am-241 
Am-243 
Cm-244 

in solution 
450 nm 

NLg/m2 

2.26 
1.60 
0.75 
0.12 
1.46 
1.66 
0.11 
0.09 
0.19 
0.76 
0.73 
0.19 
0.07 
0.33 

1,8 nm 

NLg/m2 

2.11 
1.51 
0.69 
0.12 
0.7 

0.73 
b 

0.02 
0.06 
0.58 
0.63 
0.05 
0.03 
0.29 

on filters 
450 nm 

NLg/m2 

b 
b 
b 
b 

< 0,001 
< 0,001 
< 0,001 
< 0,001 

b 
< 0,001 

b 
< 0,001 

b 
b 

0,18 nm 

NLg/m2 

0.005 
0.003 
0.034 
0.002 
0.014 
0.013 
0.017 
0.019 

b 
0.027 
0.024 
0.030 
0.043 
0.027 

plate out: 
container 

NLg/m2 

n 
n 
n 
n 
n 
n 
n 
n 
n 
n 
n 
n 
n 
n 

corrosion 
layer 

NLg/m2 

1.99 
1.10 
0.36 
0.39 
1.89 
1.82 
2.50 
2.35 
3.26 
1.78 
1.94 
3.86 

n 
2.13 

Balance 

143 % 
9 1 % 
37% 
17% 

113% 
117% 
88% 
82 % 

116% 
85% 
90% 

136 % 
5% 

83% 

* = sum of NL covers the columns 2, 6,10 and 12 
b = below detection limit 
n = not measured 
m = to be measured 

Mean: 2.98 



TABLE 2: CORROSION OF THE CEA-HLLW-GLASS R7T7 
Time: 300 d - Temperature: 190°C 

oo 
CD 

in solution 
450 nm 

NL g/m2 

9.23 
7.22 
4.00 
0.03 
6.79 
7.49 
1.93 
2.13 
10.67 
0.008 
0.011 
6.10 
6.10 
4.26 

1,8 nm 

NL g/m2 

7.82 
5.64 
3.63 
0.02 
6.31 
6.34 
1.48 
1.71 
b 

0.007 
0.008 
4.88 

b 
4.57 

Co-60 
Sr-90 
Tc-99 
Sb 125 
Cs-134 
Cs-137 
Eu-154 
Eu-155 
Np-237 
Pu-238 
Pu-239/240 
Am-241 
Am-243 
Cm-244 

* = sum of NL covers the columns 2,6,10 and 12 
b = below detection limit 
n = not measured 
m = to be measured 

on filters 
450 nm 0,18 nm 

NL g/m2 NL g/m2 

0.026 0.13 
0.066 
0.043 
0.023 
0.082 
0.089 
0.070 
0.076 
0.050 
0.003 
0.004 
0.198 
0.145 
0.098 

0.07 
0.04 
0.01 
0.15 
0.15 
0.02 
0.02 

b 
0.01 
0.01 
0.56 

b 
0.04 

plate out: 
container 

NL g/m2 

0.06 
m 
m 

0.24 
0.07 
0.05 
0.12 
0.12 

m 
0.45 
0.48 
0.30 

m 
m 

corrosion 
layer 

NLg/m2 

0.12 
0.11 
1.81 
1.53 
0.21 
0.07 
0.99 
1.06 

b 
0.42 
0.46 
1.47 

b 
1.22 

mean 7.78 

Balance 

121 % 
103% 
80% 
23% 
92% 
99% 
40% 
44% 

138% 
11% 
12% 

104% 
80% 
83% 



Title: Consequences of gas production in geological repositories 
(PEGASE) 

Contractors: ANDRA, ENRESA, GRS 
Contraa n°: FI2W-CT90-0020 
Duration of contract: from August 1st 1991 to July 31st 1994 
Period covered: January - December 1993 
Project leaders: Mrs. Sylvie VOINIS (ANDRA Coordinator) 

Mr. Miguel A. CUNADO (ENRESA) 
Mr. Wolfgang MULLER (GRS) 

A. Objectives and Scopes 

This project intends to model the overall impact of gas production in the near-field and in particular 
on the groundwater flow, the durability of engineered barriers and on the radionuclide migration. 
The wastes forms will include spent fuel, vitrified wastes, medium level waste. The different rock 
formations envisaged are granite rock and salt. This project is divided in four stages. 

1. Description of processes 
2. Analyze of gas transport mechanisms 
3. Modelling of the system 
4. Calculations in specific disposal conditions 

B. Work programme 

B.l. Description of processes 

This step will consist in identifying the mechanisms for gas formation in the different waste 
repositories considered in the project scenarios from bibliographic or experimental studies and to 
establish the common data for the development of the models and for calculations. 
Analytical laws will be defined through this study to be integrated in the future modelling. 

B.2. Analyze of gas transport mechanisms 

The transport concerns the near-field and the host-rock. A listing of the main phenomena will be 
identified and studied. 
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R3. Modelling of the system 

The modelling will be based on specific developments or on already existing models for the 
different repository conditions considered by each participant. 

B.4. Calculations 

The calculations will be performed for the repository conditions defined by the participants. The 
aim of these calculations is to verify that engineered barriers and wastes matrix are still playing 
their safety role in the presence of gas. The other aim is to discuss the results and their 
consequences on the future research. 

C PROGRESS OF WORK AND OBTAINED RESULTS 

C I . Task one 

C l . l . Data reference and bibliographic synthesis 

On the basis of an exchange of informations; working group 1 (ANDRA/ENRESA/QRS) 
created for task 1 has finished two reports : 

- Data reference : the characteristics of wastes, concepts are described in this chapter. See 
progress report 1 

- Bibliographic synthesis : a compilation of the description concerning the potential gas 
formation mechanisms is finished.See progress report 3 

This synthesis has been used for the establishment of the gas formation codes. 

C1.2. Gas formation codes 

Two codes have been developed. The name of the first one is GASFORM which has been 
developed by ENRES A/ESll 1 EC. It evaluates the consequences associated with the 
production of gas in underground storage facilities for radioactive waste. The model is 
intended to include spent fuel; glasses, and intermediate level wastes. 

The model calculates the gas generation due to the following mechanisms : canister 
corrosion, cladding corrosion, microbial degradation, external radiolysis, internal radiolysis, 
radioactive decay and water vaporization. The scheme in annex 1 shows the structure of 
GASFORM code. 

The six mechanisms can be classified in the following way : 1-surficial generation that 
includes steel corrosion, zircaloy corrosion, internal radiolysis and radioactive decay; 2-
volumic generation that includes external radiolysis and microbial degradation. 

Some examples of calculations are described in the progress report 4 and are shown in the 
figures 1 and 2. 
The next work on this code will be at first to finalise the manual guide and at second to 
complete the verification tests. Some improvment on the user interfaces will be also made. 
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An another code has been developed by GRS. Its name is GABI. GABI's code is in charge 
to calculate the gas formation due to the corrosion canister and internal radiolysis. 
Concerning the corrosion, two anaerobic metal corrosion reactions can be selected for inner 
and outer container corrosion. 

Numerous parameter variations were calculated with GABI code. It appeared that additional 
features were desirable for improved calculations of the radiolytical gas production. By this 
time the GABI code was completely restructured and revised due to exceeding memory 
■■requirements. The code can now be run in an overlay structure on any 386-PC or higher 
without additional features. Testing of the new version is under way. 
The figure 3 gives an example for a reference case for HAW calculated with the new 
version. 

The comparaison between these two codes will be made in 1994 du to the delay of the code 
verification. 

G2. Gas transport 

C.2.1. Transport in salt 

The TOUGH code has been used to clarify decisive parameters by sensitivity analyses. Some 
calculations are presented in the progress report4. Since TOUGH is not able in its present 
version to include tme dependant source terms for gas generation, appropriate modifications 
have been started. 

A preliminary mathematical model for the description of two-phase transport phenomena in 
a salt repository with the PHOENICS code has been developed and is tested. This work was 
performed by a subconstractor. A final version of the mathematical model is still pending. 

G2.2. Transport in granit 

A physical analysis has been made to determine the predominant phenomena and parameters 
to be integrated in the global codes.After making this physical analysis, it has been decided 
to use the code TOUGH2 that corresponds to most of the specifications required and 
presented in the next progress report. 

In the annexe 2, the diagram of the coupling between TOUGH and GASFORM is presented. 
It results of the analysis of GASFORM and TOUGH codes. The work concerning the 
coupling will be made during the first part of this year and some test will be input before 
June. 
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Title: Characteristics of bitumized radioactive wastes 
Contractors: CEA/DCC (Cadarache et Saclay), SCK/MOL, NIRAS-ONDRAF, RISO 

NATIONAL LABORATORY 
Contract n°: F12W-CT90-0025 + 0007 
Period covered: January - December 1993 
Project Leaden M. Brunei 
Task Leaders: MM. Van Iseghem, De Goeyse, Nomine, Brodersen 

A. OBJECTIVES AND SCOPE 

The objective of this study is to investigate the leaching behaviour of the bitumen encapsulation of 
representative and homogeneous reprocessing sludges or concentrates wastes under geological 
disposal conditions. 
The influence of the bitumen matrix and the type of waste treated will be closely examinated. 
The present study will include realistic disposal scenarios and comparison of Eurobitum and 
M80/100, M40/50 and MR90/40 will be possible in regards to efficiency confinement of radioactivity. 
The tests that should enable us to evaluate encapsulation stability are steady leaching tests in 
different media conditions constituted by water (CEA Cadarache and SACLAY), by a cement/clay 
mixture and clay/clay water mixture (SCK Mol and CEA SACLAY) with different size samples from 
a few cm5 to the full size bitumen block. 
Understanding of water uptake in and release of dissolved materials when bitumenized materials are 
disposed of under saturated as well as unsaturated conditions and quantification of swelling pressure 
and leaching phenomena are improved by RISO NATIONAL LABORATORY. 
The small size samples of bitumenized coprecipitation sludges will be prepared by CEA Cadarache. 

B. WORK PROGRAMME 

B.l. Sampling 

Samples are taken from an inactive and an active drum or are fabricated in suitably equipped 
shielded cell. The size of the samples is between 20 cm3 and 200 1. 

B.2. Inactive leaching tests 

Tests are carried out by SCK Mol Laboratory in a cement/clay mixture and a clay/clay water mixture, 
at 23°C and 40°C, for duration until 480 days. Emphasis will be on leaching kinetics of inactive waste 
constituents. 

B3. Active leaching tests 

Tests are carried out in similar conditions as B.2 (media, temperature, duration) by SCK Mol for 
the small samples (20 cm3) and by CEA SACLAY for 200 1, 20 1, 2 1 and 0,2 1 samples. Leaching 
tests in water will be performed on 0,4 1 samples in static and uncontinuous conditions by CEA 
Cadarache and on 200 I, 20 1, 2 1 and 0,2 1 for CEA SACLAY. Emphasis will be on leaching 
processes and kinetics of the active waste constituents. 
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B.4. Migration of water and ions through membranes of bitumized products 

Uptake of water into bitumenized waste is important for the understanding of the long-terw 
behaviour of the material. Diffusion of tritiated water and ls*Cs ions is studied using membranes 
made from pure bitumen, bitumen mixed with crystals of soluble salts such as NaNOj or with 
insoluble sludge particles, for example BaSO^. the measurements of the amounts of diffused 
materials are supplemented by measurement of the electrical conductivity over the membrane. This 
gives additional information about the migration mechanisms and the quality of the membranes. 

B.5. Swelling and swelline pressure 

Unrestricted swelling, water uptake and Na-leaching from samples of bitumenized materials 
containing soluble salts are followed using a weighing technique and chemical analyses of the 
leachants. The materials are simplified versions of typocal waste products. This makes it possible to 
investigate the influence of single parameters such as bitumen type, salt content, crystal size, 
presence of sludge particules, etc. 
Pressure development due to water uptake in confined samples of similar materials is also 
investigated using a technique where swelling caused by water penetrating through a cement mortar 
barrier results in replacement of mercury from a bottom reservoir up in a long capillary tube. 

B.6. Model describing water uptake and leaching 

A research model describing the water uptake in bituminized materials containing soluble salts has 
been developed. The dynamics of the swelling and the generation of an internal solution-filled pore 
structure are modelled on teh micro-scale. Some simplifying assumptions about geometry of the 
system, etc. are made. The water is supposed to be transported as vapour through the bitumen films 
surrounding the crystals. Diffusivities for tritiated water obtained in the above-mentioned membrane 
experiments are utilized. 

C PROGRESS OF WORK AND OBTAINED RESULTS 

The status of progress has not been forwarded to the Commission for 1993. 
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Title: Organic matter and uraninite from the Oklo natural fission 
reactors - Natural analogue of radioactive waste-containing 
bitumen and UO2 irradiated fuel. 

Contractors : CEA/ DCC/DESD Cadarache, CREGU-CNRS Nancy 
Contract N° : FI2W - CT90 - 0026 
Duration of contract: June 1991 - December 1995 
Period covered: January 1993 - December 1993 
Proj ect leader: P. Holliger, DESD / SCS - CEA Cadarache 
Co-contractor: P. Landais, CREGU-CNRS Nancy 
Co-worker: O. Ruau, CREGU ; C. Menet-Dressayre, CEA 

A. OBTECTIVES AND SCOPE 

The objective of this research program is the investigation of the effects of 
radiation on the chemical changes in the structure of organic matter (OM), specifically 
in the Oklo U-ore deposit and its associated natural fission reactors. Studies have 
shown that sedimentary organic matter associated with uranium may be altered by 
irradiation related to (i) the natural decay of 238U and (ii) the 235u fission process. 
Such modifications must be studied by a non-destructive, in-situ technique because of 
the technical difficulties related to the extraction and the isolation of the organic 
matter. Specular reflectance Fourier transform micro infrared spectroscopy (micro 
FTIR) appears to be an efficient tool for microscale studies (Rochdi and Landais, 1990, 
Landais and al., submitted). It provides information on oxygenated, aliphatic and 
aromatic species abundance ratios for 200 X 200 microns large regions of organic matter 
on polished section samples. The morphology and texture of bitumens and mineral 
inclusions are first observed by optical microscopy in order to select specific areas for 
subsequent analysis by micro FTIR (Holliger and Landais, 1993a, 1993b). The 
combination of petrographic, spectroscopic and isotopic (13C/12C) studies allows the 
different types of organic matter from the different zones of the Oklo basin to be 
distinguished. New organic matter-rich samples from the core of Reactor Zone 9 (RZ.9) 
are now prepared. The aim is to compare the structure of OM from two different zones 
of nuclear criticality (RZ.9 and RZ.10) in order to discriminate different types of OM 
and/or functioning of the reactors (temperature, water as moderator,...). Finally, ion 
bombardment with varied ions of appropriate mass and energy was performed on 
samples from the reactor core and outside the reactor in order to detect some structural 
modifications of the OM. 

B. WORK PROGRAM 

B. 1.1 Sampling and petrographic observations (by using electron 
microscope and reflected light microscope) 

B. 1.2 In-situ characterization of the organic matter, by using 
specular reflectance Fourier transform micro infrared 
spectroscopy. 
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B. 2.1 Characterization of the OM and uraninite from nuclear 
reactor 10 : uranium and fission products containments 
(isotope data and ion microprobe cartography). 

B. 3.1 Experimental study of radiation effects: Pb and He 
implantation experiments on the Oklo samples 

C PROGRESS OF WORK AND RESULTS OBTAINED 

State of advancement 

The main features of this work during this year have been as follows: 
- Collection and petrographic description of new samples throughout the Oklo and 
Okelobondo uranium ore deposit : in, in the vicinity and outside the Reactor Zones. 
Based on morphology and textures, the bitumens in a reactor facies can be 
characterized in three groups: - (1) non-mineralized anisotropic bitumens with mosaic 
texture (mesophase type) forming droplets and aggregates, - (2) mineralized bitumens 
which occur at a pressure solution seams and secondary pores of the rock and - (3) 
mineralized isotropic bitumens with a very low reflectance, which frequently form an 
outer rim of the latter type; this textural type is regarded to be a product of bitumen 
oxidation. 
- Chemical analysis of OM by Energy Dispersive X-ray analysis (EDX) 
- Isotopic abundances (uranium, fission products) of some OM-rich uranium samples 
performed by Inductively Coupled Plasma - Mass Spectrometry (ICP/MS) and 
Secondary Ion Mass Spectrometry (SIMS). 
- A correlation between fission rates (depletion in 235jj) and enrichment in 13C on OM 
samples from the reactor core; the isotope fractionation line observed on samples 
collected in gallery D.81N (RZ.10) clearly shows that OM was present during reactions 
in this portion of reactor. 
- A study based on specular reflectance Fourier Transform micro InfraRed spectroscopy 
(FTIR) allows to underline chemical differences in organic matter from the Oklo basin. 
Even though no radiogenic halo around the uraninite inclusions are seen, one can 
observe differences related to the distance of the sample from the natural reactors. 
- Raman spectra were obtained only from two points on a sample from RZ.10. Because 
of very low quality of the record (integration time only 10 s) an interpretation of the 
results is very difficult. None the less, in both cases the character of Raman spectra 
point to a very low degree of structural ordering. In all other samples, the destruction 
of bitumens (decolorisation and burning ) was so quick, that even at a minimum 
power of the laser beam no spectra have been obtained. 
- Ion bombardment was performed on Oklo OM samples by using either ion 
implanters for low energy heavy ions (Pb2+, 1 keV/a.m.u.) or accelerators for high 
energy ions (He, 1.2 MeV). But, difficulties occurred on some samples because the 
bitumens of Oklo revealed to be quite fragile in the high vacuum conditions necessary 
for ion bombardment and analysis, and to ion beam effects. Another difficulty was due 
to the relative brittleness of some bitumens which tend to break into small pieces 
during the leaching experiments, notably when performed at high temperatures (> 
100°C). However good results were obtained using He bombardment, on D.81N 
samples (RZ.10): optical differences are visible on the OM between irradiated and non 
irradiated areas. 
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Progress and results 

B.1.1 Sampling and petrographic observations 

- Organic Matter occurrences 
The polished sections were studied using a reflected light microscope and an 

electron microscope. According to the results of the optical studies, the whole set can 
be described as: 

I. samples of massive bitumen with small inclusions of uraninite, galena and 
chlorite. This group comprises samples GL 2898 (front 299 D, zone 8), GL-3097 (RZ.8, 
north part); D 81N-190392/ 2 (RZ.10); Oklo Fond I ; D.75- 2029 (R.Z. 16), 

II. Strongly mineralized bitumen samples with relicts of host sandstone: OP.100, 
OP. 1029 (Okelobondo, north part), 

III. Samples formed by droplets and lobate aggregates of the bitumen with 
uraninite inclusions, in a fine grained matrix consisting of authigenic, well crystallized 
chlorite ("fades argile de pile", RZ.10), 

IV. Samples formed by several pods of U-mineralized black bitumen and 
strongly chloritized and carbonatized high strained greywacke (ES.24, Oklo, south part) 

V. Host mineralized sandstone with few dropletss of bitumen "trapped" in 
intergranular spaces: SF 85 (Oklo, RZ.10), 

VI. Weakly mineralized or non-mineralized bitumens with relicts of host 
sandstone: SD.97 (Oklo, south part), SD.37 (Oklo, RZ.13), OD.13 (Okelobondo, south 
part). 

- The Uranium - Organic Matter relationship 
Mineral inclusions within OM often consist of uraninite, radiogenic galena and 

chlorite. Uraninite forms either slightly corroded and sometimes brecciated grains in 
the matrix, or occurs together with chlorite in thermal cracks and fissures. In latter case 
it is frequently silicified and replaced by coffinite. 

In accord with observations, the origin of bitumen can be seen in the processus 
of hydrothermal (not necessary radiolytic) degradation of the Francevillian kerogen. 
The bitumens were mobilized and expelled from the source rocks in liquid or semi-
liquid stage, together with a highly reducing hydrothermal solution which was rich in 
dissolved Si, Al, Fe and Mg. Due to reducing character of the hydrothermal system, the 
uraninite was partly passively transported by bitumens, partly dissolved and 
recrystallized together with chlorite in the bitumen thermal fissure network in time or 
after its solidification. No radiation haloes were formed around the uraninite grains, 
as the matrix was irradiated before solidification stage. The final stage of bitumen 
evolution is represented by small zones of oxidation and silicification, which 
document a slightly more oxidizing, alcaline character of the vaning stage of the 
hydrotermal activity. 

B.1.2 Infrared micro spectroscopy 

- Introduction 
The samples selected for the present study come from various zones of the 

basin, including (i) samples noted MO.l and MO.3 (RZ. 8-9), (ii) MO.14 and MO.15 (RZ. 
10) and (iii) MO.22 (ES.24, out of the reactor zones). This report summarizes the results 
of specular reflectance micro FTIR on polished sections of bitumens from the "fades 
pile" (Gauthier-Lafaye and Weber, 1978). 
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- Materials and methods 
The micro FTIR analyses are performed on a Nicolet System 800 Fourier 

transform spectometer. This device is equiped with an NIC-Plan microscope, which is 
fitted with a 250 |xm diameter narrow-band MCT (mercury-cadmium-telluride) 
detector cooled to 77K. The objective magnification allows 70 to 400 urn diameter areas 
to be analyzed. The interferogram is recorded by accumulating 128 to 600 scans over 50 
to 240 s. Reflectance spectra are transformed using the regular Kramers-Kronig 
procedure to obtain absorbance index spectra. The available spectral range lies between 
4000 and 700 cm ' l and the spectral resolution is 8 cm"^ (appendix 1). The assignments 
of the main I.R. bands are determined by the reference to the works of Robin et al., 1977 
and Guiliano and al., 1988 (table 1 in appendix 2). The band area quantification is 
obtained by the commonly used valley to valley integration mode (Robin and al., 1977 
and Kister and al. 1988). Band ratios have been calculated in order to determine the 
relative proportion of oxygenated, aliphatic and aromatic species. 

- Results and discussion 
For each sample, several representative regions (five in general) of the organic 

matter on the polished section have been chosen for characterization by micro FTIR. 
The values obtained from aliphatic species (v CH a i i between 3000 and 2800, 6 CH a i j 
between 1500 and 1350 cm"1, 6 CH2+CH3 between 1500 and 1420 cm"1 and 6 CH3 
between 1420 and 1350 cm"1), aromatic (v C=C at 1600 cm'1 and y C H a r o between 900 
and 700 cm~l) and oxygenated ones (v C=0 near 1710 cm'l) a r e u s e d i n following ratios. 

Alivhaticity ratios : 
- dali / garo : 6 CHaij / y C H ^ 
- dali / c=c : 5 CH^i / v C=C 
- ali / c=c : v CH^i / v C=C 
- ali / garo : v CHaij / y CHaro 

These different ratios take into account the relative content of aliphatic species 
versus aromatic species and thus give information on the maturity of the organic 
matter of the sample. The weaker the value of the ratio is, the more mature the 
sample is. 

Branching and/or substituents length ratio : 
- CH3 / CH3+CH2 : 6 CH3 / 6 (CH3 + CH2) 

This ratio is relative to the average length of alkyl chains substitued on aromatic 
rings. The greater the value of this ratio is, the shorter and /or more branched the alkyl 
substituents are. 

Oxidation ratios : 
- c=o / dal i : v C=0 / 6 CH^i 
- c=o / al i : v C=0 / v CHaJi 
- c=o / c=c: v C=0 / v C=C 
- c=o / garo : v C=0 / y CHaro 
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This group of ratios provides data on the oxidation degree of the organic matter 
of the samples. Data deduced from the infrared ratios reveal that: 

- several samples contain a rather homogeneous organic matter in terms of 
maturity and oxidation degrees : MO.l, MO.14 and MO.22. On another hand, sample 
MO.3 seems to contain at least two types of organic matter with the same maturity but 
with different oxidation degrees. Sample MO.15 presents various types of organic 
matter with different maturity and oxidation states. 

- on sample MO.15 the effect of the matrix embedding bitumens has been 
emphasized when recording the spectra of various homogeneous zones of organic 
matter near and far from the matrix. Qualitative and quantitative IR data evidence no 
differences that can be related to the distance from the matrix. 

Table 2 (appendix 2) gives the average value of the different IR ratios for each 
sample. Accordingly to these data, a radar diagram is drawn in order to give a relative 
global characterization of the samples (appendix 3). 

One can notice that MO.l and MO.22 present the greatest oxidation state 
acordingly to the higher values of the oxidation ratios than for the other samples. 
Moreover, their weaker values of the aliphaticity ratios underline their higher 
maturity. The samples from zone 10 (MO.14 and MO.15) have nearly the same average 
value for all the calculated ratios except for ratios dealing with aliphatic moieties (v 
CHajj band areas). Organic matter maturity of these samples is weaker than in the 
other studied samples accordingly to the higher aliphatic ratios values. Finally, the last 
sample (MO.3) exhibits both intermediate maturity and oxidation states. 

Such a microscopic analysis allows to characterize the organic matter of the 
samples from the different zones of the Oklo basin. The organic matter of the samples 
MO.14 and MO.15 collected close to one another in zone 10 presents low oxidation and 
maturity degrees. Moreover, bitumens of MO.l and MO.3 collected in zone 8 and zone 
7 show higher maturity and oxidation states. Some differences are noticed between 
these two samples, with MO.l organic matter (zone 8) more oxidized and more mature 
than MO.3 (zone 7). Finally, bitumen of sample MO.22 (out of the reaction zone) 
displays high oxidation and weak aliphaticity ratios. 

- Conclusions : 
This study based on specular reflectance Fourier transform micro infrared 

spectroscopy allows to underline chemical differences in organic matter from the Oklo 
basin. Even though no radiogenic halo around the uraninite inclusions are seen, we 
can observe differences related to the distance of the sample from the natural reactor. 
IR datas are transformed in ratios in order to determine oxidation and maturity of the 
samples. Thanks to microscopic approach some chemical changes, like oxidation zones 
are noticed in the organic matter of the same sample. The study of more samples from 
the different zones of the Oklo basin and the combination with other micro analysis 
techniques such as electron microprobe may lead to a better understanding of the 
phenomena occuring in this basin. 

B.2.1 Characterization of the U-rich OM : chemical and isotopic measurements 

- Energy Dispersive X-ray (EDX) analyses 
Microanalyses by energy dispersive technique were carried out on uraninite, 

coffinite, clay minerals within massive OM and microcracks at the microscale level (C. 
Menet, 1993). Firstly, Pb/U ratios were estimated in uraninite grains in order to 

- 2 0 3 -



evaluate the diffusivity of radiogenic lead in the different samples. Secondly, sulfur 
contents of the OM were measured on different areas, free of U, on the most of the 
samples. S results were presented in a previous report (Holliger and Landais, 1993b). It 
appears that no S is detectable in D.81N samples (core of RZ. 10), while S contents are a 
few wt.% in the other samples. Petrographic observations show that OM from D.81N 
samples, is a black and lustrous bitumen with numerous small inclusions of 
uranini te ; uraninite is often corroded and replaced by coffinite (e.g. sample 
202092/1111). The OM matrix is generally silicified; fractures and cracks are filled with 
quartz and clay minerals (mainly Fe-Mg chlorite). Quartz grains appear as relicts and 
were altered by the effect of hot fluids; these fluids were probably those of a convecting 
hydrothermal system related to nuclear reactions. So, OM from these samples could be 
contemporain with the nuclear process; this was confirmed by C isotopic analyses. 

- Organic Matter Fission Products containment 
Q u a n t i t a t i v e and i so topic 

analyses were performed on U-rich 
OM powdered samples by using ICP-
MS technique in order to check Fission 
Products (FP) distributions relative to 
U. In these organic-rich portions of 
reactors (RZ.8-9, RZ.10), uranium and 
fissiogenic isotopes are held i n 
u ran in i t e gra ins which b e c a m e 
enclosed in viscous bitumen during 
criticality (Nagy et al.,1991). Rare Earth 
Elements are specially well retained 
(>98%) in the structure of uraninite as 
shown in F ig . 1. Other f i s s i ogen i c 
elements (e.g. I, Te,..) also present in 
the samples from RZ.10 could h a v e 
fo rmed m i n e r a l a s s e m b l a g e s 
approaching equilibrium under highly 
localized physicochemical conditions, 
as suggested by Curtis et al. (1989) and 
could have been trapped subsequently 
in solid bitumen phase at the end of 
nuclear reactions. 

1 0 ' 

ICP-MS/1 
FISSION 23SU 

(MO.10 sample (D.81N • RZ.10)] 

125 135 145 

NUCLIDE (a jn.u) 
155 

Fig . l - Degree of retention of fissiogenic 
isotopes compared to the 235U fission curve 
range 125-160 atomic mass units (a.m.u.) 

" l ^ c / l ^ c on powdered samples 
Twenty selected powdered samples (referenced MO) were analyzed for their b^C 

values (J.L. Michelot, University of Orsay, France) and 235ij/238U ratios (C.Riglet, CEA 
Cadarache). By definition, 6 ^ 0 = [(Rsample / Rstandard)- U xlOOO, where R = 13c / 1 2 C 
and the standard is PDB; the absolute 6 ^ C analytical precision is of about ± 0.1 per mil. 
Figure 2 shows a diagram ( 2 3 5 U/ 2 3 8 U, S ^ C ) ; samples are divided in five groups 
according to their genesis. Okelobondo samples have normal U isotopic compositions 
(0.726% ± 0.001%) and 613C values in the range -23.0 to -29.2 per mil, which are typical 
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of kerogen and bitumen from the Oklo Fa formation (Cortial et al.,1990). All the 
analyzed samples including those highly depleted in 235U (RZ.8-9, SF.85 from RZ.10), 
give 613c values lower than -22, except 
the high-grade samples from D.81N 
gallery in the core of RZ. 10. These latter 
samples show b^C values of -9.6 to -18.6 
per mil correlated with the 235TJ depletion. 
Because the OM and uraninite grains 
(235u-depleted to-day) were deposited 
simultaneously during nuclear reactions, 
as confirmed by petrographic observations, 
the radiation effects were particularly 
important; the radiation dose which was 
absorbed in OM was of about 10*2 to 10*3 
rads (depending upon 235TJ locally 
consumed see Holliger and Landais, 1993). 
These radiation effects may have induced 
important changes in the structure of the 
OM by bond-breaking, ionization and 
formation of l^C-deple ted volatile 
products. FTIR analyses performed on two 
of these samples (MO.14 & 15) exhibit a 
weaker maturity and higher aliphatic ratio 
values (see B.1.2). 

-25 

-30 
04 0.6 

235U/238U (at.%) 
(o.7a«%) 0,8 

B.3.1 Irradiation experiments 

Fig.2 - Plot of 13C as a function of 235/238 
and the isotope line fractionation induced 
by nuclear reactions for D.81N samples. 

- Introduction 
This part of the programme relies on ion bombardments with He and Pb of 

appropriate mass and energy in order to simulate alpha particles, alpha recoils and 
fission fragments. Changes in the structure of the OM as a function of radiation effects 
is expected; calibrations obtained could help us to interpret the direct characterization 
of samples naturally irradiated during the functioning of reactors. 

- Experimental procedure and optical results 
Six polished sections were used for ion bombardment. Before irradiation, a part 

of the surface of the sample was covered with a grid (mesh: 100 \im x 100 nm) partially 
masking the ion bombrdment in order to compare irradiated and non irradiated areas. 
Irradiating conditions were as follows: 
- for Pb: energy 200 keV, courant 15 nA, dose 1.13xl012 ions/s/cm2, vacuum 5xl0"7 torr, 
T at the surface of the sample <100 °C Ranges of fluence: 10*2,1013, KJM iol5 pb/cm2 

- for He: energy 1.2 MeV, ranges of fluence: 1013,1014,1015,1016 He/cm2 

Optical observations allow us to observe that the print of the grid is visible on 
some OM areas from samples MO.14, 15, 18 and 32 for the highest values of He ion 
bombardments (1015 and 1016 He/cm2). Forthcoming in situ analyses by FTIR and the 
ion microprobe will be used for detecting textural changes in the OM (if any). 
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O 
00 

> 
XJ 
X I 

ft) 

a 
x' 

Band (cm-1) 
3050 
2955 
2929 
2870 
2855 
1735 
1702 
1655 
1600 
1460 
1380 
875 
825 
755 

Vibration type 
Stretching 

Stretching (asymetric) 
Stretching (asymetric) 
Stretching (symetric) 
Stretching (symetric) 

Stretching 
Stretching 
Stretching 
Stretching 

In plane deformation 
In plane deformation 

Out of plane deformation 
Out of plane deformation 
Out of plane deformation 

Chemical species 
Aromatic CH 

CH3 
CH2 
CH3 
CH2 

C=0 Esters 
C=0 Carbonyl, Carboxyl 

C=0 Conjug. ketones 
C=C 

CH3 + CH2 
CH3 

Aromatic CH (1H adj) 
Aromatic CH (2H adj) 
Aromatic CH (4H adj) 

Abbreviation 
aro 

ali 

c=o 
C=C 

CH3 + CH2 
CH3 

garo 

Table 1 : Assignment of absorption bands in 1R spectra of organic matter 

Samples 

MOl 
Average 

MO 3 
Average 
MOM 

Average 
MO 15 

Average 
MO 22 

Average 

al i 
/ 

c=c 
0.220 

0.320 

0.426 

0.827 

0.107 

ali 
/ 

garo 
0.204 

0.201 

0.158 

0.347 

0.074 

dali 
1 

garo 
0.139 

0.192 

0.157 

0.179 

0.139 

dali 
/ 

c=c 
0.150 

0.314 

0.449 

0.428 

0.197 

CH3 
/ 

CH3+CH2 
0.272 

0.291 

0.291 

0.270 

0.155 

c=o 
1 

ali 
2.693 

1.763 

1.751 

0.583 

5.213 

c=o 
/ 

dali 
3.750 

1.783 

1.353 

1.127 

2.629 

c=o 
/ 

c=c 
0.563 

0.556 

0.587 

0.483 

0.518 

c=o 
1 

garo 
0.523 

0.345 

0.203 

0.202 

0.365 

Table 2 : Average IR ratios values for the five samples 



ali/c=c 

c=o/ garo 

c=o/c=c 

c=o/ dali 

c=o/ali 

ali/garo 

dali/garo 

dali/ c=c 

CH3/CH3+CH2 

Figure : Chemical species average repartition in the five samples 
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AQUEOUS CORROSION OF NUCLEAR GLASSES: 
INFLUENCE OF DISPOSAL CONDITIONS 

Contractor: CEA - CE Valrho, DRDD/SCD 
Contract No: FI 2W 0027 
Duration of Contract: April 1991 - April 1995 
Period Covered: January - December 1993 
Project Leader: N. Jacquet-Francillon 

A. OBJECTIVES AND SCOPE 

Geological disposal of vitrified high-level waste packages will expose the 
containment glass to multiple complex chemical reactions (involving the host rock, 
the engineered barrier materials and the nuclear glass) due to the presence of the 
water vector in the repository environment. The presence of environmental or local 
site materials affects (increases or decreases) the glass matrix corrosion rates and 
the degree of radionuclide containment. It is therefore essential to characterize and 
quantify the potential reaction mechanisms in a geological disposal complex. The 
investigation begins at laboratory scale; the experimental approach also allows the 
development of a nuclear glass dissolution model applicable to actual repository 
conditions. 
Three major avenues of research will be investigated in a programme combining an 
experimental approach and modeling of relational processes: ® basic research on 
aqueous corrosion of nuclear glass; © the effect of the host rock on R7T7 glass 
alteration; and ® the development of models describing glass behavior in repository 
conditions. 

B. WORK PROGRAMME 

B.l Basic research on aqueous corrosion of nuclear glass 
1. The effect of glass composition on the initial dissolution rate, the solubility 

limit and equilibrium pH, and the role of new phases on glass dissolution 
kinetics will be investigated by varying the concentrations of the following 
components: MgO, Si02, A1203, B203 and fission product oxides. 

2. Role of exterior ions: metallic cations (Al, Fe, Zn, Pb and Mg) and canister 
corrosion products; effect of the ionic strength. 

3. Investigation of the interface gel layer: physical and chemical properties, 
thermodynamic properties and stability. 

B.2 Influence of the disposal site 
1. Equilibrium limits with various host materials: granite, clay (ref 448 and 

802), schist and salt. 
2. Parameter experiments at 90°C in the presence of schist (different types 

and grain sizes), clay, granite or salt (clear halite and cloudy halite). 
3. Integral experiments with granite, clay and schist. 

B.3 Development of a glass behavior model 
1. Mechanistic model 
2. Geochemical model (thermodynamics and kinetics of R7T7 glass dissolu

tion, interactions between R7T7 glass and corrosion products, interactions 
between R7T7 glass and host materials: granite, clay or schist). 
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C. PROGRESS OF WORK AND OBTAINED RESULTS 

Task Bl: Basic Research on Aqueous Corrosion of Nuclear Glass 

Effect of Glass Composition 
The effects of MgO and Si02 on the aqueous corrosion stability of the glass were 

discussed in the preceding reports. The effects of the Na20, B203, AI2O3 and fission 
product oxide concentrations on glass corrosion are now being investigated through 
experiments with glass powder at high glass surface-area-to-solution-volume 
(SA/V) ratios (20 000 nr1). 

Role of External Ions 

• Effect of Metallic Cations 
The effects of metallic cations (Al, Fe, Zn, Pb and Mg) on the corrosion kinetics 

of R7T7 glass were assessed in two experimental configurations. 
-Tests were conducted at low SA/V ratios under static conditions at imposed pH 

values, using a single cell from which all solution samples were taken. The initial 
solution was double-distilled water to which metallic cations were added in 
variable concentrations. The highly diluted test medium corresponded to a very 
slight degree of reaction progress, allowing us to investigate the effects of the 
cations on the initial glass dissolution rate R0. 

-Tests were also conducted at high SA/V ratios using glass powder with flowing 
solution. A different cell was used for each type of solution; samples of the 
outflowing solution were taken at regular intervals; the inflowing solution 
contained H4Si04 at 90% of the saturation value with respect to the glass, as well 
as variable concentrations of metallic cations. All these experiments were carried 
out in duplicate. The high degree of reaction progress allowed us to assess the 
effect of cations on the glass dissolution rate under near-saturation conditions. 

Most of the first series of tests in dilute media have now been completed, while 
some of the tests in saturated media have not yet been initiated. The test results 
will be discussed in the 1994 Semiannual Report. 

• Effect of Canister Corrosion Products 
A number of the R7T7 glass dissolution experiments in the presence of corrosion 

products from the NS24 (PC) steel canister have been completed and the alteration 
solutions analyzed. The test conditions were the following: 
-0 .5 g of NS24 (previously altered in aqua regia) were placed in contact with R7T7 

glass in water at 90°C and 50 m 1 for 1, 3, 7, 14, 28, 56, 84, 126, 186, 273 and 364 
days; 

- additional tests were conducted with 50 mg and 5 mg of NS24. 
The test results were discussed in the 1992 Semiannual Report. 

The experiments on the effects of simple oxides and hydroxides (Fe, Ni, Cr and 
Ti) have been completed, as have the tests to assess the effects of the temperature 
(50°C and 70°C) and the presence of "siliceous" additives (smectite, bentonite and 
silica gel). The test results are now being interpreted, and will be published in a 
later report. 
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• Effect of Ionic Strength 
The effect of the ionic strength on the initial corrosion rate is now being 

investigated. R7T7 glass corrosion experiments were conducted with the following 
brine solutions: NaCl, Na2S04, MgCl2, MgS04l CaCl2 and CaS04. The alteration 
solutions are currently being analyzed. 

Investigation of the Interface Gel 
The R7T7 glass alteration gels are currently being analyzed. 

Task B2: Influence of the Disposal Site 

Equilibrium limits with various host materials 
Experiments to determine the equilibrium limits of R7T7 glass in the presence 

of 5 environmental materials (granite, two clays, schist and salt) were conducted at 
90°C with an SA/V ratio of 5800 m 1 for durations of 7 days to 1 year. All the 
experiments have been completed and the results have been analyzed (they will be 
presented in a later report). 

The first results show that each medium imposes a different pH, different 
elemental concentrations in solution, and different degrees of glass corrosion. 
Although the two clay media were the most aggressive with respect to R7T7 glass 
during the first six months, very low corrosion rates were reached after one year in 
all the test media. 

At the present time, no direct relation has been established between the pH, the 
Si concentrations and the glass corrosion rates. 

Parameter experiments at 90°C 

• Alteration in the Presence of Schist 
The results of this investigation were discussed in the 1992 Annual Report. 

• Alteration in the Presence of Clay 
R7T7 glass alteration in two natural clays sampled from deep underground 

sites was studied for 1, 2, 3 and 6 months at 90°C. The clay was ultracentrifuged 
after the test to recover the leachate and perform elemental determinations and pH 
measurements. The results of this investigation will be presented in a later report. 

• Alteration in the Presence of Granite 
The results of this investigation were discussed in the 1992 Annual Report. 

• Alteration the Presence of Salt 
R7T7 glass corrosion tests are currently in progress with two types of salt, at 

temperatures of 90°C and 150°C, at an SA/V ratio of 70 nr1 for durations of 7, 14, 
28, 42, 56, 70, 84, 91, 120 and 180 days and for 1 and 2 years. Only the 1 and 
2-year tests have not yet been completed. The alteration solutions have been 
analyzed and the crystallized phases identified by X-ray diffraction. 
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Integral Experiments 
The "TAV 6" experiment simulating a granite repository environment has been in 
progress for over 9 years. Glass alteration remains very slight, and is controlled by 
the pseudo-flow due to the solution sampling procedure. Four integral clay tests 
were initiated in 1992: two of them will be terminated after 6 months, and the 
others after 2 years. Two integral schist tests were also initiated in 1992 for periods 
of 6 months and 2 years. 

Several integral 'TAV'1 experiments are included in this task to simulate 
different repository environments: 
• Granite: the ongoing TAV 6 experiment was initiated over 10 years ago, in 

September 1983. 
• Clay: 4 TAV experiments (TAV 21 to 24) were initiated in November 1992 with 

clays from two different formations encountered at different depths (448 m and 
802 m) in the same borehole. The disposal concept selected for these tests was 
discussed in the 1992 Annual Report. Two of these tests were terminated after 8 
months, and the other two are scheduled to be terminated after 24 months. 

• Schist: a TAV experiment was initiated in November 1992, and a second will 
begin in January 1994. 

The results of the TAV tests will be presented at a later date, when all the 
experimental findings are available. 

Task B3: Development of a Glass Behavior Model 

Mechanistic Model 
This model was discussed in the 1993 Semiannual Report. The effect of the 

major parameters were quantified by simulations at 90°C using the LIXIVER code. 
We showed that the initial dissolution rate TQ has very little effect on the calculated 
concentrations after the first three months. The pH affects the glass solubility C* 
and thus has only a very limited influence at values below 9. The C02 partial 
pressure directly affects the glass dissolution rate by modifying the pH. The 
apparent silicon diffusion coefficient in the alteration film proved to be the most 
sensitive parameter taken into account by the LIXIVER code: very slight D 
variations result in very different calculated element concentrations. 

A comparison between the calculated and experimental results showed that it 
was impossible to fit the short-term values (up to 90 days) using only a single 
diffusion coefficient for the entire experimental period. The parameter study 
showed that the only way to account for the experimental concentrations was to 
postulate a high D value for the first few days of dissolution, and a lower value for 
the longer intervals. 

Geochemical Model 
The results of geochemical modeling with the KINDIS code of R7T7 glass at 

90°C in water in contact with different clays, and in contact with flowing water, are 
presented in detail in the 1993 Annual Report. The simulations were performed in 
collaboration with the CNRS (Surface Geochemistry Center, Strasbourg). 

lTAV: a French acronym for "Glass Alteration Test" 
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Effect of Insoluble Active Dissolut ion F ines 
o n Fiss ion Product Glasses 

Contractor: CEA - CE Valrho, SCD 
Contract No: FI 2W - 0028 
Duration of Contract: March 1991 to February 1995 
Period Covered: January 1993 to December 1993 
Project Leader: N. Jacquet-Francillon 

A OBJECTIVES AND SCOPE 

Insoluble particles, known as fines, present in fission product solutions consist of 
cladding fragments or undissolved fission products, notably platinoids. At 
La Hague, these fines are vitrified with the fission product solution in the T7 
facility. Platinoids are found in soluble or insoluble form with other particles. 
Regardless of their initial state, the platinoid elements ruthenium, rhodium and 
palladium are insoluble in the glass. 

As a result, the amorphous glass mass contains heterogeneous inclusions 
comprising notably highly radioactive Ru and Rh, with substantial thermal power. 
It is therefore necessary to ascertain whether the SON 68 18 17 L1C2A2Z1 
reference glass composition is a suitable containment matrix for these active 
insoluble dissolution fines. The experimental programme will include the fabrica
tion and characterization of glass rods containing actual active fines. 

B. WORKPROCxRAMME 

B.l Development of an analysis method for glass containing dissolution fines. 
B.2 Development of a nondestructive gamma-scanning method to measure the 

radionuclide distribution and the true activity. 
B.3 Fabrication of glass rods containing actual active fines; quantification of the 

fines, and notably the platinoids, in the glass. 
B.4 Preparation of test specimens after gamma scanning. 
B.5 Measurement of glass containment properties at room temperature and at 

90°C; determination of glass alterability at 90°C. 
B.6 Leaching of test specimens at 100°C in Soxhlet devices. 
B.7 Characterization of glass microhomogeneity. 
B.8 Repeat steps B.4 through B.7 on glass samples submitted to a heat treatment 

cycle. 
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C. PROCxRESS O F WORK A N D O B T A I N E D R E S U L T S 

Progress and Results 

A glass composition designated A130, containing actual fines from dissolution of 
fuel irradiated in the Advanced Prototype Boiler (CAP) at Cadarache, was produced 
in the Vulcain cell. The principal characterization tests specified in the contract 
have been completed on this sample. 
• After heat t reatment at 780°C, the same phases were observed in the heat-

treated glass as in the as-cast specimens: platinoids in the form of ruthenium 
oxide or ruthenium metal, and palladium metal together with tellurium, 
chromites and calcium molybdate crystals. 

• The crystallization density increased from less than 1% in the as-cast sample to 
2.8% after heat treatment, probably because of the development of the calcium 
molybdate phase. 

A second glass composition designated A131, containing fines from reprocessing 
fuel from the Phenix fast breeder reactor at Marcoule, was also produced in the 
Vulcain cell. This sample is currently being characterized. 
• Gamma scanning showed a uniform 125Sb and 137Cs distribution in the glass, 

although a slight excess of 106Ru was observed at the end of the casting phase. 
• Specific activity measurements by gamma scanning differed from the expected 

activity calculated from the analysis results of the fines suspension for the 
following radionuclides: 106Ru,125Sb and 137Cs. The gamma scanning results were 
2 to 3 times higher than expected. 

• The glass was submitted to acid dissolution (first in a mixture of HC1 and HN0 3 , 
then in HF) and analyzed by ICP and a and (3 spectrometry. 
The glass composition determined by chemical analysis was as expected. 
Radiochemical analysis confirmed the gamma scanning results, i.e. specific 
activities 2 to 3 times higher than expected for 106Ru,125Sb and 137Cs. 
This acid dissolution method is unsuitable for analysis of the platinoids. 

• Leach testing at 90°C showed satisfactory aqueous corrosion resistance. 
Corrosion was congruent and increased in a linear manner over 21 days. The 
glass corrosion rate calculated from the mobile element release rates was 0.15 
g m ^ d 1 . The normalized mass losses for the platinoid elements after 21 days 
were about 600 times lower than for boron. 
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THE CORROSION OF NUCLEAR WASTE GLASSES IN A CLAY 
ENVIRONMENT : MECHANISMS AND MODELLING 

Contractor : NIRAS/ONDRAF Brussels 
Contract N° : FI2W0031 
Duration of contract : March 1991 - February 1995 
Period covered : January 1993 - December 1993 
Project leader : R. Gens (NIRAS/ONDRAF, coordinator) 
Project leader SCK : K. Lemmens 

A. OBJECTIVES AND SCOPE 

The present project is the third part of a programme which started 
in 1981. This programme studies the performance of various simulated HLW-
glasses in one of the reference repository environments, the Boom clay, 
with the aim to elucidate corrosion mechanisms in clay media and to 
propose a source term for the radionuclide release into the nearfield. 
The objective of the present project is to enlarge the already existing 
database by the use of corrosion accelerating test conditions (accele
rated tests) and more complex media (integrated tests) and to model the 
long term interaction between glass and clay environment, which is the 
final goal of the project. In the accelerated tests, SA/V (glass surface 
area to solution volume) and temperature are used as the corrosion 
accelerating parameters. To obtain a high SA/V the glass is powdered. In 
the integrated tests glass corrosion is studied in the presence of canis
ter /overpack corrosion products and backfill. 

The S.C.K./C.E.N (Mol, Belgium) was appointed for the practical 
execution of the programme. 

B. WORK PROGRAMME 

B.l. Inactive accelerated tests: powdered samples of glasses S0N68 and 
SM539 are exposed to distilled water (DW), synthetic interstitial 
claywater (SIC) and a mixture of 500 g Boom clay and 25 g Fe203 per 
liter synthetic interstitial claywater (called "CCSICM + CPn). The 
SA/V values are 500, 2500 and 10000 m"1, the experimental temperatu
res are 40, 90 and 150°C. The maximum.test duration is 720 days. 

B.2. Active accelerated tests: grains of glasses S0N68 and SM539 are 
exposed to the same media as sub (B.l.). The glasses were doped 
with either Pu/134Cs/90Sr or 237Np/99Tc/55Fe/2A1Am. The SA/V value is 
approximately 400 m"1. The experimental temperature is 90°C. The 
maximum test duration is 360 days. 

B.3. Inactive integrated tests: a first series of powdered samples of 
glasses S0N68 and SM539 is exposed to a mixture of 250 g Ca-
bentonite, 250 g Boom clay and 25 g Fe203 per liter synthetic 
interstitial claywater. A second series of powdered glasses is 
exposed to a mixture of 397 g Boom clay, 21 g Cibelcor P40 cement 
and 21 g Fe203 per liter synthetic interstitial claywater. The SA/V 
values are 500 and 2500 m"1. The experimental temperatures are 40, 
90 and 150°C. The maximum test duration is 720 days. 
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B. k. Active integrated tests: grains of glasses S0N68 and SM539 are 
exposed to a mixture of 250 g Ca-bentonite, 250 g Boom clay and 
25 g Fe203 per liter synthetic interstitial claywater. The glasses 
are doped with the same radionuclides as for the active accelerated 
tests. SA/V, temperature and test durations are also the same as 
sub (B.2.)• 

B.5. Modelling of the dissolution behaviour of the glass matrices in the 
studied clay disposal surroundings. 

Table I shows an overview of the 1991 - 1995 test programme. 

C. PROGRESS OF WORK AND OBTAINED RESULTS 

State of advancement 

Most tests with inactive glass samples were finished by the end of 
1993. This is the case for the accelerated tests and the integrated tests 
with addition of bentonite. Most tests with addition of cement were also 
finished by this date. A selection of the accelerated and integrated 
tests in SIC and CCSICM+CP will however be restarted for durations of 1 
and 2 years, because the concerning test containers of the first test 
series had lost more than 10 1 of their original water content. 

The accelerated and integrated tests with the Pu/13ACs/90Sr doped 
glasses were finished. The accelerated and integrated tests with 
237Np/99Tc/55Fe/2/ilAm doped glasses had been started, but none of the tests 
was finished. 

In the course of 1992, it had been decided already that the existing 
computer codes for the simulation of the corrosion experiments of this 
programme had to be adapted to comply with recent findings. In 1993, the 
subsequent steps to reach this goal were pointed out. 

Progress and results 

B.1. Inactive accelerated tests 
All accelerated tests with inactive glass samples were finished. 

Results are available for the tests with duration up to 360 days. Based 
on boron and litium plots as a function of the scaling factors SA/V.t and 
SA/V.t0-5 (SA is the surface area of the glass sample, V is the leachate 
volume, and t is the test duration), diffusion appears in general to be 
rate limiting for the corrosion of S0N68 and SM539 in DW and SIC. In 
CCSICM+CP, no general conclusions can be drawn so far. For the reason 
mentioned above, the results for the tests of 360 and 720 days in SIC and 
CCSICM+CP at 90°C of 360 days are probably not reliable. Most of these 
tests will be restarted. 

B.2. Active accelerated tests 
The tests with glass samples, doped with Pu, 13^Cs and 90Sr are 

finished. There are indications that, for the tests in CCSICM+CP, the Pu 
and Am concentrations in solution, after filtration over 100000 MW cut
off membranes, increase with increasing SA/V. The radionuclides are 
released more congruently in the clay containing mixtures than in pure 
SIC. This is especially clear for glass SM539. For this glass, Pu is 
released at about the same rate as Cs and Sr in CCSICM+CP. 
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The tests with 237Np/99Tc/55Fe/241Am doped glasses were started in 
december 1993. 

B.3. Inactive integrated tests 
The integrated tests with inactive glass samples until 360 days were 

finished, except for the tests with cement at 150°C, for which only the 
duration of 90 days had been reached. 
Results are available for the tests with bentonite at 40 and 90°C for the 
tests up to 360 days, and at 150°C for the tests up to 90 days. In 
general the solution pH is lower for the mixture of bentonite and Boom 
clay than for the mixture with only Boom clay (CCSICM+CP). Based on the 
boron concentrations in the solution, the glass corrosion rate would 
increase as a result of the partial replacement of Boom clay by bentonite 
at 40 and 90°C. At 150°C, the data are contradictory. At 90°C, the mass 
losses of the glass coupons do not show the same trend as the B data, but 
yet we do not consider these mass loss data as decisive. 
Results are available for the integrated tests with cement at 40 and 
150°C up to 90 days and at 90°C up to 180 days. In the tests with cement, 
the solution pH was higher than in CCSICM+CP. The glass coupon mass 
losses tend to be lower than in cement-free mixtures. 

For the reason mentioned above, the results for some of the tests of 
360 and 720 days in SIC and CCSICM+CP at 90°C of 360 days are probably 
not reliable. These tests will be restarted. 

B.4. Active integrated tests 
The tests with glass samples, doped with Pu, 13ACs and 90Sr are 

finished. The Pu concentration in solution tends to be smaller than in 
CCSICM+CP until 180 days, but the difference is small after 360 days, as 
a result of a strong increase in the bentonite containing mixture. The Am 
concentrations in solution and the ratio of the mobile leached Am over 
the total leached Am are lower in the bentonite mixture than in 
CCSICM+CP. This may be an indication for a higher binding capacity of the 
bentonite mixture for Am. The total released activities are not much 
influenced by the addition of bentonite. 

The tests with 237Np/99Tc/55Fe/2A1Am doped glasses were started in 
december 1993. 

B.5. Modelling 
In 1992, we decided already that simulation of the data with the 

GLASS0L code could not be succesfull, because this code assumes a 
constant long-term corrosion rate, whereas a diffusion controlled long-
term is more probable. In the course of 1993, a working scheme was 
pointed out for the adaptation of the model and to gain some 
supplementary necessary information. It consists of the following : 

(1) determination of the diffusion and sorption of Si in Boom clay 
mixtures by means of flow-through and percolation experiments with 
32Si 

(2) application of the PHREEQE geochemical code on the system glass-
claywater, in order to obtain information about the secondary phases 
that are formed in the solution. 

(3) modelling of the corrosion in distilled water and clay-claywater 
media at 90 C. This comprises the elaboration of a conceptual and a 
mathematical model, and the application of the mathematical model. 
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Table I : Overview of the corrosion tests of the 1991-1995 programme 

Test 
Conditions 

Temp (°C) 

Media 

SA/V (nr1) 

Duration 
(days) 

Accelerated 
tests 

Inactive 

40 
90 
150 

DW 
SIC 
CCSICM+CP 

500 
2500 
10000 

20(1-2) 

28(1>3) 
90 
180(1> 
360 
720(3> 

Active 

90 

SIC 
CCSICM+CP 

400 

90 
180 
360 

Integrated 
tests 

Inactive 

40 
90 
150 

BC+SIC+CP+BF1 
BC+SIC+CP+BF2 

500 
2500 

20(1-2) 

28<i,3) 
90 
180(1> 
360 
720<3> 

Active 

90 

BC+SIC+CP+BF1 

400 

90 
180 
360 

DW : distilled water 
SIC : synthetic interstitial claywater 
CCSICM: concentrated clay - synthetic interstitial claywater mixture 
BC : Boom clay 
CP : corrosion product (Fe203) 
BF1 : backfill bentonite 
BF2 : backfill cement 
(1) : not at 40°C 
(2) : not at 90°C 
(3) : not at 150°C 
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Title : Basic Leaching Tests for Pure p Long-lived Emitters in Radioactive 
Wastes 

Contractor 
Contract No 
Duration of contract: 
Period covered 
Project leader 

A. OBJECTIVES AND SCOPE 

CEA Cadarache 
F12W/CT-90/0032 
01.05.1991 to 30.04.1994 
01/01/1993 to 31/12/93 
C.Riglet (CEA Cadarache) 

The technical solution under study to store long-lived radioactive 
wastes consists in : 
- embedding the wastes in suitable confining matrixes (glass, cement, 
bitumen); 
- and burying the coats in stable geological sites in which the radioactivity 
will decrease naturally. 

The evaluation of the confining capability of the matrixes used -
determined by implementing leaching tests - will enable us to assess the 
reliability of the process. Safety studies indicate that the long-term risk mainly 
stems from long-lived radionuclides. 

In this context, the research contract is related to a basic leaching 
study of pure p and a long-lived emitters in real and simulated wastes, in 
order to collect basic information about these radionuclides which are 
critical for the safety analysis of disposal storage. No reliable data are 
available at present for these species. 

B. WORK PROGRAMME 

B.l. (CEA - CIEMAT) 
- Working organization 
- Setting-up of a working programme 
- Harmonization of the leaching procedures 

B.2. (CEA) 
- Definition and manufacturing of the samples 
- Implementation of the leaching experiments 
- Collection of the data and interpretation 

B.3. (CIEMAT) 
- Selection of the types of wastes, the cement formulae and of the 

elements to be taken into account 
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- Implementation of the leaching experiments with simulated wastes 
- Optimization of the analytical procedures 
- Collection of the data and interpretation 

B.4. (CIEMAT) 
- Implementation of the leaching experiments with real resins 
- Collection of the data and interpretation 

B.5. (CEA - CIEMAT) 
- Interpretation of the data 
- Comparative study of the various experiments 
- Final evaluation 

C. PROGRESS OF WORK AND RESULTS OBTAINED 

STATE OF ADVANCEMENT 

Bl : This task has been completed. 

B2 : CEA programme 
In 1993, the last evaporator concentrate / cement coats were 

manufactured. Table I shows the state of advancement of the various 
leaching tests in progress : 

- As mentioned previously, all leaching tests of evaporator concentrate 
/ bitumen coats were stopped after a leaching period of 180 days, in view 
of the drastic degradation of the samples in contact with water and the 
consequent high releases of the embedded elements ; 

- For the "STE3 LH" sludge / bitumen samples, the scheduled leaching 
period of 455 days was completed in both demineralized and Evian waters 
as well as in leachants at pH of 6 and 8 ; 

- As regards the "STE3 LH" and evaporator concentrate / thermo-setting 
resin (RTD) coats, a leaching period of 365 days was completed in both 
demineralized and Evian waters, and in water with EDTA ; 

- The scheduled leaching tests for the evaporator concentrate / 
cement samples were carried out as soon as the 3-month curing period was 
completed. A cumulative period of 45 days was reached in both 
demineralized and Evian waters. 

Furthermore, considerable chemical characterization work of the 
leachates as well as collection and interpretation of the data was realised. 

B3 and B4 : CIEMAT programme 
The experimental work is also proceeding favourably. The reference 

leaching tests in demineralized water at different temperatures (25, 40 and 
50°C) and the tests performed in "El Cabril" underground water and in 
leachants containing complexing agents (EDTA and TMA at 40°C) were 
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completed during the period under review. Almost all the analytical results 
are now available. 

As far as the leaching tests with real resins are concerned, a 
cumulative leaching period of more than 200 days was achieved, but few 
analytical results are available at this time. 

B5 : CEA - CIEMAT 
From the data obtained from the reference leaching tests of ion-

exchange resin embedded in cement, calculations were made in order to 
verify that the leachability of the cemented specimens was controlled by a 
diffusion process. 

PROGRESS AND RESULTS 

B.2.1. Manufacturing of the samples : 
Results concerning the bituminous coats reported in the 1992 annual 

report showed much lower leachability of Th02 compared to UO2, leading 
to an undetectable release of Th whatever the leaching conditions. In the 
evaporator concentrate / cement samples therefore, thorium was replaced 
by europium and ruthenium. In addition, radioactive 137Cs, 106Ru and 152Eu 
were also added to the samples in order to allow more sensitive 
radiochemical detection of those elements. 

The synthetic waste / cement mixture was made according to the 
same formula as that used to embed the evaporator concentrates from the 
PWR nuclear power plant. The manufacturing process included the following 
sequences: 

- Preparation of the solid phase, the composition of which is reported 
in Table II ; 

- Preparation of the mixing phase (without any radioelement), the 
composition of which is reported in Table III ; 

- Addition of the radioelements ; 
- Mixing and homogenization ; 
- Casting of the samples. 
Because of the presence of sodium borate at high concentrations in 

the wastes, the drying period was considerably increased (72 hours instead 
of 4 hours), and the curing period was set at 3 months instead of the usual 
28 days. 

B.2.2. Implementation of the leaching tests : 
Leaching tests of the evaporator concentrate / cement coats in 

demineralized and Evian waters are in progress. The leaching procedure as 
well as the analytical operating conditions are extensively described in the 
1991 annual report. Three leaching renewal steps (3, 12, 30 days) have been 
completed for each of the two implemented tests. Nevertheless, the results 
are not yet available. 
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B.2.3. Collection of the data and interpretation : 

Leachants at pH 6 and 8 (pH controlled by a C0 2 /HCO" buffer), lead 
to a gradual degradation with time of the "STE3 LH" sludge / bitumen 
samples, unlike to the demineralized and Evian water media. From the 
chemical characterization of the altered layer, it appears that the 
degradation stems from premature chemical ageing (change in the 
composition of the generic families of the matrix) of the bitumen in contact 
with leachants containing high concentrations of bicarbonate ions (as 
described in the literature in the case of sodium hydroxide solutions). 
Whatever the leaching conditions, the leaching rates of the elements 
studied tend to a constant limit. The orders of magnitude are 4.E-07 cm/day 
for U, 3.E-06 cm/day for Tc and 8.E-06 cm/day for I. 

The evaporator concentrate / bitumen coats undergo drastic 
degradation in contact with the leachant, because of the dehydration of 
the embedded salts at the manufacturing stage followed by a rehydration 
during the leaching stage. This results in poor confinement of the wastes in 
the bitumen. Those experiments were stopped after a leaching period of 
180 days. 

"STE3 LH" sludge and evaporator concentrate/thermo-setting resin coats : 
No major degradation of those samples was observed, whatever the 

leaching conditions. 
Among the elements studied, only the leachability of uranium is slightly 

affected by the nature of the leachant : the global increase of the releases 

in solutions containing CO3" and EDTA is probably connected to the 
formation of highly stable complexes in those media. 

The leaching rates of the elements U, Tc and Cs in the evaporator 
concentrates (of about 2.E-06, 3.E-04 and 3.E-04 cm/day respectively) are 
higher by a factor of 5 to 10 as compared to "STE3 LH" sludges. In contrast, 
neither the composition of the leachants, nor the nature of the matrix, nor 
the nature of the waste affect the leaching rates (of about 2.E-07 cm/day) 
of I. Thorium, which is highly insoluble, was never detected in any of the 
leaching tests carried out until now. 

B.3.1. Reference leaching tests : 
Because of visible degradation (cracking and crumbling) of the formula 2 

specimens (observed at the end of the leaching stage), the leaching 
parameters of the ^Ni and ^ r incorporated into these samples are much 
higher and much more erratic than in the formula 1 samples. 

However, the leaching parameters of the p emitters studied and also of 
the non-radioactive elements seem to be quite independent of the 
leaching temperature (between 25°C and 50°C). The cumulative leached 
fraction data show rather a slight increase of leachability with temperature 
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but this variation is not significant enough from the point of view of the 
incremental leaching rate. 

The leaching data fit the well-known diffusion equation derived from Fick's 
laws pretty well and the calculated diffusion coefficients Cable IV) decrease 
with the radii of the hydrated ions. These correlations are in accordance with 
a process strongly controlled by a diffusion phenomenon. 

B.3.2. Leaching tests with complexing agents : 
The incremental leaching rates and the cumulative leached fractions, 

were calculated with the analytical results from both Formula 1 and 
Modified Formula 2. Some of these data are reported in Table V. Graphic 
representations of the incremental leaching rate data of ^N i are shown in 
Figure 1. 

EDTA solutions, as compared to demineralized water, produce a higher 
modification of the leachability of the p emitters studied and also of the 
majority of the non-radioactive elements in both Formula 1 and Modified 
Formula 2 samples. However, the Modified Formula 2 specimens are less 
affected by the effects of EDTA than the Formula 1 samples. 

Except for ^N i and Al in Formula 1 samples, solutions of trimethylamine 
(degradation products of ion-exchange resins), when compared to 
demineralized water, do not produce a significant change in the leachability 
of either the p emitters studied or the non-radioactive elements. 

A slight decrease of the leachability of 90Sr, ^N i and Al is observed when 
the "El Cabril" underground water is used as a leachant. 

B.4.1. Leaching tests with real resins : 
The very first data show that, in both Formula 1 and Modified Formula 2 

specimens, the leaching rates vary according to the following order: 
137Cs < 90Sr < 63|\|i < 60C o 

As expected, the leachability of those radionuclides decreases as the 
radii of the hydrated ions increase. 

In both Formula 1 and Modified Formula 2 samples, the leachability 
remains lower in the "El Cabril" underground water than in demineralized 
water. 
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TABLE II 

MANUFACTURING OF THE EVAPORATOR CONCENTRATE / CEMENT COATS 
Composition of the solid phase. 

Components 

Cement CPA55 
Sand from Fontenay 

Lime 
Agl 

TOTAL 

Concentration 
(% w./cement coat) 

54.1 
39.7 
3.18 
0.003 
96.98 

TABLE 

MANUFACTURING OF THE EVAPORATOR CONCENTRATE / CEMENT COATS 
Composition of the mixing phase. 

Element 

B 
Na 
Cs 
Ru 
Eu 
U 

Chemical form 

H3BO., 
NaOH 
CsCI 
RuCI3 

Eu(N03)3 

UO?(N03)? 

TOTAL 

Concentration 
(% w./cement coat) 

2.47 
0.46 

0.009 
0.0035 
0.0043 
0.074 
3.02 
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TABLE IV 

EXPERIMENTAL RESULTS FOR THE IMMOBILIZED ION-EXCHANGE RESINS 
REFERENCE LEACHING TESTS - FORMULA 1 : 

CALCULATED DIFFUSION COEFFICIENTS 

TEMPERATURE 

25 °C 

40 °C 

50 °C 

CONSTITUENT 

K 
Na 

Sr-90 
Ca 
Mg 
Al 
Fe 

Ni-63 
K 

Na 
Sr-90 

Ca 
Mg 
Al 
Fe 

Ni-63 
K 

Na 
Sr-90 

Ca 
Mg 
Al 
Fe 

Ni-63 

SLOPE 

1.34 E-2 
6.53 E-3 
1.09 E-3 
1.07 E-4 
1.78 E-5 
2.02 E-5 
2.39 E-5 
5.22 E-6 
1.27 E-2 
6.63 E-3 
8.15 E-4 
8.56 E-5 
7.03 E-5 
4J7E-5 
1.43 E-5 
4.46 E-6 
1.44 E-2 
5.91 E-3 
6.11 E-4 
1.13 E-4 
2.53 E-5 
4.99 E-5 
1.35 E-5 
1.27 E-5 

INTERCEP 

2J5E-1 
1.70 E-l 
3.27 E-2 
7.74 E-4 
1.16 E-3 
1.78 E-3 
-1.05 E-4 
-2.77 E-5 
3.29 E-l 
1.84 E-l 
7.20 E-2 
9.32 E-4 
3.14 E-4 
1.94 E-3 
5.14 E-6 
-5.30 E-6 
3.84 E-l 
2.38 E-l 
8.56 E-2 
1.15 E-3 
8.16 E-4 
2.36 E-3 
1.75 E-5 
-6.39 E-5 

CORRELATION 
COEFFICIENT 

0.9585 
0.9948 
0.9871 
0.9776 
0.9248 
0.9369 
0.9689 
0.9769 
0.9997 
0.9778 
0.9995 
0.9501 
0.9048 
0.9780 
0.9670 
0.9595 
0.9998 
0.9894 
0.9811 
0.9372 
0.9003 
0.9617 
0.9435 
0.8983 

EFFECTIVE 
DIFFUSION 

COEFFICIENT 
8.65 E-5 
2.05 E-5 
5.73 E-7 
5.52 E-9 
1.53 E-10 
1.97 E-l1 
2.75 E-10 
131 E-ll 
7.77 E-5 
2.11 E-5 
3.20 E-7 
3.53 E-9 
2.38 E-9 
9.20 E-10 
9.85 E-ll 
9.59 E-12 
9.99 E-5 
1.68 E-5 
1.80 E-7 
6.16 E-9 

3.08 E-10 
1.20 E-9 

8.78 E-ll 
7.77 E-ll 
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TABLE V 

EXPERIMENTAL RESULTS FOR THE IMMOBILIZED ION-EXCHANGE RESINS : 
LEACHING TESTS WITH COMPLEXING AGENTS - FORMULA 1 : 

INCREMENTAL LEACHING RATES (in cm/day) 

ELEMT 

K 

Na 

Sr 
90 

Ca 

Mg 

Al 

Fe 

Ni 
63 

AGENT 

EDTA 
TMA 

E.C.VV. 
D. W. 
EDTA 
TMA 

E.C.W. 
D. W. 
EDTA 
TMA 

E.C.W. 
D. W. 
EDTA 
TMA 

E.C.W, 
D. W. 
EDTA 
TMA 

E.C.W. 
D. W. 
EDTA 
TMA 

E.C.W. 
D. W. 
EDTA 
TMA 

E.C.W. 
D. W. 
EDTA 
TMA 

E.C.W. 
D.W. 

3 
2.2E-1 
2.0E-1 
2.0E-1 
1.9E-1 
2.4E-1 
2.1E-1 
2.1E-1 
1.2E-1 
2.8E-2 
3.1 E-2 
2.0E-2 
5.9E-2 
1.1 E-2 
2.4E-3 
3.0E-4 
7.4E-4 
1JE-4 
1.1 E-4 

Mg 
4.9E-4 
9JE-3 
7.5E-4 
2.9E-4 
1.0E-3 
4.8E-5 
6.7E-5 
7.8E-5 
3.0E-5 
2.4E-4 
1.2 E-4 
6.1E-5 
5.1E-6 

CUMULATIVE LEACHING TIME (DAYS) 
14 

3.9E-1 
3.8E-1 
3.0E-1 
3.3E-1 
4.3E-1 
4.0E-1 
3.4E-1 
1.9E-1 
4.5E-2 
4.4E-2 
2.1E-2 
6.9E-2 
1.5E-2 
2.5E-3 
3.6E-4 
1.0E-3 
2.4E-4 
1.6E-4 

45 
4.6E-1 
5.0E-1 
4.0E-1 
4.0E-1 
5.2E-1 
5.4E-1 
4.6E-1 
2.2E-1 
5.7E-2 
4.8E-2 
2.3E-2 
7.4E-2 
1.8 E-2 
2.5E-3 
3.8E-4 
1.7E-3 
4.4E-4 
2.2E-4 

90 
5.5E-1 
5.5E-1 
4.8E-1 
4.5E-1 
6.4E-1 
5.8E-1 
5.4E-1 
2.4E-1 
6.8 E-2 
5.1E-2 
2.5E-2 
8.0E-2 
2.1 E-2 
2.8E-3 
6.5E-4 
1.8E-3 
9.4E-4 
4.1 E-4 

180 
6.6E-1 
5.9E-1 
5.4E-1 
5.1E-1 
8.8E-1 
6.2E-1 
6JE-1 
2.8E-1 
8.1 E-2 
5.6E-2 
2.8 E-2 
8.3 E-2 
2.7E-2 
3.0E-3 
9.6E-4 
1.9E-3 
1.5E-3 
5.7E-4 

270 
7.0E-1 
6.2E-1 
5.7E-1 
5.4E-1 
9.6E-1 
6.5E-1 
6.7E-1 
3.0E-1 
8.5E-2 
5.8E-2 
3.1E-2 
8.6E-2 
3.2E-2 
3.4E-3 
1JE-3 
2.5E-3 
1.7E-3 
8.2 E-4 

360 

5.7E-1 

3.1E-1 
8.8E-2 
6.0E-2 
3.3E-2 
8.8E-2 

2.6E-3 

" 

452 

6.0E-1 

3JE-1 

8.9 E-2 

2.7E-3 

concentrations in leachaetes and in "El Cabril" water were similar 
6.4E-4* 
1.1 E-2 
3.0E-3 
3.6E-4 
2.0E-3 
3.3E-4 
1.1E-4 
1.2E-4 
1.0E-4 
5.1 E-4 
1.7E-4 
7.2E-5 
1.1E-5 

8.6E-4* 
1.2 E-2 
3.5E-3 
4.6E-4 
2.3E-3 
4.1 E-4 
1.3E-4 
1.3 E-4 
1.4E-4 
5.6E-4 
2.0E-4 
7.6E-5 
2.0E-5 

9.9E-4 
1.2E-2 
4.0E-3 
5.7E-4 
2.4E-3 
7.0E-4 
2.0E-4 
2.4E-4 
1.6E-4 
6.0E-4 
2.4E-4 
8.0E-5 
4.0E-5 

1.1 E-3 
1.2E-2 
4.2E-3 
6JE-4 
2.5E-3 
9.7E-4 
2.2E-4 
2.7E-4 
1.8E-4 
8.2E-4 
2.7E-4 
8JE-5 
4.6E-5 

1.7E-3 
1.2E-2 
4.4E-3 
6.6E-4 
2.6E-3 
1.1E-3 
2.2 E-4 
3.0E-4 
2.3E-4 
9.8E-4 
3.4E-4 
9.7E-5 
7.0E-5 

1.7E-3 

2.8E-3 

2.7E-4 
2.4E-3 
4.9E-4 
9.9E-5 
8.1E-5 

1.7E-3 

2.9E-3 

3JE-4 

8.8E-5 

E.C.W.: "El Cabril" underground water. D.W.: Demineralized water. 
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FIGURE 1 

LEACHING RATES OF &N\ : 
Leaching tests with complexing agents 

Formula 1 (up) and Modified Formula 2 (down) 
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Title: Chemistry of the Reaction of Fabricated and High Burnup Spent 
U02Fuel with Saline Brines 

Coordinator: Kernforschungszentrum Karlsruhe GmbH, Institut ftir Nukleare 
Entsorgungstechnik, B. Grambow, A. Loida, N. Miiller, H.Geckeis, K. Friese 

Participant: Empresa Nacional de Residuos Radiactivos S.A., Departamento de Ingenieria 
(ENRESA), J. Gago 

Subcontractor: Universidad Politecnica de Cataluna (UPC), I. Casas, J. de Pablo, J. Gimenez, 
M.E. Torrero 

Contract No. F12W/0055 
Duration of contract: 1.3.1991 to 28.2.1995 
Period covered: 1.1.1993 - 31.12.1993 
Project Leader: B.Grambow 

A. Objectives and Scope 

The research program aims at characterization and qualification of the chemical durability of 
unprocessed high burnup UO2 fuel as a barrier against radionuclide release for disposal sites 
in salt formations. The reaction behavior of the fuel with saline brines is going to be studied as 
a function of time, temperature, redox potential, and surface area in order to give insight into 
the corrosion mechanisms and sources of radionuclide release. Additionally, the solubility of 
unirradiated UO2 in salt brines is studied for comparison with the reaction behavior of the 
irradiated material in order to identify radiolysis and burnup effects and in particular to 
identify and quantify solubility effects in the degradation of the fuel matrix. Eventually, the 
ongoing work will provide a basis for modeling, bridging over the gap between experimental 
results and performance assessment for long-term storage of the fuel in a repository in salt 
formations in case of brine intrusion. 

B. Work Program 

I- General preparations, analytical techniques, and sample preparations 

II. Characterization of the durability of spent T Jfb-fuel in saturated NaCl brines 

III. Solubility tests with unirradiated IICH 

IV. Modeling of the reaction behavior of spent fuel with salt brines 
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C. PROGRESS OF WORK AND OBTAINED RESULTS 

State of advancement 

During the reference year high burnup spent fuel samples (single mm-sized fragments, 
cm-sized pellets, um-sized powders) were corroded in non buffered NaCl solutions (initial pH 
ca. 7) under Ar-atmosphere, partially in the presence of metallic iron powder (effect of the 
corroding canister) under static conditions. The accumulated corrosion time has reached 
about 500 days. Samples of the leachate were taken after 40, 110, 200 and 440 days. 
Radiochemical separation techniques were employed and leach solutions were analyzed. 
Additionally, sampling and analyses of fission and radiolysis gases, which were released or 
formed in the course of corrosion were performed. 

Dissolution tests with unirradiated UO2 in different salt brines have been carried out, 
in order to study such effects as pH, initial sample treatment, redox potential on UO2 
corrosion. As a function of time, corroded solid samples were investigated by means of X-ray 
Photoelectron Spectroscopy in order to study the oxidation state of their surface. A 
preliminary model is being evaluated describing the effect of oxidation state of uranium and 
corrosion rates rates on UO2 dissolution. 

Progress and results 

I. General preparations, analytical techniques, and sample preparations 

Hot cell equipment was improved, in particular an apparatus was designed, constructed 
and tested, allowing remote automatic solution sampling with a syringe. A centrifuge was 
installed in the hot cell and used for ultrafiltration of solution samples. The sampling of gases, 
formed in the course of corrosion were carried out by means of a system of two gas collecting 
cylinders (stainless steel, 50 crcw, preevacuated to 10"° mbars), which were connected with 
the interior of the autoclave by one of the ball valves, located on the lid. Analyses of the gas 
samples were performed by using a quadrupole mass spectrometer (BALTZERS). 
Radiochemical analyses and separation techniques were employed allowing analyses of the 
nuclides Pu238, Pu239/240, Pu241, Am241, Am243, Cm244, Cm242, Np237, Np239, Tc99, 
Cs 134, Csl37, Rul06, Agl 10m, Eul54, Eul55, Cel44, Sr90, Sbl25 and Uranium. 

II. Characterization of the durability of spent UCb-fuel in saturated NaCl brines 

Corrosion tests comprise (1) "washing" steps, where the Cs gap inventory should be 
removed by exposing the fuel to the leachant (95% saturated NaCl or deionized water) under 
Ar atmosphere for two periods of one month and afterwards replacing the total solution 
volume by fresh leachant. Subsequently (2) static corrosion of the fuel samples is initiated. 
Aliquots of the solution are sampled periodically under Ar atmosphere and the time 
dependence of the spent fuel dissolution behavior is deduced exclusively from analyses of 
filtered and ultrafiltered solution samples. At test termination the final solution volume will 
have been reduced to about half of its initial value, solid samples will be analyzed for surface 
alteration effects and in particular for identification of solid reaction products. 
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Fig. 1: Fraction of inventories of various radionuclides in the aqueous phase (FIAP), obtained after exposure of spent fuel samples for 440 days to 200 mL 95% saturated NaCI 
solution. Note: Samples were washed twice in the leachant for periods of I month each. Data from wash solutions are not included in the Figures (see annual report 1992). 
Zircalloy cladding remained attached on samples K 2 and K 10, zircalloy cladding was added to sample P I. 



II. 1. Radionuclide release into the. aqueous phase. 

The cumulative Cs releases ("gap release") from pellet sized fuel/cladding segments 
and from individual fragments are similar (about 2% of the total inventory), indicating that Cs 
is homogeneously distributed on all fracture surfaces and solution has penetrated all fractures 
within the fuel segment. With powdered fuel, all grain boundaries are expected to be exposed 
to the solution and the major Cs release occurs within few minutes of ultrasonic cleaning. 
Cumulative release is about 3.5% of the inventory, of which 1.5% (=3.5% - 2% gap 
inventory) may be attributed to release from grain boundaries. 

For the other nuclides the results from dissolution of powdered fuel, a fuel pellet and 
an individual fragment in 95% saturated NaCl solutions are given in Fig. 1 (next page) 
expressed as FIAP-values (Eraction of the inventory in the aqueous phase). Respective data of 
dissolving a fuel pellet in deionized water are included for comparison. The released 
quantities of matrix bound radionuclides SM25, Eul54, Am241, Pu239/240, Sr90, Rul06 and 
Cel44 are in most cases between 3* 10 and 3*10 . 
Results from analyzing ultra filtered and micro filtered solution samples were the same for 
Ag, Sr, Sb, and Cs and differ slightly for actinides, Ru and rare earth elements but never by 
more than a factor of three. Colloid formation was not enhanced in the presence of fuel 
powder or of iron. 

Effect of iron 
The effect of iron and/or iron corrosion products on the mobility of radionuclides is 

illustrated by the data given in Fig.2. The presence of iron effectively reduces the solution 
concentration of all radionuclides, except of Cs and fission gases (see above). The cumulative 
release of Cs was more than 4% of the inventory after 200 days, a value higher than the sum 
of gap and grain boundary inventories of fuel powder. The decrease in radionuclide mobility 
may indicate increased stability of the fuel matrix at the lower redox potential or may be due 
to the fact that radiogenic oxygen is effectively consumed by iron corrosion. However, low 
release of other fission products and of actinides may alternatively be a result of sorption on 
iron. More work is necessary, before the effect of iron can be understood. 

i.ut-ui -
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Fig. 2: Effect of the presence of iron (8.5 g powder, grain size < 10 um) on the dissolution process of a fuel 
pellet (7 g) in 200 mL 95% saturated NaCl solution. Fraction of inventories of various radionuclides in the 
aqueous phase (FIAP) 
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II.2 Release of fission and radiolvsis gages, 

The fission gases Xe and Kr were measured in isotopic ratios which match predictions 
by the KORRIGEN code. H2 gas was detected in all experiments, resulting from radiolysis 
and in the presence of iron additionally from the corrosion of iron. Radiolytic H2 production 
is directly proportional to fuel sample mass and independent on the sample geometry. In a half 
year 2.9 g of powder generated ca. 3 Vol% H2 whereas 7 g pellets generated 7 Vol% H2 in 
200 mL gas volume of ca. 1 arm). This finding may help to distinguish between alpha- and 
gamma-radiolysis. As the escape depth of alpha-particles out of the fuel is limited to few urn, 
one would expect much higher specific ^-production for powdered fuel samples than for 
fuel pellets, if H2 radiolysis resulted mainly from alpha-radiolysis. This is not the case and we 
may use this as an indication that mainly gamma-radiolysis is responsible for ^-formation. 
About 30% less H2 was produced in the experiments using deionized water when compared 
to NaCl solutions. Only traces of N2 (<0.2 Vol%) where observed in the reaction vessel, 
indicating effective sealing of the autoclaves against the hot cell atmosphere. Oxygen contents 
in experiments with fuel pellets were about 1 Vol%, clearly resulting from radiolysis, because 
air is absent. The measured partial pressures of Kr and Xe were compared with the fission gas 
inventories calculated by the KORRIGEN code. In the experiment K 4 (spent fuel pellet + Fe-
powder) 4% of the Kr and 6.6% of the Xe inventory were released within 60 days whereas in 
the comparing experiment K3 (spent fuel pellet + Fe-powder) the respective numbers are 8% 
for Kr and 13.7% for Xe after 139 days. 

: in the spent fuel corrosion process 

Sr90 release data were found to be useful in indicating the kinetics of the degradation 
of the fuel matrix. Release of Tc99, Np237 and Sbl25 occured with a similar rate than that of 
Sr, hence, release of these elements is controlled by the kinetics of the degradation (oxidation, 
dissolution) of the fuel matrix. Preferential release of Csl34/137 was observed, representing 
release from grain boundaries. Even at low reaction progress values (experiments with single 
mm sized fragments in large solution volumes) the solution concentrations of U, Pu, Am, and 
REE were significantly lower than anticipated from the extent of fuel matrix dissolution. 
Concentrations are controlled by a combination of sorption, precipitation and coprecipitation 
phenomena. The maximum concentrations of Pu and U in the tests are close to reported 
solubility limited concentrations in pure 5m NaCl solutions, whereas Am concentrations 
remain more than five orders of magnitude lower than the solubility limit of the expected 
stable phase Am(OH)3. 

The presence of iron effectively reduces the solution concentration of all measured 
radionuclides (except Cs). 

III. Solubility tests with unirradiated UOo 

The dissolution of unirradiated UO2 has been studied as a function of pH and initial 
sample treatment under oxidizing conditions, with special attention to the U(VI)/U(IV)-ratio 
on the samples surface. 

UO2 samples (7,8 g) with particle sizes of 100 - 300 and 900 - 1100 um were corroded 
into 150 mL of 0,01 m NaC104 in different Teflon vessels at room temperature. The pH 
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values were adjusted to 4 or 8 by addition of HCIO4 or C02-free NaOH solutions. Oxidizing 
conditions were achieved by using 5% O2 in N2 flux. 

The release of uranium was found to be significant lower at pH 8, compared to that 
obtained at pH 4. A decrease of release rates is observed in both cases after a relatively fast 
initial dissolution. The moles of uranium released at pH 4 and pH 8 as a function of time are 
shown in Fig.3. 
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5.00E-08 -
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20 40 60 80 
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Fig. 3: Release of uranium after corrosion of unirradiated UO2 (7,8g) into 150 mL of 0,01 m NaC104 at pH 4 
and pH 8 as a function of time 

The rather high initial release has been explained taking into account an oxidized 
surface layer, which dissolves very easily. The presence of the oxidized surface layer was 
verified by treatment of one sample with diluted perchloric acid prior to the corrosion test. 
Uranium release was significant lower in that case, because the oxidized surface layer was 
removed. 

Solid samples of corrosion experiments at pH 4 and pH 8 were removed at different 
times and investigated by means of X-ray Photoelectron Spectroscopy with respect to the 
U(Vi)/U(IV)-ratio on the samples surface. Results from the solid surface characterizations are 
summarized in Table 1. 

Table 1: Results from XPS investigations of the surface of corroded unirradiated uranium 
oxide. 

Time (days) 
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4 
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61 
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8 
8 
8 
8 

4 
4 
4 
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The corrosion behavior of unirradiated UO2 in a NaCl-rich brine was studied as a 
function of oxygen partial pressure.The size of the UO2 particles was 1 mm, the specific 
surface area was found to be 0,0016 m2/g (BET). Reducing conditions were achieved by 
bubbling hydrogen into the experimental vessel using a Pd catalyst, anoxic conditions were 
maintained with nitrogen and an air flux was used to obtain oxidizing conditions. 

Under reducing conditions an initial short increase of the uranium concentration of the 
leachate was observed, followed by a decrease, attributed to the precipitation of U(IV)-
hydroxides, and finally constant U-concentrations. The final value agrees with the solubility 
of UO2 determined in 5 m NaCl - solutions at the same conditions. Under oxidizing 
conditions the dissolution rates were measured before and after replenishment. The following 
different stages can be distinguished: (1) 7,3 E -7 mol /m2d (first stage: dissolution of an 
oxidized layer), (2) 3,2 E -8 mol /m2d (second stage: dissolution of "low" oxidized uranium 
oxide), (3) 2,6 E -8 mol /m2d (third stage: dissolution after replenishment). Similar rates 
before and after replenishment may be interpreted, that a surface with the same oxidation state 
is dissolving. XPS analyses resulted in a surface composition of U02s4, which is close to that 
of UO2 1, obtained in dissolution tests with MgCl2-rich brine (Q-brine). This might be an 
indication, that the dissolution mechanism of UO2 in brines and diluted solutions is similar. 
Under anoxic conditions a second dissolution rate, lower than under oxidizing conditions can 
be calculated: 6,2 E -9 mol /m2d. 

These results obtained in terms of total uranium concentration in NaCl brines are 
plotted as a function of contact time in Figure 4. 
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Fig.4: Uranium concentration in NaCI-brine after corrosion of U02 under reducing, oxidizing and anoxic 
conditions as a function of contact time. 
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Title: Container properties ensuring safety : gas emission, biodegradation, 
corrosion. 

Contractor: CEA Saclay 
Co-contractor: AEA Technology Harwell 
Contract n°: FI2W-CT91-0077 
Contract duration: October 1991 - October 1994 
Period covered: January 1993 - December 1993 
Project leader: P. LESSART (CEA Cadarache-coordinator), A. ROSEVAER (AEA) 

A. Objectives and Scope 

The knowledge of possible evolution of conditioned waste during intermediate storage, handling and 
deep repository is necessary to warrant the safety of workers and to define the conditions for storage 
and disposal. These conditions can depend on production of gases and of chemical compounds able 
to promote degradation or biodeterioration phenomena. 
The origin of gas production can be: 
- the waste itself, producing radon and gases from alpha and gamma radiolysis, 
- the chemical or micro biological corrosion of embedding matrix and structural material, 
- the radiolysis of organic compounds included in the waste. 
Living micro-organisms can also produce complexing agents and organic or material acids able to 
promote corrosion and to modify the oxydo-reduction conditions and the pH of the repository. 
A part of this project is concerned with assessing the effects of alkali tolerant micro-organisms on 
a cement based matrix. 

B. Work programme 

Four laboratories are collaborating for this contract, one of them being from AEA Technology 
Harwell and the others from DSD CEA Cadarache. 
Programme 01: biocorrosion of cement and bitumen used as embedding matrix. Acid and gas 
production. Physico-chemical modifications of the material. 
Programme 02: gas production by an genuine concrete conditioned waste with high content of radon 
producers. 
Programme 03: effects of organic complexing agents in concrete and bitumen conditioned wastes on 
the gamma radiolysis gas production. 
Programme 04: the aim is to determine the form in which the microbial cells attach to the alkaline 
surface and the extend to which this change the physical and chemical properties of the cement. This 
will provide data to assist in setting design criteria for cement based materials used to condition the 
pore water chemistry in a radwaste repository. 
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C. PROGRESS WORK AND OBTAINED RESULTS 

Programme 01 : Biocorrosion of cement and bitumen 

As a conclusion of a bibliographical study, micro
organisms exist in a deep repository before man intrusion, 
and, furthermore, after intrusion. All the elements necessary 
for microbial life exist in a nuclear waste repository. 
During repository evolving after setting-up and sealing, 
oxygen concentration decreases and even if at the beginning 
only aerobic microbes may develop modifying the physico-
chemical characteristics of the repository, after a long term, 
anaerobic conditions become probable. 

Programme 01 a : Biocorrosion of bitumen 

Bitumen is a complex mixture of different heavy 
hydrocarbons that can be susceptible of biodeterioration 
because of its organic content. 

The first part of this study corresponds to the 
identification of natural anaerobic microbial strains that can 
be found in soils polluted by hydrocarbons. Two samplings were 
done on such soils and, using medium described by literature, 
in a first step, we identify and separate fermentative, 
denitrifying and sulphate reducing micro-organisms. In 
accordance with the redox conditions they need and due to the 
presence of nitrates and sulphates in the wastes, these micro
organisms will probably be the first to developp in the 
repository when anaerobic conditions take place. No research 
Will be done on microbes producing methane because they grow 
very slowly compared with the previous one and their growth 
will take place only after a sufficient decrease of the rH. 

Microbial growth is evaluated qualitatively by measuring 
the produced gas ( C02 N20 and N2 for denitrifying microbes, 
C02 and H2S for sulphate reducing bacteria, C02 for 
fermentative micro-organisms ) , decrease of nitrates or 
sulphate concentrations, and microscopic observation. 

The second part of this studycorresponds to first 
quantitative experiments carried out using a denitrifying 
bacteria ( Pseudomonas strain ) and "bitumen powder". This is 
obtained by deposit of bitumen on silica gel ( high ratio 
surface/volume, see previous reports ). Hydrocarbons are 
partly oxidised into C02 while Nitrates are reduced into 
Nitrites, N20 and N2. 

The first results obtained have allowed the choice of the 
operating conditions for anaerobic bitumen degradation by 
denitrifying bacteria. 

A method has been developed in order to obtain better 
measurement of the total amount of produced C02. 

In these experimental conditions, most of the gas 
production ( C02, N20 and N2 ) takes place during the 100 
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first hours. At that moment, in the solution, we can notice an 
accumulation of nitrites that may inhibit the biodegradation. 

Programme 01b : Biocorrosion of cement 

The aim of this work is to study the cement deterioration 
induced by mineral or organic acids produced by alkali 
tolerant micro-organisms. In France, concretes planned to be 
used as embedding matrices are based on CPA 45 and CLC 55 
cement. 

Cement samples, 80mm diameter, 10mm thick, have been 
manufactured by DSD/SCS Laboratory of CEN Saclay, specialised 
in concrete studies, according to AFNOR NF P15402. Special 
devices were built for these experiments. 

Cement samples are completely immersed in a mineral media 
inoculated by : 

a mixed culture of fungi (Trichoderma viride and 
Aspergillus niger) using glucose (an intermediate product of 
cellulose degradation) and producing several organic acids, 

- a mixed culture of Thiobacillus strains, growing on 
thiosulphate (a soluble reduced sulphur source) and producing 
sulphuric acid. 

Growth conditions were determined for these two micro
organism groups. Both fungi and Thiobacillus were adapted step 
by step to alkaline conditions. 

Experiments are now carried out for about 600 days. 

Chemical analysis of the solution are made every two 
weeks. 

From first results, it appears that we must distinguish 
the experiments done with fungi from those done using 
Thiobacillus : 

Fungi action : 
- for CLC based samples immersed in the fungi culture 

medium, but without fungi ( control experiments ), pH stays 
quite stable, near 12 during more than 100 days, while for CPA 
based samples in the same conditions, this pH stability is 
observed during about 210 days. Then the pH decreases slowly 
from 10 to 8. 

- a growth of fungi, corresponding to a a decrease of pH 
near 8 or even a lower value, is observed after 50 to 80 days 
of culture in medium containing CLC based samples, and after 
about 100 days in contact of CPA samples. After fungi growth 
takes place, the pH decreases irregularly from about 6 or 7 to 
4 or 5. 

Thiobacillus effects : 
for CLC based samples immersed in the Thiobacillus 

culture medium, but without Thiobacillus ( control samples ), 
pH decreases from 12 to 8 during the 200 first days and then 
stays quite stable near 8 until day 550, while for CPA based 
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samples in the same conditions, a linear pH decrease from 12 
to 10 is observed during about 550 days. 

- a growth of Thiobacillus, corresponding to a decrease 
of pH near 6 or 7, is observed after 50 to 80 days of culture 
in medium containing CLC based samples, and after about 320 
days in contact of CPA samples. Then pH stability between 5 
and 4 can be noticed. 

Samples under action of fungi have lost between 60 and 
80% of their initial Calcium content after 600 days and many 
percents of Aluminium, and , as a result, have lost their 
mechanical properties. 

For samples under action of Thiobacillus, the Calcium 
lost rapidity is quite constant when pH stability is achieved. 
After 550 days, the Calcium lost is only of 8% for CPA samples 
and of 18% for pure CLC or CLC containing ashes samples. 

In order to better explain the microorganisms action, 
other analysis are done. Complete interpretation is expected 
for the end of June. 

Programme 02 : gas production by actual vasts package 

The studied waste is a radioactive residue of uranium ore 
resulting from the extraction of lanthanides, Uranium and 
Thorium. In this waste, two main radioactive families must be 
taken into account, those of 2 3 8U and 2 3 2Th. This of 2 3 5U can 
be neglected due to the initial low content of this isotope in 
the ore. Corresponding to the chemical treatment in order to 
extract the interesting compounds, the natural radiochemical 
balance in the ore has been broken, and a new distribution is 
establishing in the waste, with Radium as starting point. 

Two isotopes of this nuclide are present in this waste, 
the 2 2 6Ra and the 2 2 8Ra, that give both a radioactive gas by 
decay : the 2 2 0Rn and the 2 2 2 R n . 

Corresponding to the half life of daughters of 2 2 6Ra and 
2 2 8 R a , the equilibrium for the 2 2 2Rn is rapidly obtain while it 
will be obtained only after 20 years for 2 2 0 R n . The aim of 
this study is to determine the radon quantity in the gaseous 
phase ( over the solid waste ) and to describe its release 
from the solid to the gas. 

The radiochemical composition of the waste is known and 
allows the calculation of the total production of Rn in the 
solid phase. Its release ( described by the leak rate ) 
depends on the experimental conditions and on the physical 
properties of the waste : it is a function of the mean run 
time for the gas in the waste and of a retention factor. 

The curve of Radon release, after replacement of the free 
volume atmosphere over the waste by air, was drawn, allowing 
the experimental measurement of the Radon leak rate using the 
MARCO device ( see previous reports ) . 

The 2 2 2Rn content in the gas sample is determined using 
flasks ( provided by the French Centre de Radio protection 
dans les Mines ) with inner walls coated by Zinc sulphur 
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activated with Silver ( this compound emits photons under 
alpha radiations ). Three hours after sampling, an equilibrium 
is reached in the flask between 222Rn and its short life 
daughters 218Po and 214Po that are alpha emitters, while the 
activity of 222Rn and 216Po ( its daughter ) is negligible. 

Two series of measurements have been done. The first 
takes place in February and March in order to evaluate the 
maximum content in 222Rn after equilibrium between the solid 
and the gaseous phase. The second, with the objective to 
determine the time necessary for the establishment of this 
equilibrium, takes place in December. 

It was shown that the greatest quantity of 222Rn in the 
gaseous phase is always lower than the total production in the 
solid phase and can reach about 30% of this. A long time is 
necessary for the achievement of the equilibrium of radon 
between the solid and the gas phases. 

Programme 03 effects of organic complexing agents in 
concrete and bitumen conditioned vaste on the gamma 
radiolysis gas production 

The objective of this study is to determine the amount of 
produced gases by external gamma radiolysis on bitumen 
containing TBP and cement containing EDTA. 

Effects of TBP on gas production from bitumen 

Gamma irradiation of bitumen 80/100 containing 0%, 2.5% 
and 4.2% of TBP is now completed. We chose to study TBP 
concentration much higher than those possible in actual waste 
with the objective to enhance its effects. In order to explain 
the first obtained results, gamma irradiation is also made on 
pure TBP and bitumen containing only 0.4% TBP, and pure 
bitumen sampled from the same lot. 

Indeed, results obtained for the same referenced bitumen 
( for example, for 80/100 Vacuum residue ), many physical 
characteristics may vary ( including TBA and penetration ) . 
Under radiation, different behaviour are demonstrated, so only 
an evolving can be noticed, never an absolute value. 

Conditions of sample fabrication, irradiation ( in 
aerobic conditions ) and gas analysis were determined. The 
reproducibility of gas production during gamma irradiation can 
be evaluated to 15%. The total irradiation dose corresponds to 
the cumulated dose after 300 years in a Intermediate Level 
Waste repository. 

Literature reports that : 
- TBP is an electron scavenger, 
- radiolysis yield of hydrogen from pure TBP, measured in 

various experimental conditions, is comprised between 1 and 
2.5 molecules per lOOeV, that corresponds to a production rate 
of 2.33 to 5.8 1/kg per MGy, the mean value being about 3.4 
1/kg per 1 MGy total dose. 
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From our experiments, gas production rate for pure TBP is 
about 2.5 +/- 0.4 1/kg per 1 MGy total dose ( 1.1 
molecule/lOOeV ), and Hydrogen is the main radiolytic gas. 

Samples containing high TBP content present a higher gas 
production rate than pure bitumen, but effects becomes 
important only for the higher TBP content. Hydrogen 
concentration in radiolysis gases is quite the same that for 
pure bitumen and near 95%. CO production rate is quite 
constant while CH4 production increases slightly with TBP 
content. No difference can be noticed for production rate of 
the other gases ( C02, C2H4, C2H6 ) . 

For sample containing 4.2% and 2.5% of TBP, the total gas 
production is respectively of 710 and 610 ml/kg per MGy. 

A new sample containing only 0.4% of TBP was studied. For 
this concentration, no effect on gas production can be 
noticed, while, for the upper concentrations, total gas 
production rate appears to be lower than this resulting from 
the additivity law. 

The physical characteristics of bitumen are greatly 
modified by high TBP contents : they become softer ( flowing 
effect of TBP ) and therefore less apt to swell. By 
opposition, swelling effect is very important for sample 
containing only 0.4% TBP. 
Programme 04 : Blodeterloratlon of concrete 

This project is concerned with the growth of micro
organisms on and within cement based matrices typical of those 
to be used in the disposal of Low and Intermediate Level Waste 
(ILW/LLW). 

Different microbial strains were isolated from soil which 
had been exposed to an cellulose alkaline hydrolysate for 
several years. Colonisation of cement and plastic surfaces by 
alkali-tolerant organisms in a fed batch reactor were 
described in the previous reports. 

Cell growth in the resulting biofilm utilised the six-
carbon, polyhydroxy acids, isosaccharinic acid ( ISA : one of 
the main products obtained by alkaline hydrolysis of 
cellulose, the technical source used is clarified black 
liquor ), and caused the pH of the liquid phase to decrease. 
The experiments focused on the development of methods to 
monitor the build up of the biofilm and the rate at which key 
nutrients might diffuse through the cement matrix to the 
growing cells. 

In a repository situation, the biofilm will be very thin 
and so methods of detecting very small amounts of cellular 
material have been evaluated. 

243 



From Scanning Electron Micrographs ( SEM ) of samples 
taken from these experiments after 3 months of operation, it 
is apparent that a network of long filamentous organisms had 
colonised the surface and that shorter rod type cells were 
established on this primary layer. The apparent distribution 
of microbial cell strains is modified. Non-biological material 
such as the crystals of sodium sulphide also became enmeshed 
in this framework to give the fully developed biofilm. The 
organisms attach well to both the smooth surface of plastic 
and to the interconnected porosity of the cement based matrix. 

One hour after inoculation, in a static test, it was 
found 2*103 viable cells attached per mm2 and the cell number 
increase steadily over the following week to 6*106 per mm2. 
Clarified black liquor, i.e. ISA and by products from alkaline 
hydrolysis of cellulose, was used as the only carbon source, 
and a total consumption of ISA was noticed. 

Cell growth was only noted on the surface of the concrete 
and not within the pores. This was thought to be the result of 
either exclusion of cells or nutrient or the fact that the 
inner pores were a relatively extreme environment compared 
with the bulk phase (i.e. the nutrient content was very low 
and the pH very high). 

Ten distinct types of microbial colony were identified on 
the plates used for viable counts. Irrespective of the source 
of inoculum, during the first days, we observed a colonisation 
by long filamentous type micro-organisms. The development of a 
thick polysaccharide biofilm then takes place ( first month ), 
in which are dispersed a few short and filamentous type rods. 
Then, depending on the source of inoculum, two kind of 
microbial population are predominant : either a Bacilli type 
rod, or long filamentous cells. 

Measurement of effective diffusion rapidity through 
concrete of nitrates and sorbitol (molecular size similar to 
ISA) were carried out. Both these solutes were chosen to be 
stable for long period in the alkaline conditions and to sorb 
strongly on the cement matrix. Diffusion measurement of 
sorbitol ( organic compound which molecular weight is similar 
to ISA but that is not used for microbial growth ) shows that 
its diffusion rapidity is 1500 times lower than the nitrate 
one. 

From effective diffusion coefficient measurement, it 
would appear that there are a number of well connected pores 
through which most of the transport occurs, and a substantial 
number of interconnected but tortuous and narrow pores which 
contributed little to the through diffusion in this 
experiment. 

The diffusion experiments confirm that the concrete is 
porous to solutes typical of the most important nutrients 
likely to be found in the repository. Thus, there is no reason 
why organisms in localised niches should not be capable of 
growing on solutes generated or originating in remoter parts 
of the repository. In addition, this growth may be possible 
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both at the edges of the blocks and also within the bulk 
concrete, provided that the nutrients are not scavenged by any 
intervening biofilm. 

A number of physico-chemical methods have been developed 
to study the changes as the biofilm and associated inorganic 
precipitates builds up on the surface of the concrete. 

The hydraulic permeability is expected to changed 
markedly with the formation of a surface biofilm, but it is 
not yet clear since the measurement itself will perturb the 
system by altering the biofilm. Other electrical methods are 
being developed in order to investigate the biofilm 
development. These are conductivity (measurement of the cross 
section area through which conduction can take place), 
potential measurement between two regions with a chemically 
different environment, and electro-osmosis measurement 
(applying an electric field induces a liquid flow through a 
fixed bed or a tube) . An alternative approach to electro-
osmotic flow is to measure the electrical potential induced by 
applying a hydraulic pressure, nevertheless the first results 
show that this effect is probably too small to use for 
monitoring changes on concrete and the apply of a hydraulic 
pressure has the potential disadvantage of mechanically 
perturbing the biofilm. 

Various experimental devices were adapted to conductivity 
measurement. The "Notional Pore Area" for the concrete 
specimen tested was 11% of the disk area, i.e. the specimen 
had the same conductivity as a pore-free specimen with a 
single hole of area 11% of the disk area. This compares with a 
relative pore volume of 21% estimated by measuring water 
uptake and implies that not all pores are through-pores and/or 
the pores are tortuous rather than direct. Surprisingly, the 
conductivity rose consistently over the first 30 days. This 
rise may result from slow equilibration between the 
composition of the pore liquid with the free liquid. The free 
diffusion experiments indicate that nitrate diffuses 
relatively quickly compared with even relatively small 
organic. However, in a preliminary experiment in which an SS2 
culture was drawn through a disc' of reference backfield the 
conductivity rose from 6.5 to 9.9 mmho suggesting that the 
increased conductivity from biopolymers may dominate over any 
effect due to occlusion. 

The EMF was measured between the top surface and the 
medium in the disk, before and after scraping the top cube 
surface to expose clean concrete. Although the faces of the 
cubes tested were discoloured in patches, no visible growth of 
microbes was apparent. The results were quite variable, but 
there was a clear finding that in the presence of a biofilm 
there was a measurable EMF step, the free surface of the film 
being negative with respect to the concrete. Values of over 
100 mV were measured on several samples and although freshly 
wetted raw concrete also showed a "skin potential", this was 
never more than 30 mV. 
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In the mini-reactors, The EMF measurement showed a 
similar pattern to that seen with conductivity. The potential 
may be caused by differential movement and sorption of 
macromolecules within the pores and the different chemical 
potential of the free ions needed to maintain electrical 
neutrality ( e.g. the Donan effect ). This observation 
emphasises that sorption of macromolecules must be allowed for 
in estimating changes arising from biofilm formation but that 
a measurable effect from surface coating is possible. 

Electro-osmosis is the induced flow of liquid through a 
fixed bed or a tube, under the influence of an applied 
electric field. In special experiment, using KCl 0. 1M as the 
electrolyte, the resulting osmotic flow was 0.07 ml per hour, 
too small for accurate measurement. No adaptation for 
measurement in situ was done. 

An alternative method of measuring electro-osmotic 
effects has been assessed. Classically the electric charge of 
the solid, its z ( zeta ) potential, is measured by either (i) 
measuring the flow of the medium when an electric field is set 
up in it, or (ii) measuring the EMF across it when the medium 
is forced through under pressure. This approach has been 
examined by applying a hydraulic pressure and measuring the 
resulting EMF generated across a porous solid. The first tests 
indicate that this effect is probably too small to use for 
monitoring changes on concrete and has the potential 
disadvantages of perturbing the biofilm and being difficult to 
apply in situ. It will not be pursued further. 

A third, potentially more convenient, way of estimating 
zeta potential is by measuring the EMF across the solid when a 
salt concentration gradient is set up in it. Preliminary 
results indicate that sensitivity of the method is high 
enough. In the bioreactor studies, one can monitor the 
combined effects of ( unknown ) z potential and some unknown 
salt gradient, especially with regard to progressive changes, 
and try to make inferences about one or other or both. Work on 
this approach will continue since as z potential depends on 
the chemical nature of the porous solid ( concrete and films ) 
it should give useful information as the biofilm develops. 

From this various experiments it appears that : 
• Natural microbial populations will form biofilms on the 
surface of concrete 
• The alkaline degradation products of cellulose are 
utilised as a nutrient source 
• The carbon source will be converted mainly to carbon 
dioxide and partly to polysaccharides and biomass 
• Simple nitrogen and carbon sources can diffuse through 
the concrete matrix and be consumed 
• The build up of the biofilm can be monitored by 
electrochemical methods and by electron microscopy. 
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Title: Gas Generation in Supercompacted Waste Products 
Contractor: Forschungszentrum Julich (KFA) 
Contract.No.: FI2W-CT 91-0094 
Duration of contract: from 01.10.1991 to 31.01.1995 
Period covered: from January to December 1993 
Project Leader: R.Odoj 
Executants: H.Heimbach, K.Kroth, H.J.Steinmetz, J. Wolf 

A. OBJECTIVES AND SCOPE 

The quality Controll Office for Radioactive Waste (PKS) was established due to a long-
term contract between the Research Centre Julich (KFA) and the German Federal Office for 
Radiation Protection (BfS). 1st main appointments are the qualification of conditioning 
processes for radwaste products and the implementation of radioanalytical quality control 
on waste packages prior to disposal in underground repositories. In this context adequate 
low gas release rates from waste products have to be guaranteed to minimize the release of 
radioactive and/or chemical reactive gases in the environment or the atmosphere of a 
disposal mine. 
Because of radioanalytical decomposition as well as due to electrochemical reactions, 
supercompacted radwaste pellets often generate considerable amounts of hydrogen. This 
effect may lead to significant pressure buildup in waste drums or other containers. As part 
of the EC-project PEGASUS the PKS investigates methods to exclude unacceptable 
hydrogen by waste pellets as well as methods to decrease hydrogen by physical or chemical 
removal from the drum atmosphere. 

B. WORK PROGRAMME 

As comprised in the proposed time schedule of Fig. 1, the programme for the project „Gas 
Generation in Supercompacted Waste Products" includes seven main working items: 

Item 2.1 Time dependend measurements on gas formation in supercompacted pellets 
2.2 Heating of pellets under different conditions (p,T,t) 
2.3 Measurements of gas generation after thermal treatment 
2.4 Testing materials for hydrogen absorption (physical reaction) 
2.5 Evaluation and tests of materials reacting with hydrogen (chemical reaction) 
2.6 Proposal of technical procedures to avoid hydrogen release 
2.7 Discussion and final report 
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Item 

2.1 

2.2 

2.3 

2.4 

2.5 

2.6 

2.7 

1991 1992 1993 1994 

Fig. 1 Proposed time schedule of the project. 

C. PROGRESS OF WORK AND RESULTS 

C.l Measurements of gas generation at various experimental conditions 
(Items 2.1-2.3) 

The measurements on release rates of hydrogen from supercompacted pellets of different 
composition at 25°C and 70°C (repository temperature) have been continued. The hydrogen 
production in general does not exceed 120 1 H2 in the first 100 days at 25°C and additional 
110 1 H2 after storage at 70°C. Only with wet pellets, mainly constisting of shreded metall, 
up to 1300 1 hydrogen (58 mol H2) were liberated in the first 100 days. After an additional 
400 hours at 25°C, most of the pellets still produced hydrogen, but the final release rates did 
not exceed 1.0 ml H2 / hour. 
After 500 days storage at 25°C, mixed waste pellets were heated up to repository 
temperature. By heating up, a short rapid decrease of hydrogen in the drum atmosphere 
could be observed followed by a release of H2 at nearly the same amount as from the pellets 
in the first days. This interesting increase may be due to changes in hydrogen-adsorption at 
the pellet materials and establishing of a new solubility equilibrium after a constant 
temperature distribution has been reached in the drum.. After continuous heating for 50 
days at 70°C, the pellets yielded additional 14-110 1 H2 . Further long time experiments are 
in progress. 
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C.2 Evaluation and tests of hydrogen absorbers (items 2 4-2 5) 

For the removal of hydrogen from drum atmospheres both catalytical recombination of 
hydrogen and oxygen or chemical oxidation of hydrogen under formation of water appear 
to be technically usable. In order to avoid the formation of explosive hydrogen in air 
mixtures during a hypothetical core melt accident in LW Reactors, KFA Julich developed 
highly efficient recombination catalysts which showed activity even at 5°C III. Based on 
these experiences catalysts containing palladium or platinum were tested. Among the tested 
chemical absorbers, manganese dioxide, surface activated with one percent silver (as Ag20) 
by an in-house developed preparation technique, was selected as an effective low-cost 
hydrogen absorption material. Under defined laboratory conditions its full capacity was 
determined to be 206.7 1 H2 / kg NPT. 
Recombination of hydrogen and oxygen under formation of water has been investigated at 
25 °C. Pilot tests on "cold burning of hydrogen" on mainly palladium or platinum containing 
surfaces were performed using a small scale laboratory arrangement with a 200 ml stainless 
steel pressure vessel. The vessel contained catalytically active nets of standard geometry in 
an air-atmosphere, which was charged to about 200 mbar overpressure with 10 % hydrogen 
in nitrogen. Especially palladium or platinum containing wash coated copper nets of 
DODUCO GmbH (Germany), each containg 0.5 mg of the precious metal per cm2, proved 
to be effective. Using the Pt-catalyst, about 50 % and using the Pd-catalyst about 80 % of 
the total hydrogen amount could be recombinated to water within 10 minutes. Further 
kinetic measurements are in progress. 
Taking into consideration oxygen consuming corrosion processes, drum atmospheres might 
not in any case contain enough free oxygen to recombinate all the arising hydrogen. 
Therefore full scale field investigations were focused on absorption by silver activated 
manganese dioxide. The investigations were carried out on a ordinary 200 1 waste drum, in 
which an air atmosphere was charged with 35 1 hydrogen from 1000 mbar to 1160 mbar. 
The reaction between hydrogen and Mn02 (used as finely divided powder) was 
continuously monitored by measuring the pressure decrease in the drum. 
The experiments, performed so far at room temperature, showed that hydrogen-burning" 
by activated manganese dioxide occures with high initial reaction rates. Fig. 2 contains the 
typical graphs for the pressure decrease. As an interesting result, the time-dependent 
absorption was determined by the position of the absorber. Placing the Mn02-powder near 
the lid of the drum, about 90 % of the total hydrogen amount could be absorbed within 90 
hours. Placing the absorber at the bottom of the drum a lower absorption rate was 
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observed. These different results may be caused by the accumulation of the light hydrogen 
gas in the upper part of the drum. 
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Fig.2 In-drum hydrogen absorption using silver-activated manganese dioxide, 
(field experiment with 200 1 waste drum and 1 kg MnCh). 

C.3 Proposal of technical procedures (item 2.6) 

Following a proposal of KFK Karlsruhe, the reduction of hydrogen overpressure in 
radioactive waste containers could be governed by using a safety-valve analog device, 
integrated in the wall or the lid 111. This unit contains a catalyst for cold burning of 
hydrogen with oxygen from the surronding air, but cannot hinder tritum and other 
radioactive gases from escaping into the environment. In contrast on the basis of the new 
investigations at KFA the proposed drum-integrated "hydrogen absorption unit" works 
without safety valve in the lid breaking the sealing of the drum. 
A schematic drawing of a prototype is shown in Fig. 4. The unit comprises either 
catalytically active nets (Version B) or Mn02 (Version A). A bursting disk is integrated 
under the lid of the unit and protects absorber or catalyst from being deactivated or 
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poisoned until significant hydrogen overpressure accures. To avoid mechanical damage of 
the bursting disk, it is covered by a metallic net or a punched metallic disk. Water resulting 
from the catalytical recombination or the chemical oxidation will be absorbed by molecular 
sieve and a comparable drying agent inside the unit. 
Taking in consideration the accumulation of the light hydrogen gas in the upper part of the 
drum this unit should be fixed on the inner side of the lid of the drum or container. 
Currently prototypes of Version A and Version B absorption units are in construction and 
will be tested in 1994. A german patent was applied for in December 1993. The application 
of a european patent is foreseen. 

Fig. 3 Schematic drawing of the proposed hydrogen absorption unit 
[l]=lid of waste container, [2] wall of the unit, [12]= cover of the unit, 
[17]=bursting disk, [16]= metallic net or punched disk, [1 l,15]=rubber rings, 
[3,5,8,10,20,22,24]=distance elements, [4,6]=separation layers, [ 17]=bursting 
disk, [13,14,18,19]=screwjoints, 
Version A: [21]=separationnet, Version B: [7,9]=catalyst coated nets 

D. REFERENCES 
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Title: Impact of Additives and Waste Stream Constituents on the 
Immobilisation Potential of Cementitious Materials. 

Contractor: University of Aberdeen, Aberdeen, Scotland, UK. AB9 2UE 
Free University of Berlin, 14195 Berlin 33, Germany (partner) 
AEA Windscale, Cumbria, England. CA20 1PF (partner) 

Contract No.: F12W/0099 

Duration of Contract. October 1991 - December 1994 

Period Covered: January 1993 - December 1993 

Project Leader: Prof. F.P. Glasser (UA) 
Prof. G. Marx (FUB) 
Dr. M. Angus (AEA) 

A. OBJECTIVE AND SCOPE 
The objective of this tri-coordinated research programme is to determine the interactions 

between waste and cementitious materials, in real waste forms, and also to explain the 
sorption phenomena of transuranics and relate laboratory data to the performance of realistic 
cemented waste forms within a repository. 

The studies will be used to strengthen the links between empirical studies e.g. leaching, 
and more fundamental aspects. They will also be used to determine the impact of waste itself, 
both active and non-active, on the properties and performance of the encapsulating cement. 

Various techniques will be used in the measurement of the aqueous phase and solid phase 
compositions of cement and blended cement, using inactive controls as well as formulations 
containing real wastes. Separation factors will be calculated for various isotopes in the above 
systems. The sorption processes for certain transuranics will be determined on pure cement 
phases and the role of certain organic complexing agents will be determined. The impact of 
selected inorganic ions on cement performance at longer ages will also be measured. The 
above experiments will be carried out at three isotherms: ambient (~ 22°C), 55°C and 80°C. 

B. WORK PROGRAMME 
B. 1 Preparation of blended cements incorporating radioisotopes and process chemicals. 

B.2 Trial runs at elevated temperatures on pore fluid expression device. 
B.3 Pore fluid extraction of the samples prepared under B.l and measurement of 

radioisotope sorption for the various cement blends. 

B.4 Determine the effect of organic additives/real wastes on the sorption potential of the 
various cement blends. 

B.5 Synthesis and characterisation of phase pure cement hydrates for sorption studies. 

B.6 Measure the sorption of Eu(m) or Am(m), U(Vi), Th(rv), Np(V) and Pu(VT) on synthetic 
cement hydrates, ettringite, C-S-H, tobermorite and hydrotalcite. The effect of organic 
additives on the sorption capacity will be determined. 
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B.7 Study the specific nuclide interactions (Ni, Cs, CI and I) with cementitious materials. 

B.8 Study the impact of chloride, carbonate and sulphate on cement performance. 

B.9 Study the impact of organic additives/process chemicals on cement performance. 

B. 10 Verification of mineralogy of phase pure cement hydrates used in B.6. 

C. PROGRESS OF WORK AND RESULTS OBTAINED 
State of Advancement 

In the period under review all of the above tasks are underway with tasks B.l, B.2 and 
B.5 completed. A problem that has been encountered with task B.6 is that some of the 
hydrates have altered in to various other compounds due either to the temperature or the 
solutions they have been contacted with. This is not seen as a major problem as long as the 
new products are identified and the sorption capacities of the alteration products are 
determined. It is important to note these changes since they may reflect what will happen to 
the hydrates in a repository environment. In task B.6 most of the work has concentrated on 
work at 25 and 55°C in double distilled water and in saturated NaCl solution. Work at 85°C 
and the effects of organic additives will be carried out over the next year. The bulk of task 
B.3 has been completed and work is well underway for B.4. Task B.7 is underway with 
most of the work concentrating on Ni and Cs. In task B.8 most of the work has concentrated 
on the impact of chloride. Task B.9 has begun and most of the work to date has centred on 
the effects of citric acid and oxalic acid. Much time has been used in developing the relevant 
analytical techniques. Task B.10 is ongoing throughout the project and the phase purity of 
the hydrates is determined as and when the samples become available from task B.6. 

Progress and Results 

Tasks B.3 and B.4 Sorption Experiments on Real Cements Containing Waste Materials. 

Work is reported on the extraction and analysis of pore fluid from repository cements 
using a high force hydraulic press. Work has concentrated on the following areas during 
1993; 

• The effects of organics arising from cellulose degradation on the pore fluid 
concentrations of radioisotopes of plutonium, tin and thorium. 

• The effect of EARP (Enhanced Actinide Removal Plant) floe simulant (an iron-based floe 
used to remove actinides from process streams in the UK) on the sorption of 
radioisotopes of chlorine, iodine, tin, thorium and plutonium. 

• To provide characterisation information on the various cement blends used in the project 
under the appropriate curing conditions 

The test matrix for work with the cellulose organics has involved four different sources of 
organics:-

• neat cellulose, purchased directly from a chemical supplier and added at a rate of 15 
wt.% with respect to the dry cement used. 
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• degraded cellulose, prepared by leaching 40g of tissues and 360g crushed backfill with 
500ml water at 80°C for 30 days. This was added to give a cellulose addition of 1% with 
respect to dry cement used. 

• iso-saccharinic acid (ISA) a known cellulose degradation product. This was added at two 
concentrations; 0.001 and 0.01 moles per 150g cylinder of cement. 

• simulated plutonium contaminated material, which was prepared in the laboratory by 
cutting up all the constituent materials, see Table I, in to small pieces. A total mass of 
66.68g of PCM simulant was added to each 150g cement cylinder. 

These materials are all sources of cellulose or cellulose degradation products. Three 
cement formulations have been investigated, 3:1 PFA:OPC, 3:1 BFS:OPC and UK Nirex 
'Reference Vault Backfill. The cylinders were prepared with saline groundwater simulant and 
cured at 80°C for 28 days under anaerobic conditions. 

Three variations of EARP floe was used in the sorption experiments; an aged floe and 2 
fresh floes. The fresh floes were subjected to different mixing regimes; addition of the 
radioisotopes at the point of mixing the floe and cement together and addition of the isotopes 
before flocculation. The cement blend used was a 1:1 PFA/OPC mixture. The samples were 
cured as described above for the organics. 

No increase in Pu solubility was observed as a result of adding ISA or cellulose leachate. 
However, with a very large addition of neat cellulose there is a significant increase of 
approximately 2 orders of magnitude. Addition of PCM simulant produces a smaller increase 
in Pu solubility, at levels planned by BNFL for the encapsulation of combustible PCM, . 
There is no significant decrease in sorption with the addition of leachate but with large 
additions of neat cellulose there is a significant decrease in Th sorption for all three cement 
blends. In contrast, decreased sorption of Sn is only observed with large additions of 
cellulose to 3:1 PFA/OPC. 

The aged EARP floe results are similar to results obtained previously for isotopes in 
cement with no added floe. The sorption was higher for CI, I and Sn with fresh floe than for 
aged floe, but was lower for fresh floe with Th and Pu. 

Some characterisation work on non-active samples of 3:1 PFA/OPC and backfill 
containing organic additives were investigated at Aberdeen University. Methods include X-
ray diffraction (XRD), scanning electron microscopy (SEM), total organic carbon (TOC) and 
inductively coupled plasma mass spectrometry (ICP-MS). A limited amount of HPLC work 
was carried out by AEA Harwell. 

Task B.6 Sorption Experiments on Phase Pure Cement Hydrates. 

In the time period covered FG Radiochemistry of FU-Berlin finished the experiments on 
the sorption of neptunium on the four cement components: hydrotalcite, ettringite, C-S-H 
gel and tobermorite in water, saturated NaCl solution and Q-brine at 25°C. The sorption 
experiments on thorium and uranium on the four cement components in the three systems at 
55°C have been completed. Results have been obtained for the sorption of plutonium on 
hydrotalcite in water at 25°C. Experiments on europium were started at 55°C with the 4 
cementitious sorbents in water and saturated NaCl solution. Results have been obtained for 
europium sorption in Q-brine at 55°C. 
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Freundlich and Langmuir isotherms could be applied to the data obtained. From the 
results obtained from these experiments on speciation it can be shown that for thorium at 
high pH only Th(OH)4 is present in water and in saturated NaCl solution; the ion constituent 
is a single ionic species in this case. Within the pH range 3-5, Th(OH)4 competes with 
Th(OH)2^+ and to a much lesser extent with Th(OH)3+. Chlorocomplexes do not exist at 
these conditions, however, if the pH is changed, not by adding NaOH but by dilution with 
saturated NaCl solution, a variety of chlorocomplexes will exist, the leading part played by 
ThCl3+ at lower pH and ThCl(OH)4

_ at higher pH. The species ThCl(OH)2
+ exists at 

intermediate conditions. With respect to the speciation of neptunium, the results show that 
NpC»2+ is the dominant species at lower pH in saturated NaCl solutions. At very high pH, 
NpC»2(OH)2" plays the leading part. Within the relevant pH range, from 10 - 11, NpC^OH 
must be taken into account as well as NpC»2+ and NpC»2(OH)2" which have about equal 
concentrations. In water NpC»2+ is the dominant species, even at pH 10, negatively charged 
complexes are only present at very high pH values (pH « 12). For uranium, only the species 
U02(OH)2 exists at higher pH in water. At lower pH (U02)2(OH)22+ plays the leading part 
followed by UC»22+ in acidic media. 

The physical chemical constants obtained from Langmuir's isotherm allow the sorption 
ability of the four cementitious materials to be compared with each other in the three 
different electrolyte solutions. 

The results obtained from the sorption experiments on thorium, uranium and neptunium 
show that the sorption of the ion constituent of these elements on the various cementitious 
materials is higher in saturated NaCl solution than in water. This behaviour may be due to 
the chlorocomplexes formed. This is the case for neptunium and uranium but not for thorium. 
In order to confirm this assumption the surface of the cement components needs to be 
investigated by the use of instrumental methods. The main factor, which drastically decreases 
the solubility of the selected actinides in these systems, is the high pH resulting from 
dissolved cement components. 

B.7 Specific Nuclide Interactions with Cementitious Materials. 

Most of the work to date has centred the interaction of Ni and Cs. 

Blended cements with the compositions OPC, 9:1 BFS/OPC, 3:1 PFA/OPC and a backfill 
mix were prepared with a w/c ratio of 0.5. Nickel was added to the mix water to give a 
concentration of either 0, 5000, 50000 ppm Ni (as the nitrate salt). The cylinders were 
prepared in duplicate and cured for 24h at 25°C. They were then stored at 25° and 85°C for 
3 months and 1 month respectively. After this time the pore fluid was expressed under 
nitrogen, and OH and Ni concentrations determined (see Table II). At 0 and 5000 ppm Ni 
additions, the Ni levels in the pore fluid are effectively the same. There is more Ni in the OPC 
pore fluid than in the blended cements. This may be due to a significant Ni content in the 
OPC. Elevated temperature reduces the Ni concentration in the pore fluid except at the 
highest loading. 

XRDs were made of the solids to identify any possible Ni containing phase. Only at the 
highest Ni loading is there a change in the XRD. Identification of the phase(s) responsible for 
incorporating/sorbing Ni was attempted using TEM. Dispersed samples did not show any 
distinct Ni containing phase(s), although the Ni seemed to be uniformly dispersed within the 
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sample. It may have been present as small Ni(0H)2 particles adhering to the surface of other 
cement hydrates. Initial X-ray element maps of polished sections of the high Ni samples 
showed Ca-rich regions bounded by a Ni-rich layer. This may be Ca(OH)2 coated with 
Ni(OH)2. 

Fragments of the above cements (prior to pore fluid expression) were ground and used for 
leaching experiments at a w/s ratio of 50. Samples were stored for 2 months at 25° and 85°C. 
Unfortunately the samples stored at 85°C dried out. Ni concentrations in the samples at 25°C 
were found to be <10 ppb. 

The work with Cs has centred on sorption experiments. Several authors have 
demonstrated that OPC has very little potential to absorb Cs./l-4/ However, well-cured 
PFA/OPC blends have the best potential for absorbing Cs./2,4/ The exact phase responsible 
for this enhanced sorption is not known. McCulloch found that C-S-H with a C/S ratio < 1.0 
shows enhanced sorption over gels with a C/S 1.1 - 1.7/4/ Tobermorite was also found to 
have a high sorption capacity. 

In this work we have measured the sorption potential of various, phase pure, cement 
hydrates that can be potentially found in well-cured PFA blended cements. The phases 
studied were; hydrotalcite, gehlenite hydrate, C-S-H (C/S = 1.0, 1.4 and 1.7), tobermorite, 
jennite, C-A-S-H gel (C:A:S = 1), gismondine all at 25°C and "zeolite precursor" at 25" and 
85°C. Gismondine showed the best sorption capacity followed by C-A-S-H gel, tobermorite 
and jennite, C-S-H showed moderate sorption with C/S = 1.0 performing best. Hydrotalcite 
and gehelnite hydrate showed no measurable sorption. The results are for selected hydrates 
are shown in Tables III - VI. 

B.8 Impact of Chloride on Cement Performance. 
Most of the work to date has been identifying which chloride phases are stable in a cement 

environment, finding out their solubility either from literature or synthesising the compounds 
and determining the solubility. This data was then used to determine the range of chloride 
concentrations that the various phases were stable. This was done using thermodynamic 
computer models. 151. 

In the CaO-Al203-CaCl2-H20 system at 25°C seven hydrates were found to be stable-
Ca(OH)2 [CH],Al(OH)3 [AH3], Ca3Al2(OH)12 [C3AH6], 3CaOCaCl215H20 [3-1-15], 
CaOCaCl2-2H20 [1-1-2], 3CaO-Al2O3-CaCl2-10H2O [F.S.] and CaCl2-6H20. The 
numbers in [ ] are abbreviations for the phases. The order in which these phases occur is> 

[Cl] < 0.009 mol/Kg : AH3, C3AH6, CH 

0.009 < [CI] < 0.011 mol/Kg : AH3, C3AH6, CH, F.S. 

0.011 [CI] < 3.285 mol/Kg :AH3, F.S., CH 

3.285 [CI] < 6.427 mol/Kg AH3, F.S., 3-1-15 

6.427 [CI] < 8.001 mol/Kg AH3, F.S., 1-1-2 

8.001 [CI] < 8.0158 mol/Kg CaCl2-6H20, F.S., 1-1-2 

8.0158 [CI] < 8.016 mol/Kg CaCl2-6H20, 1-1-2 

[CI] >8.016 mol/Kg CaCl2-6H20 
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As can be seen from the above data, Friedel's salt (3CaOAl2O3-CaCl2-10H2O) occurs at 
quite low chloride concentrations and persists over a wide range of concentrations. It is 
believed that this will be the dominant chloroaluminate phase under repository conditions, 
unless the groundwater has very high levels of chloride. The effect of adding sodium to this 
system is has yet to be determined. 

B.9 Influence of Organic Additives on Cement Hydration. 

The hydration and interaction of OPC in the presence of citric acid have been investigated. 
It has been proposed that retardation results from the adsorption of the citrate species, the 
strong retarding effect generally being attributed to the presence of an a or (3-hydroxy 
carboxylic entity/6/ It is known that calcium, aluminium and iron ions are all potentially 
capable of chelating with hydroxy acids although these complexes are not very strong./7/ 
Thus organics are of interest because they appear in process waste streams and may interfere 
with cement hydration. They may also form strong complexes with radionuclides leading to 
their increased solubility. 

The results clearly indicate that small additions, < 0.15% wt.% citric acid/OPC, have a 
powerful retarding action. At higher concentrations, 0.3%, the retarding effect is so powerful 
that set may not take place. In the presence of 0.05 wt.% citric acid the rate of heat 
evolution is decreased and there is a short retardation of approximately 2 hours. As the 
concentration of citric acid is increased up to 0.15 wt.%, a gradual decrease in the rate of 
heat evolution is observed. OPC with 0.15 wt.% citric acid addition sets in 14% hours, an 
increase of 10 hours. 

Cement cylinders containing citric acid were prepared with OPC to a w/c = 0.4. Three 
concentrations of citric acid were studied; 0.05, 0.10 and 0.15 wt.%. Control samples 
containing no citric acid was also prepared. These samples were cured at 25°C at 100% RH. 
Fluid was extracted from the cylinders either by filtration or by means of a high pressure 
squeezing device, "pore fluid expression". The samples were filtered after the initial mix, ~ 10 
minutes, at set point (time depends on the citric acid concentration), 96 and 168 hours. The 
pore fluid was analysed for major cations and anions and also for citrate. The results show 
that citrate concentrations drop rapidly until set point and thereafter slowly increases. The 
citrate concentration at set point is «250 ppm regardless of the initial citrate concentration of 
the mix water. Other trends that emerge are that hydroxyl ion concentration increases with 
increasing citric acid concentration whilst calcium and sulphate slowly decrease. 

Cement Nomenclature:- C = CaO A = A1203 S = Si02 H = H20 M = MgO S = S03 
Abbreviations:- OPC - Ordinary Portland Cement BFS - Blast Furnace Slag 

PFA - Pulverised Fly Ash 
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Tables. 
Table I. Composition of PCM Simulant 

Material 
White gloves 
Black gloves 

Marigold1 M gloves 
Kleenex™ tissues 

Cotton cloth 
Brown paper 

Polythene bags 
PVC sheet 
TOTAL 

Amount (g) 
5.13 
5.13 
5.13 
1.34 
1.34 
1.34 
8.66 

38.61 
66.68 

Table II. Solubility of Ni in Blended Cement Pore Fluid. 

Cement 
formulation 

OPC 

9:1BFS/0PC 

3:1 PFA/OPC 

Backfill 

Ni added in 
mix water (ppm) 

0 
5000 

50000 
0 

5000 
50000 

0 
5000 

50000 
0 

5000 
50000 

3 months at 25 °C 
[Ni] ppm 

1.0 
0.9 

-
0.3 
0.3 
1.9 
0.4 
0.3 
1.5 
0.3 
0.4 
1.6 

[OH] mmol/1 
625 
550 

-
103 
70 
-

140 
60 

<10 
170 
123 
50 

1 month at 85°C 
[Ni] ppm 

0.4 
0.3 

-
0.1 
0.1 
1.5 
0.1 
0.2 
1.8 
0.1 
0.2 

-

[OH] mmol/1 
288 
173 

-
70 
43 
25 
23 
5 
5 

135 
83 
50 
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Table III. Sorption Capacity of Gismondine for Cs. 

Sample 
Weight of hydrate 

Volume of solution 
Initial Cs (ppm) 

After 18 days (ppm) 
RD (ml/g) 

gismondine 
0.5 g 

100 ml 
1.3 

0.03 
8467 

133.0 
1.33 

19800 

1329.1 
638.0 
216.6 

Table IV. Sorption Capacity of C-A-S-H gel for Cs. 

Sample 
Weight of hydrate 
Volume of solution 

Initial Cs (ppm) 
After 24 days (ppm) 

RD (ml/g) 

C-A-S-H gel 
l.Og 

100 ml 
9.68 
4.43 
118.5 

100.0 
50.10 
99.60 

1006.0 
732.2 
37.39 

Table V. Sorption Capacity of Tobermorite for Cs. 

Sample 
Weight of hydrate 
Volume of solution 

Initial Cs (ppm) 
After 24 days (ppm) 

RD (ml/g) 

Tobermorite 
l.Og 

100 ml 
9.68 
5.31 

82.30 

100.0 
89.14 
12.18 

1006.0 
984.1 
2.23 

Table V. Sorption Capacity of Jennite for Cs. 

Sample 
Weight of hydrate 

Volume of solution 
Initial Cs (ppm) 

After 24 days (ppm) 
RD (ml/g) 

Jennite 
0.5g 

100 ml 
9.68 
8.57 

25.90 

100.0 
96.13 
8.05 

1006.0 
983.1 
4.65 

Report Compiled by A. Kindness 26/1/94 
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Title: Some Aspects of Leaching Mechanisms of Ions Incorporated in Cement 
or Polymer 

Contractor: NCSR "Demokritos", 153 10 Athens, Greece 

Contract No.: FI2W-CT93-0124 

Duration of Contract: from 1 March 1993 to 28 February 1995 

Period covered: 1 March-31 December 1993 

Project Leaders: S.G. Amarantos and J.H. Petropoulos 

A. OBJECTIVES AND SCOPE 

The present work aims at further elucidation of some mechanisms which govern the 
elution, by water, of some important ions from solids simulating solidified low or medium 
level radioactive wastes. 

The distribution of Sr ion in the cement matrix after a long period of leaching as well as 
the physicochemical state of water within the pores in this matrix is under investigation. 

In the work concerning polymers the experimental study of the sorption and diffusion 
behavior of a model polymer-NaCI-F^O system will permit the more detailed application and 
testing of the theoretical approach describing the elution of salts of both high and low 
solubility embedded in hydrophobic matrices, taking into account the concurrent imbibition 
of water. 

B. WORK PROGRAMME 

B.1 Cement 

B.1.1 Distribution of Sr. 
B. 1.1.1 Experiments with specimens containing inactive Sr in the form of SrS04 
B.1.1.2 Experiments with specimens containing Sr-90 in the form of Sr(N03)2. 
B.1.2 Physicochemical state of water. 
B. 1.2.1 Thermogravimetric and differential scanning calorimetry measurements. 
B.1.2.2 Porosimetry measurements. 

B.2 Polymer 

B.2.1 Sorption and diffusion experiments with NaCI in polymer films and parallel 
measurements of the rate of water sorption. 

B.2.2 Equilibrium water uptake by polymer films at different relative humidities and salt 
content. 

B.2.3 Study of ion transport using Na-22 and CI-36 tracers. 

B.3 Modelling and interpretation of results 
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PROGRESS OF WORK AND RESULTS OBTAINED 

State of advancement 
The distribution of non-eluted Sr along the diffusion axis in cement specimens 

previously subjected to leaching with distilled water for several years was studied. The Sr 
was initially incorporated in the form of inactive sparingly soluble SrS04. The results 
showed deviation from the perfectly uniform distribution of the embedded salt in the cement 
matrix which is assumed theoretically. Similar studies with Sr-90 incorporated in the cement 
specimens as Sr(N03)2 as well as thermogravimetric (TGA), differential scanning 
calorimetry (DSC) and mercury porosimetry measurements for the characterization of the 
state of water in cement will be carried out in the next phase of the program. 

The experimental work with model polymer-salt-h^O systems included 
measurements of sorption and diffusion of NaCI in cellulose acetate films. Vt kinetics was 
obeyed in some cases but appreciable deviations therefrom were found in other cases. The 
rate of water sorption by the film during salt elution was also measured. Work on the 
determination of equilibrium water vapor uptake by polymer films at different relative 
humidities was begun using neat polymer films. 

Progress and Results 

1. Cement specimens 

B.1.1.1 Distribution of Sr along the diffusion axis of specimens containing (inactive) SrSC>4. 

Cylindrical specimens (diameter =height =4 cm) from previous elution studies IM, 
initially containing about 3.1% by wt of Sr as SrSC>4 were used. They had been subjected to 
leaching by distilled water (with one flat surface of the specimen exposed to leachant) at 
30°C. The methods used involved either stagnant leachant which was renewed periodically 
or leachant which was continuously renewed in the manner described in Ref. IM. CO2 was 
excluded during preparation and leaching of the specimens. The latter were cut into slices 
or ground up progressively normal to the diffusion axis, until the Sr content of successive 
slices or samples of powder did not vary significantly. Sr content was determined by atomic 
absorption after dissolution in 3M HNO3. Examples of the concentration profile of Sr 
determined by grinding are presented in Figures 1 and 2 where x is the distance from the 
surface exposed to leachant and the Sr content refers to dried sample. The dotted line 
represents the initial concentration of Sr in the specimen (assumed to be uniform along the 
length of the specimen), as estimated from the total amount of Sr found in leachates and 
that remaining in the specimen. In both cases the diffusion front is not sharp as predicted by 
the Higuchi model IM, which assumes that the embedded salt is perfectly uniformly 
dispersed throughout each cross-section of the specimen. This is attributable to the fact that 
the embedded salt is at least partly in the form of particulate aggregates (as is confirmed by 
the visual observation of "spots" on the ground surface of the specimens which have been 
shown by atomic absorption to contain a very high proportion of Sr). 

2. Polymer specimens 

B.2.1 Sorption and diffusion experiments with NaCI in polymer films and parallel 
measurements of the rate of water sorption. 

Two types of polymer films (of thickness 120 or 300 urn) were used, namely (a) as 
prepared in neat form (normal films) or (b) films originally loaded with particulate NaCI (11 or 
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20% by wt), which was subsequently removed by elution (salt-depleted films) 121. Normal or 
salt-depleted films were equilibrated at 25°C with concentrated NaCI solutions containing 
0.05, 0.12 or 0.25 g/cm^ of salt solution and were then subjected to elution by distilled water 
with stirring at 25°C. The amount of desorbed salt was determined by measuring the 
electrical conductivity of the eluting bath. The water content of the films at the beginning of, 
or during, the elution experiment was estimated gravimetrically. Some sorption and diffusion 
results are summarized in Table I were Kp and ks are partition coefficients. In particular, 
Kp=C/c, where C and c are the salt concentrations in the polymer and external solution 
respectively (expressed in g/cm^ of polymer or of solution respectively), while ks is the 
ratio of salt concentration in the water imbibed by the polymer (in g/g of sorbed water) to 
the external salt solution concentration (also in g/g of water). Cyvo a n d C\A/0 denote the 
water content of the polymer in equilibrium with salt solution and with water respectively; D 
is the diffusion coefficient calculated from the slope of the linear part of the elution curves of 
Figure 3a. 

The values of Kp, ks and D as well as the water content, of salt-depleted films are 
generally higher than those of normal films (i.e. films with zero initial salt load). This, no 
doubt, reflects the fact that in salt-depleted films the volume initially occupied by the salt 
particles is available for occupation by imbibed water. The values of Kp, CyyO and D of 
normal films agree reasonably well with those found by others (e.g. Ref. 131) and do not 
differ significantly at the two concentrations (c=0.05 and 0.12 g/cm^) studied. Table I also 
shows that the water uptake Cyyrj of films equilibrated in the most concentrated NaCI 
solution (0.25 g/cm^) is substantially lower. 

Some representative elution curves are presented in Fig. 3a, where the fraction of 
salt desorbed Za n /A 0 is plotted vs the square root of elution time t. Fickian kinetics is 
obeyed, except in the case of films equilibrated with the most concentrated NaCI solution 
(the corresponding D values in Table I have been put in parentheses, because they are 
indicative only). In particular, the middle portion of the elution curve in the latter case 
exhibits a marked acceleration effect attributable to the concurrent influx of water. The 
kinetics of the latter is presented in Fig. 3b. 

B.2.2 Equilibrium water uptake by polymer films at different relative humidities and salt 
content. 

Normal films (-120 urn thick) were first equilibrated with distilled water, dried by 
evacuation and then equilibrated at 25°C with atmospheres of progressively higher relative 
humidity. The water regain of the film was estimated gravimetrically and the resulting 
sorption isotherm is presented in Fig. 4 (the point corresponding to RH=100% was 
determined by immersion in distilled water). Reasonable agreement of our results with those 
given in the literature 141 was found. 
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TABLE I. SORPTION EQUILIBRIA AND KINETIC PARAMETERS OF POLYMER FILMS 

CD 
CO 

c 
(g/cm3) 

0.05 

0.12 

0.25 

Original salt 
load of film 
(% by wt) 

0 
11 
20 

0 
11 

20 

Kp 

0.0336 
0.0758 
0.131 

0.0320 
0.0585 

0.0545 

ks 

0.186 
0.361 
0.510 

0.199 
0.381 

0.339 

c WO 

(g/g) 

0.153 
0.192 
0.248 

0.146 
0.130 

0.128 

(g/g) 

0.155 
0.200 
0.273 

0.150 
0.201 

0.260 

Dx109 

(cm^/s) 

1.5 
3.7 
8.3 

1.0 
(35) 

(18) 
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Figure 1. Distribution of non-eluted Sr in cement samples after 19 months of elution at 30°C 
by stagnant distilled water. 

X(mm) 

Figure 2. Distribution of non-eluted Sr in cement samples after 74 months of elution at 
30°C by continuously renewed distilled water. 
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( b ) 

Vt( Vmin ) 

8 12 16 

Figure 3. (a) Elution curves of normal (D, 0) or salt-depleted films of original salt content 11 
(A, o) or 20% (V) by wt, equilibrated in a NaCI solution of concentration 0.05 (□, 
A,V), 0.12 (0) or 0.25 (o) g/cm

3
. Film thickness: 300 urn. 

(b) Water uptake (during salt elution) of the film equilibrated in the 0.25 g/cm
3 salt 

solution. 
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Figure 4. Water regain of a neat polymer film equlibrated at different relative humidities 
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Title : The effect of Microbial Activity on 
the Near and Far Fields of a Deep 
Repository 

Contractor : DCC/Dir CEA Saclay 
Contract N° : FI2W-CT90-0022 
Duration of Contract : October 1991- October 1993 
Period covered : January 1993 - December 1993 
Project Leader : M P . LESSART DSD/SEP/SEATN 

CEA Cadarache 
Co-workers : Mme LIBERT, M. BESNAINOU, 

MM SPOR, TRESCINSKI, BILCOT 

OBJECTIVES AND SCOPE 

Micro-organism can produce organic or mineral acids that 
can promote corrosion and complexing agents that can modify 
the characteristics of the repository. So, radionuclides that 
have been immobilised by cement or bitumen embedding matrix 
can be leached either as soluble ions or soluble complexes 
(effects of the corrosion of the matrix) . This leads to an 
increase of their mobility. 

On the other hand, micro-organisms can decrease the 
mobility of initially soluble species by sorption on the cell 
membrane or on polymers (especially polysaccharides) produced 
by cells, and also by bioaccumulation in the cell. 

The objective of the present work is to determine the 
global effect of microbial presence on the mobility of 
radionuclides supposed immobilised in the near field (clay or 
cement). 

The experiments are realised on pure cement cylindrical 
samples or on fine mote of clay, containing U (introduced as 
Uranyl nitrate) or Cs (introduced as Cesium chloride). The 
organic acid producing micro-organisms growth on cellulose, 
one carbon source that can be found in nuclear waste. 

WORK PROGRAMME 

Literature survey. 
Pilot plant design and realisation, hydraulic tests, 

choice of working conditions. 
Metabolism study of cellulolytic micro-organisms 
Leaching of U and Cs contained in cement or clay matrix 

by the culture medium containing micro-organisms. 
Study of the different effect of direct and indirect 

microbial action on radio nuclide mobility or retardation. 
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C. PROGRESS WORK AND OBTAINED RESULTS 

I Literature survey 

From literature, it can be conclude that all elements 
necessary for microbial growth ( such as S, P, Ca, Mg, Fe as 
substratum, or Cu, Mn, Co, Zn, Mo, Ni, Se, V...as oligo 
element, electron donors and electron receivers ) exist in a 
deep repository. They are more or less available but micro
organisms have a very important adaptation ability that make 
them able to develop special metabolism in order to make the 
element assimilable if they need it for growth. 

When environmental conditions are too bad for growth, a 
lot of micro-organisms have the possibility of becoming spores 
or resting cells, that is a non developing state in which they 
can stay for a very long time, until environment becomes less 
unfavourable for growth. 

II -working condition and metabolisms of Trichoderma viride 

They have been described in details in previous reports. 
Trichoderma viride, using cellulose as the only carbon source, 
which may be representative of nuclear waste, they produce a 
lot of organic acids, 14 of them being identified by HPLC 
analysis, but, very rapidly, the total production is very low. 
The culture medium is a low mineral content solution, nearly 
representative of ground water. 

Two different liquid flows around the samples are used. 
Twice are more higher than those expected in a deep repository 
in which water renewal will be very low. They were chosen in 
order to allow a modelisation of leaching of cement 
constituents. 

III Pilot plant leaching experiments 

The pilot plant has been described in details in the 
annual report of January 1992 and is now under use for 16 
months. 

Two liquid flows on the cement or clay samples were 
chosen, corresponding respectively to a main residence time in 
contact with the sample of about 1 and 4 days for cement 
experiment. Corresponding to swelling of clay when put in 
contact with water, it has not been possible to determine the 
free volume for clay columns, nor the mean residence time. 
Moreover, despite of being totally and constantly immersed, 
preferential liquid ways developed, corresponding to gas 
bubbles accumulation between the clay grains. 
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On the top of cement containing both Cs or U, when 
leaching by a solution containing micro-organisms, a 
polysaccharide biofilm can be noticed. A precipitation of 
Phosphate and Carbonate on the cement samples can be noticed 
specially on the top of the samples, while Carbon is produced 
( micro-organisms and metabolites, including carbonates ). The 
layer of Calcium carbonate is thicker at the top of the cement 
columns ( up to lOOum ) than at the bottom. A thin Calcium 
phosphate layer ( about 10pm ) also develop under the previous 
Calcium carbonate layer. 

III.l Leaching of cement samples containing Uranium 

Initial pH of mineral solution is about 6.5 to 7. It is 
unchanged when dropping on cement despite of acid production 
by fungi, due to the very small amount of produced acid and to 
the buffer capacity of the solution. Nevertheless, immediately 
after the solution is in contact with cement, pH increases to 
12.5-13 at the beginning of the experiment ( due to the 
mobility of Ca(OH)2 and other alkaline compounds content ), 
and is still greater than 10 after 12 months leaching. 

Three slices were taken from the cement sample, one from 
the top, one from the middle and the third from the bottom. 
Compared with initial cement content, first results show that 
there were no effects on MnO and Ti02 content, but an 
important leaching of K, Na and Mg to a lesser extend, this 
last being precipitated on the surface as a phosphate of Ca 
and Mg. No decrease of Ca or other major component contents 
was noticed after 6 and 12 months of leaching except within 
the first outer 0.2 mm which porosity is increased. No 
leaching of Uranium was noticed. No effects can be noticed on 
Cl~ leaching. The greater the liquid flow around the cement 
is, the greater the effects. 

Some pores at the surface of the sample seems to be 
sealed by the previous Calcium phosphate compound and by 
Calcium carbonate. 

III. 2 Leaching of cement samples containing Cesium 

Compared with cement samples containing Uranium, the 
conclusions are the same except for Sulphate that is leached 
in this case, and for CI", that was much more concentrated in 
the cement ( Cesium was incorporated into the cement as Cesium 
Chloride ). But these effects are noticed only for the higher 
liquid flow and have to be confirmed. 

Within about 0.2 mm from the surface, most of the Cesium 
seems to have been leached from the matrix which porosity is 
increased. After 6 months leaching, the leached Cesium is 
concentrated at the periphery of cement, included into a 
Phosphate of Mg and Cs ( chemical composition : CsMgP04 ) . 
After 12 months, most of the Cs has been leached from this 
compound. 
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Precipitation of Calcium phosphate and carbonates seems 
also to have sealed some outlying pores. 

III.3 Leaching of clay samples containing Uranium 

Leaching of clay by mineral or organic acid 

Desorption experiments were carried out with a suspension 
of clay in a stirred reactor. For the same acid, desorption 
increases with H+ concentration. Compared with sulphuric acid, 
all tested organic acid always lead to a greater Uranium 
desorption, phenomenon that cannot be explained only by 
complexing properties ( such a result is obtained using acetic 
acid that cannot be considered as a complexing chemical ). 

Leaching in the laboratory pilot plant by acid produced 
by fungi growing on cellulose 

As for experiments on cement, sorption of Phosphate from 
the solution and no modification of CI" concentration, and a 
slight desorption of Sulphate can be noticed. 

We can notice a slight sorption of K, no effects on Mg 
and Na, and a solubilisation of Ca. 

Only the sorption of Phosphate and desorption of 
Potassium increase when liquid flow increases. No 
solubilisation of Uranium was noticed, most of the leached 
Uranium being probably caught by cells ( sorption on the cell 
walls ). 

III. 4 Leaching of clay samples containing Cesium 

Leaching of clay by mineral or organic acid solutions 

These experiments were carried out with a suspension of 
clay in a stirred reactor. As expected, there is no effect of 
the complexing properties of the acids but only an effect of 
pH of the solution. 

Leaching in the laboratory pilot plant by acid produced 
by fungi growing on cellulose 

For clay containing Cesium, the same effect of Phosphate 
sorption can be noticed. 

For cations, the effects increase with the liquid flow. A 
sorption of Potassium can be noticed, but no effect on Calcium 
nor on Magnesium, and a leaching of Sodium. Despite of the 
effects of Cesium on clay structure, it seems that small 
amount of Sodium were still present in the clay and are 
displaced by Potassium ( contained in the culture solution ). 
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IV Study of the different effects of direct and indirect 
microbial action on radio nuclide mobility 

For better understanding of the various possible action 
of micro-organisms on Uranium, we develop two different 
experimental apparatus to measure respectively direct and. 
indirect effects. They were described in the January 1993 
annual report. 

IV. 1 Direct microbial action on radio nuclide mobility 

Direct effect measurements need that radionuclides and 
micro-organisms are in contact one with the other. 

For this experiment, Trichoderma viride is put as a 
suspension into a mineral medium containing Uranyl nitrate and 
stay in contact during 1 day. 

At the end of the experiment, the culture medium is 
filtered and the total amount of U or Cs, adsorbed and 
bioaccumulated, is measured in the biomass by "washing" them 
using a diluted acid solution ( desorption of ions only 
absorbed on cell wall ). 

For Trichoderma viride, as expected, despite of no 
microbial growth, it appears that Cesium is mainly 
bioaccumulated while Uranium is adsorbed on cell walls ( a few 
percent for both nuclides ). 

IV.2 Indirect microbial action on Radio nuclide mobility 

The objective of this study is to determine the increase 
of radio nuclide mobility by chemical issued from cellulose 
biodeterioration. This needs radionuclides and micro-organisms 
be separated. 

Indirect effects have been measured using a 2 compartment 
device ( see previous report. ) separated by a microporous 
membrane ( 0,45 um polyvinylidene difluoride membrane ) 
allowing the free diffusion of ions and molecules. Cells are 
grown in one compartment while Uranium or Cesium included in 
the matrix, are in the other. 

Produced organic acids diffuse through the membrane and 
lead to the desorption of U initially incorporated in the 
matrix. 

Solubilized nuclide can diffuse through the membrane of 
polyvinylidene and an accumulation on the cell wall or on 
polymers excreted by cells occurs. 

In the case of Uranium incorporated into cement, only a 
very small amount ( about 1% ) is dissolved, most of it being 
adsorbed into polymers excreted by cells. The important 
production of polymers leads to fouling of the membrane and 
stops the experiment. 

For Cesium incorporated into clay, the pH of the solution 
was not low enough to solubilize it. 
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Preliminary conclusion 

From first results, cement is a very efficient barrier 
against Uranium migration, while clay is much more better than 
cement to avoid Cesium migration. 

After 12 months leaching, it is impossible to distinguish 
the specific effect of micro-organisms on leaching of Uranium 
from clay or cement. 

Nevertheless, solubilisation of Uranium incorporated into 
clay as U0 2

2 + is greater using organic acids than using 
mineral ones. So, it seems that micro-organisms can increase 
the mobility of Uranium. 

By opposition, accumulation of Uranium into polymers 
excreted by cells can be noticed, that leads to a decrease of 
Uranium mobility. 

Up to now, it is too early to conclude about the global 
effect of micro-organisms on mobility of Uranium which is a 
balance between these two effects. Experiments prosecutes. 

As a first approach, it seems that there is no specific 
effect of micro-organisms on solubilisation of Cesium both 
from cement or clay. 
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Title: Corrosion of Selected Packaging Materials for Disposal of Heat-Generatina 
Radioactive Wastes 

Contractors: KfK Karlsruhe, ENRESA Madrid 
Contract No.: Fl 2W-CT-90-0030 
Duration of contract: January 1991 - December 1994 
Period covered: January 1993 - December 1993 
Project Leader: E. Smailos, KfK-Karlsruhe, Germany 

A.OBJECTIVES AND SCOPE 
In previous corrosion studies, carbon steels and the alloy Ti 99.8-Pd were 

identified as promising materials for heat-generating nuclear waste packagings 
acting as a barrier in a rock-salt repository. To characterize the corrosion 
behaviour of these materials in more detail, a research programme including 
laboratory-scale and in-situ corrosion studies has been undertaken jointly by KfK 
and ENRESA/INASMET. Besides carbon steels and Ti 99.8-Pd, also Hastelloy C4 and 
some Fe-base materials will be examined in order to complete the results 
available to date. 

The research programme has two objectives: 
- Investigation of the influence of essential parameters on the corrosion 

behaviour of the materials in disposal relevant salt brines. These parameters 
are: temperature, gamma radiation and selected characteristics of packaging 
manufacturing (KfK). 

- Investigation of the resistance of carbon steels to stress corrosion cracking in 
an MgCl2-rich brine at various temperatures and strain rates by means of the 
slow strain rate technique (ENRESA). 

B. WORK PROGRAMME 
B.2.1 Corrosion studies on the unalloyed fine-grained steel in three salt brines 

(two MgCl2-rich, one NaCI-rich) at 150°C and gamma dose rates of 1 Gy/h 
and 10 Gy/h (laboratory-scale immersion tests, KfK). 

B.2.2 Corrosion studies of two low-alloyed steels (TSt E460, 15 MnNi 6.3) in three 
salt brines at 150°C (laboratory-scale immersion tests, KfK). 

B.2.3 In-situ corrosion studies on specimens of Fe-base materials, Ti 99.8-Pd and 
Hastelloy C4 in rock salt at rock temperature (reference experiments, KfK). 

B.2.4 In-situ corrosion studies on tubes of carbon steel, Ti 99.8-Pd and Hastelloy C4 
provided with selected container manufacturing characteristics in rock 
salt/brines at 90°C-200°C (KfK). 

B.2.5 Statistical analysis of corrosion data (KfK). 
B.2.6 Stress corrosion cracking studies on unalloyed and low-alloyed steels (fine

grained steel, TSt E 460, 15 MnNi 6.3) in an MgCI2-rich brine at various 
temperatures (25°C, 90°C, 170°C) and slow strain rates (104- 107s-1) 
(ENRESA/INASMET). 
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C. PROGRESS OF WORK AND RESULTS OBTAINED 

State of advancement 
In the period under review, gamma irradiation-corrosion studies of up to 

about 6 months at 10 Gy/h and 150°C, and stress corrosion cracking studies at 
slow strain rates (10-4-107 s-1) and 90°C were performed on three preselected 
carbon steels in disposal relevant salt brines. Moreover, results were obtained 
from long-term in-situ corrosion studies (maximum test duration 9 years) on 
carbon steel, Ti 99.8-Pd, Hastelloy C4, Ni-resist D4 and Si-cast iron. In the in-situ 
experiments, besides metal sheets, tubes of the above-mentioned materials 
provided with selected container manufacturing characteristics were tested in 
rock salt and rock salt plus brine at temperatures of 32°C-200°C. 

PROGRESS AND RESULTS 

B.2.1 Irradiation-corrosion studies on the unalloyed steel TStE 355 in brines 
(KfK contribution) 
The long-term gamma irradiation-corrosion studies on the unalloyed fine

grained steel TStE 355 (0.17 wt.% C; 0.44 wt.% Si; 1.49 wt.% Mn; bal. Fe) were 
continued by examination of the 166-day specimens. The steel was investigated 
for general and local corrosion in three disposal-relevant salt brines (two MgCl2-
rich, one NaCI-rich) given in Table I at 150°C and a realistic gamma radiation field 
of 10 Gy/h (103rad/n) for the thick-walled container discussed. The experiments 
were performed in the spent fuel storage pool of KFA Julich. The radiation source 
were spent fuel elements with a gamma energy spectrum similar to that of 10-
year-old vitrified HLWC. For comparison, also experiments without radiation 
were conducted. All investigations were carried out at a brine volume - to 
specimen surface ratio (V/S) of 2 ml/cm2. 

The integral weight losses and the corrosion rates of the steel after an 166-
day exposure to irradiated and unirradiated brines of 150°C are compiled in Table 
II. For comparison, also the results of previous studies / 1 / lasting 100 days have 
been entered. All values are average of 3-4 specimens. In both cases with and 
without radiation, the integral corrosion rates of the steel in the MgCl2-rich 
brines 1 (Q-brine) and 2 are siginificantly higher than in the NaCI-rich brine 3. The 
highest corrosion rate was obtained in the MgCl2-richest brine 2, the lowest in 
the NaCI-rich brine 3. The higher corrosivity of the MgCl2-rich brines compared to 
NaCI-rich brine is attributed to their higher HCI concentration. This could be 
explained by the higher CI" concentration and the hydrolysis of the Mg2 + . The 
acceleration of the steel corrosion in brines containing high amounts of MgCl2 is 
in agreement with the results reported by Westerman et at. 121. 

The imposition of a 10 Gy/h radiation field on the 150°C brine environments 
increases the average integral corrosion rates of the steel specimens in the brines 
1 and 2 from about 69 ym/a to 124 pm/a, and from 170 pm/a to 221 um/a, 
respectively. In the brine 3, the corrosion rate in the 10 Gy/h irradiated 
environment (14.6 pm/a) is very closed to the value in the unirradiated system 
(19.2iim/a). 

Surface profiles and metallographic examinations of corroded specimens 
have shown that the steel is resistant to pitting corrosion in both irradiated and 
unirradiated brines. In all brines, a non-uniform general corrosion was observed. 
However, the measured maximum penetration depth of this uneven corrosion 
corresponds to the values of the average thickness reduction. 

In general, it can be stated that the corrosion rates determined so far for the 
steel in irradiated and unirradiated brine environments imply corrosion 
allowances technically acceptable for the thick-walled containers discussed. A 10 
Gy/h gamma radiation field appears to increase the general corrosion of steel at 
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150°C in MgCI2-rich brines, whereas in NaCI-rich brine no effect of radiation on 
the corrosion was observed. For a final statement regarding the influence of a 
gamma dose rate of 10 Gy/h on the corrosion of carbon steels in 150°C brine 
environments, the results of the ongoing long-term experiments lasting up to 18 
months are necessary. 

B.2.3 + 
B.2.4 In-situ corrosion studies on selected container materials (KfK contribution) 

In the period under review, the long-term in-situ corrosion studies 
(maximum test duration 9 years) on Ti 99.8-Pd, Hastelloy C4 (a Cr-Ni-Mo alloy), 
cast steel (0.16 wt.% C) and the Fe-base materials Ni-resist D4 and Si-cast iron 
were completed. Besides metal sheets of the above-mentioned materials, tubes 
(500 mm length, 45 mm outside diameter) provided with selected container 
manufacturing characteristics were investigated. Two types of tubes were 
examined: Tubes made of Ti 99.8-Pd, cast steel and Ni-resist D4 with the container 
sealing technique simulated by electron beam (EB) or tungsten inert gas (TIG) 
welding, and carbon steel tubes with a corrosion protection of Ti 99.8-Pd or 
Hastelloy C4 simulated by explosion plating. 

In these experiments which were conducted in vertical boreholes in the Asse 
salt mine, the specimens were exposed to rock salt (0.1 wt.% H2O) and rock salt 
plus brine (NaCI or MgCI2-rich), respectively, at temperatures of 32°C (rock 
temperature) and 90°C-200°C (vertical T-gradient in the boreholes). In the 
experiments with brine, 100 ml of the corrosion medium were filled at the 
beginning of the experiments in the annular gap between the tubes and the 
borehole wall. The maximum pressure in the boreholes measured during the 
experiments was 0.28 MPa which corresponds to a salt brine boiling point of 
140°C. This means that the water contained in the brine evaporates at points of 
elevated temperature (center of the tube) and recondences at the upper cooler 
end of the tube (90°C). 
The essential in-situ corrosion results can be summarized as follows: 

Corrosion of metal sheets and tubes of Ti 99.8-Pd and Hastelloy C4 in rock 
salt (32°C) and rock salt plus NaCI-brine (32°C-200°C) is negligible small. The 
same is true also for cast steel, Ni-resist D4 and Si-cast iron in rock salt at 
temperatures of 32°C-200°C All materials are resistant to pitting corrosion 
and their general corrosion rates are only 0.1-1.1 pm/a. 
In rock salt plus MgCl2-rich Q-brine (6.3 years at 32°C), the non-corrosion 
protected cast steel tube suffers from significant non-uniform general 
corrosion. The greatest corrosion attack of 570 pun occurred at the lower 
part of the tube, the smallest of 180 pm existed at the top of the tube 
(Figure 1). These values correspond to average corrosion rates of about 30 
lim/a (top of the tube) and 90 pm/a (bottom), respectively, and imply 
corrosion allowances technically acceptable for thick-walled containers. 

B.2.6 Stress corrosion cracking studies on carbon steels (ENRESA / INASMET 
contribution) 
Further stress corrosion cracking studies were performed on three 

preselected carbon steels in the MgCl2-rich Q-brine (brine 1) at 90°C and slow 
strain rates of 10-4-10-7 s-1. The steels investigated were: the low alloyed steels 
TStE 460 and 15 MnNi 6.3 and the unalloyed fine-grained steel TStE 355. The 
steels had the following composition in wt.%: 

TStE460 0.18C; 0.34Si; 1.5Mn; 0.51 Ni; 0.15V; bal. Fe 
15MnNi6.3 0.17 C; 0.22 Si; 1.59 Mn; 0.79 Ni; bal. Fe 
TStE355 0.16C; 0.41 Si; 1.5 Mn; bal. Fe. 
The parent materials for TStE 355 and TStE 460 were hot-rolled and 

annealed plates, and for 15 MnNi 6.3 forged and annealed disks. The experiments 
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were performed in Hastelloy C-276 autoclaves at an argon pressure of 13 MPa. In 
order to be able to interpret the results obtained in the brine, additional 
comparative investigations were conducted in argon as the inert medium. Besides 
specimens made of the parent materials, also MAG (Metal Active Gas) welded 
specimens simulating a possible container sealing technique were tested. For the 
experiments round specimens of 6 mm diameter, finished with 1,000 grade emery 
paper were used. 

Load, position, time and temperature data were logged by the micro
processor that controls the slow strain rate machine. After each test the 
elongation (E), reduction of area (R.A.), energy, yield strength (Y.S.), maximum 
load, and true stress at fracture were calculated. To evaluate the resistance of the 
steels to stress corrosion cracking, metallographic and scanning electron 
microscopic (SEM) examinations of the fracture specimen surfaces were 
performed in addition to the tensile experiments. 

The results of the slow strain rate tests obtained for the unwelded steel 
specimens (parent materials) in argon and Q-brine at 90°C and various strain rates 
(10-4-10-7 s-1 ) are given in Figs. 2 and 3. All values are average of at least two 
experiments. The values for the yield strength and maximum load in Q-brine are 
very closed to those in argon. However, a clear decrease of the elongation, 
reduction of area, energy and true stress at fracture occurs for all steels in Q-brine 
at 90°C in comparison to argon. This finding is in good agreement with own 
previous results obtained at 170°C/1/ and those reported by Westerman etal. 121. 
Nevertheless, the loss of ductility of the steels at 90°C is lower than that of 170°C. 
The results obtained for the MAG-welded steel specimens in argon and Q-brine 
(90°C) show that welding causes only a slight decrease of the ductility of the steels 
in these media. 

In the metallographic examinations of steel specimens tested in Q-brine, a 
non-uniform general corrosion due to repeated breaking of the corrosion surface 
layer is observed for all steels both in the unwelded and MAG-welded condition. 
Secondary cracks typical for stress corrosion cracking were not observed for the 
hot-rolled steels TStE 355 and TStE 460 under any of the test conditions. For this 
reason, the reduction of ductility of these steels in Q-brine compared to argon 
cannot be attributed to stress corrosion cracking. For the loss of ductility in this 
brine another mechanism such as embrittlement could be responsible. Also in the 
case of the forget steel 15 MnNi 6.3, no signs of sensitivity to stress corrosion 
cracking were found in Q-brine at 90°C and strain rates up to 106 s-1. However, at 
the slowest strain rate of 10-7 s1 , besides a non-uniform corrosion, extensive 
lateral secondary cracks indicating stress corrosion cracking were observed. 

The fracture surface features observed in the scanning electron microscopic 
(SEM) examinations show a change from a fully ductile manner when steel 
specimens are tested in argon to a brittle one when the specimens are tested in 
Q-brine. The embrittlement of the steels in Q-brine at slow strain rates in 
probably due to the hydrogen produced during corrosion, as already discussed in 
previous work IM. It appears that the hydrogen enters the steels in the atomic 
form, predominantly in zones of high stress level, and causes a loss of ductility. 
However, this effect does not appear to be serious because the residual reduction 
of area and elongation at fracture of the steels after testing in the brine 
environment are still relatively high. 

REFERENCES 
IM SMAILOS, E., FIEHN, B., GAGO, J.A., AZKARATE, I. "General Corrosion and 

Stress Corrosion Cracking Studies on Carbon Steels for Application in 
Nuclear Waste Disposal Containers", KfK Report 5166 (1993). 

121 WESTERMAN, R.E., HABERMAN, J.H. et al., "Corrosion and Environmental-
Mechanical Characterization of Iron-Base Nuclear Waste Package Structural 
Barrier Materials", PNL Report 5426 (1986). 
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Table I: Compositions, pH -values and O2 -contents of the salt brines used in the 
laboratory - scale corrosion experiments 

Brine 

1 

2 

3 

Composition (wt.%) 

NaCI 

1.4 

0.31 

25.9 

KCI 

4.7 

0.11 

MgCl2 

26.8 

33.03 

MgS04 

1.4 

0.16 

CaCI2 

2.25 

CaS04 

0.005 

0.21 

K2SO4 

0.23 

H20 

65.7 

64.3 

73.5 

pH (25°C): 4.6 for brine 1; 4.1 for brine 2; 6.5 for brine 3 
02(55°C): 0.8 mg/l for brine 1; 0.6 mg/l for brine 2; 1.2mg/l for brine 3 

Table II: Integral weight losses and corrosion rates of the unalloyed fine-grained 
steel TStE 355 after exposure to the test brines at 150°C 

Brine 

1 

2 

3 

Test 
t ime 

(d) 

100 
166 

100 
166 

100 
166 

Wi thout gamma 
radiation 

Weight 
loss 

(g/m2) 

178.1± 8.2 
244.5 ± 15.0 

516.8 + 20.3 
605.3±18.4 

50.5 + 5.8 
68.1 ±7.1 

Corrosion 
rate 

(pm/a) 

87.5 ± 4 
68.8 ± 4.2 

254.1 ± 10.0 
170.3 ± 5.2 

24.8 ± 2.9 
19.2 ±2.0 

With gamma radiation of 
10Gy/h 

Weight 
loss 

(g/m2) 

367.7 ± 6.3 
430.2 ± 51.7 

441.6 ±149.4 
766.0 ±74.0 

44.9 ± 5.9 
50.8 ±6.4 

Corrosion 
rate 

(l im/a) 

173.5 ±3.0 
124.0 ± 14.9 

208.4 ±70.5 
220.9 ±21.3 

21.2 ±2.8 
14.6 ± 1.8 

brines 1 and 2: MgCl2-rich; brine 3: NaCI-rich 
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Fig. 1: Surface profilometry results of insitu tested cast steel tubes. Maximum depth of nonuniform 
corrosion in rock salt and rock salt + brine 
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Fig. 2 : Elongation, reduction of area and energy versus strain rate for the 
steels TStE 355, TStE 460 and 15MnNi6.3 tested at 90°C and 13 MPa in 
argon and Q-brine 
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rate for the steels TStE 355, TStE 460 and 15 MnNI6.3 tested at 90°C and 
13 MPa in argon and Q-brine 
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Title: Theoretical and experimental study of degradation mechanisms of cement 
in the repository environment 

Contractor Commissariat a l'Energie Atomique/CE. Saclay/DCC/DSD/SCS 
Contract: FI2W-CT90-0035 
Duration of contract: January 1991-Dccember 1994 
Period covered: January - December 1993 
Project leaden Mme Revertegat, CEA/CE Saclay/DCC/DSD/SCS 

A. OBJECTIVES AND SCOPE 

The object of the research program supported by CEC contract number F12W-CT90-0035 is to 
estimate the long-term corrosion of concrete used for waste disposal and to determine the 
mechanisms involved. Therefore we are developing a corrosion model based on the different 
mechanisms involved, in which it will be possible to introduce storage conditions specific to each 
site (type of corrosive solution, cement composition, storage temperature...) 

B. WORK PROGRAMME 

1. Investigation about degradation mechanisms involved when the cement paste is corroded by a 
solution including aggressive ions: 

- study of phase diagrams to determine which phase may coexist and acquisition of the 
thermodynamic data necessary to solve the model in the different possible cases (study of 
equilibria as functions of aggressive ions and temperature) 

- study of degradation processes of cement pastes submitted to various aggressive 
environments (chlorides, sulfates, carbonates) 

2. Testing of the local equilibrium hypothesis (by checking that the kinetics is effectively governed 
by diffusion) 

3. Modelling of cement paste degradation: 
- mathematic writing of the model equations built on physico-chemical laws 
- numerical resolution of the model by a microcomputer program: in a first step, a 

simplified algorithm is developed i order to validate the model equations 
- model validation 
- algorithm extension to resolve any case (modelling of CI, S02.and carbonates attack and 

taking into account the main reactions of precipitations and dissolutions occurring) 

4. Application to cement clay interaction: resolution of the generalized model and comparison with 
experimental results 

C PROGRESS OF WORK AND OBTAINED RESULTS 

The status of progress has not been forwarded to the Commission for 1993. 
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Title The Performance of Cementitious Barriers in Repositories 
Contractor(s) AEA Industrial Technology (co-ordinator) 

Riso National Laboratory 
Bundesanstalt fur Material Forschung und Prufung 

Contract N° FI2W-0040 
Duration of Contract from 1 May 1991 to 30 April 1994 
Period covered 1 January 1993 to 31 December 1993 
Project Leader Dr A.W. Harris 

OBJECTIVES AND SCOPE 

Cementitious materials are likely to be used in waste disposal facilities to help retain 
radionuclides by acting as chemical and physical barriers to migration. Current source term 
calculations are based on the homogeneous repository assumption. This is unlikely to be 
true in reality since cementitious materials will crack, leading to inhomogeneities in mass 
transport and chemistry. The impact of these inhomogeneities will depend upon reactions 
with groundwater that can lead to the healing of cracks, to the benefit of the physical barrier 
performance, and sealing of concrete surfaces, to the detriment of chemical performance. 

Validated models and supporting data for the physical and chemical barrier performance of 
cementitious materials will be developed and used to examine the simpler models 
employed in safety assessments. The mechanisms of crack healing within cementitious 
materials under repository conditions will be investigated. An assessment of the impact of 
cracks and inhomogeneities on the source term will be made. The reference repository will 
be based on the designs provided by Nirex and hence will be realistic. 

WORK PROGRAMME 

Task 1 - Healing of Cracks by Cementitious Materials 

Sub-task 1.1- Experiments on crack healing 
Sub-task 1.2 - Modelling of crack healing 

Task 2 - Cement-groundwater interactions 

Sub-task 2 .1- Diffusive cement-groundwater interactions 
Sub-task 2.2 - Perfusive cement-groundwater interactions 
Sub-task 2.3 - Modelling cement-groundwater interactions 

Task 3 - Barrier Properties of the Inhomogeneous Repository 

Sub-task 3.1 - Chemistry varying with position and time 
Sub-task 3.2 - Effect of fissures on the source term 
Sub-task 3.3 - Validation of source term model 
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PROGRESS OF WORK AND OBTAINED RESULTS 

State of Advancement 

The contract is generally progressing according to expectation. During the year progress 
has been made in all tasks including the commencement of all sub-tasks within Task 3. 
Some delays have been encountered in the modelling tasks due to lack of available time 
(Task 1) and difficulties in verification and validation (Task 3). The process of validating 
the models developed under Task 3 commenced towards the end of the year and will 
continue during 1994. 

An additional piece of work be added to the contract to be performed by Dr V. Balek at the 
Rez Nuclear Research Institute in the Czech Republic. This work will be concerned with 
the study of diffusion in reaction layers using radon measurements. Approval for this work 
has been received and it will be carried out during 1994. 

Progress and results 

Task 1 - Crack Healing 

Sub-task 1.1 - Experiments on crack healing 

The experiments performed at Ris0 National Laboratory have principally been concerned 
with crack filling in cementitious barriers due to the flow of calcium bicarbonate solutions 
through cracks. A total of 25 different specimens have been studied covering a variety of 
crack geometries and material and solution compositions. 

The mechanisms which determine whether a crack will close are now fairly well 
understood. The tendency to crack closure increases with the concentration of readily 
diffusing alkali metal hydroxides in the cementitious material and is also increased by the 
presence of side cracks approximately perpendicular to the main crack and the direction of 
flow. Such side cracks, or the more complex crack systems present in partially crushed 
specimens, function as additional sources of the hydroxyl ions necessary for the 
precipitation of calcium carbonate from the bicarbonate solution. It is expected that the 
closure of a crack in this manner would improve the performance of a cementitious barrier 
in a radioactive waste repository. 

In contrast, when the hydroxyl ions are supplied through the dissolution of calcium 
hydroxide or calcium silicate hydrate (CSH) gel from the cementitious material adjacent to 
the crack, a relatively thin and protective layer of calcium carbonate crystals is formed on 
the surfaces of the crack. Under such circumstances the flow of the bicarbonate solution 
continues virtually unimpeded through the centre of the crack. The formation of such 
layers may significantly affect the performance of a cementitious barrier through the a 
modification to the chemistry, and in particular the pH, of the solution flowing in the crack. 
Such effects are the subject of Tasks 2 and 3. 

The characterisation of the crack-filling minerals has been carried-out using chemical 
analysis and scanning electron microscopy (SEM). The morphology of the precipitates 
resulting from the flow of tap water was found to be distinctly different from that of the 
precipitates formed from the calcium bicarbonate solution employed as a groundwater 
simulant in the majority of experiments. The bicarbonate solution precipitates are primarily 
rhombohedral, as illustrated in the SEM image shown in Figure 1. In contrast, the 
precipitates from tap water are either rod-like or flat and tend to be interlocked. It is 
suggested that the reason for this difference in morphology is the presence of a small but 
significant quantity of magnesium in the tap water. 
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In a third type of experiment, employing de-ionised water, crack closure was observed for 
relatively narrow cracks. The reason for crack closures under these circumstances is 
presumed to be the formation of a voluminous silica gel as a product of the leaching of 
CSH gel from the cementitious material. 

The influence of de-ionised water on the leaching and re-location of other minerals within 
columns of granulated hardened cement pastes is currently being studied. These 
experiments include the use of specimens containing radioactive tracers. 

Sub-task 1.2 - Modelling of crack healing 

The formation of sealing layers of calcium carbonate crystals on the surfaces of a crack 
results in a very high hydroxyl ion concentration gradient through the layer. That this must 
be the case is demonstrated by the consideration of the precipitation reactions, the diffusion 
coefficients for the appropriate cations and anions and the requirement for the maintenance 
of electro-neutrality. A numerical diffusion model covering these features has been set up 
and has been shown to function acceptably. Some difficulties have been encountered with 
the modelling of the extremely high concentration gradients. The model makes use of a 
simplified cement chemistry and in unable to model leaching by pure water. 

Task 2 - Cement-groundwater Interactions 

Sub-task 2.1 - Diffusive Cement-groundwater Interactions 

The impact of the reaction layers formed by interaction with groundwaters on the diffusion 
and sorption properties of cementitious materials is being assessed. The experimental work 
has concentrated on the reaction between carbon dioxide- and magnesium-bearing solutions 
and the Nirex reference vault backfill. A series of specimens are being subjected to carbon 
dioxide-bubbled water, carbon dioxide bubbled magnesium chloride solution and 
magnesium chloride solution alone to form reaction layers. All exposures have been 
completed during the current year. Specimens have been exposed to water saturated with 
carbon dioxide at atmospheric pressure for periods up to 470 days. The specimens exposed 
to magnesium chloride solutions have been exposed for total time periods of either 120 or 
370 days. 

The morphology of the reaction layers formed on reference backfill in the presence of 
carbon dioxide saturated water has been investigated using SEM. The presence of 
relatively large rhombohedral crystals of calcium carbonate is very apparent. The 
morphology of the layer is very similar to that illustrated in Figure 1, demonstrating that the 
morphology is relatively independent of the nature of the cementitious material. The nature 
of layers makes it difficult to determine a value for the layer thickness. Figure 1 shows that 
the maximum crystal dimension is of the order of 100 microns, therefore the layer thickness 
could be of a similar magnitude. 

The sorption and diffusion properties are determined using tin and caesium in-diffusion. 
These species have been selected to be typical of sorbing and non-sorbing elements. The 
performance of the specimens is characterised by the product of the intrinsic diffusion 
coefficient and the capacity factor. This value is denoted the diffusion product. 
Measurements on all exposed specimens have now been completed. The results of the 
experiments are summarised in Tables 1 to 3. Table 1 gives the results for a series of 
pristine specimens which provide baseline information. Table 2 demonstrates the effect of 
exposure to carbon dioxide and Table 3 the effects of magnesium chloride solutions both 
with and without the presence of carbon dioxide. 
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Comparison of the data given in Tables 1 and 2 demonstrates that specimens exposed to 
carbon dioxide bubbled water show a significant change in the value of the diffusion 
product compared with the pristine material. The diffusion product for tin is increased by a 
factor of two whereas that for caesium is generally decreased by a factor of between two 
and ten. The experimental measurements for the specimen exposed for 470 days are 
continuing and the apparent increase in the diffusion product compared with pristine 
material is not definite. 

In addition to carbon dioxide, the repository groundwater is also expected to contain 
significant quantities of dissolved magnesium. Previous experiments carried out in Task 
2.2 have indicated that the precipitation of magnesium compounds is significant. The 
experimental measurements on the second batch of specimens, previously exposed to 
magnesium chloride solutions of 0.01, 0.025, 0.05 and 0.1 M concentration. These 
solutions were saturated with carbon dioxide by bubbling the gas through them. An 
additional set of specimens are exposed to 0.1 M magnesium chloride without carbon 
dioxide. The specimen exposed to carbon dioxide-free solution shows an obvious 
precipitate and the specimen surfaces have been occluded by a powdery white surface 
layer. It is believed that the precipitate is magnesium hydroxide (brucite). In contrast, the 
carbon dioxide bubbled solutions show no sign of a precipitate, although a surface layer 
similar to that formed on the carbonated specimens is evident. It has been concluded that 
the interaction between magnesium and carbon dioxide is significant in determining the 
nature of the surface layers formed on the reference backfill. 

Caesium in-diffusion measurements have been carried-out on specimens after 120 and 370 
days exposure. Tin diffusion has been determined for 120 days exposure only. The results 
are given in Table 3. The results for tin exhibited considerable variability but it was 
apparent that the diffusion product had decreased slightly compared with pristine 
specimens. The magnitude of the decrease depends on the magnesium concentration. In 
the case of caesium in-diffusion, the diffusion product is significantly reduced when carbon 
dioxide was present. In the absence of carbon dioxide, when a magnesium hydroxide layer 
is expected, there is no decrease in the diffusion product. 

It can be concluded that the reaction layers have different properties to the unreacted 
backfill and that the magnitude of the effect is dependent on a combination of the type of 
layer formed and the migrating species. In general, carbonate layers give rise to a 
significant effect whereas magnesium hydroxide is probably ineffective as a diffusion 
barrier. Observations made under Task 1.1 suggest that the presence of relatively small 
quantities of magnesium in solution can significantly affect the morphology of the reaction 
layer. This may provide a mechanism for the effect of magnesium on diffusion rates, 
magnesium-containing carbonates providing a less protective layer than pure calcium 
carbonate. 

In order that an indication of the relative merits of the various possible compounds be 
assessed, in-diffusion type measurements have been performed on powder samples of three 
compounds; calcium carbonate, magnesium carbonate and magnesium hydroxide. These 
compounds were selected to represent the basic compounds which might be formed for the 
groundwater composition under consideration. The experiments are currently in progress 
and results are not yet available. Initial indications are that magnesium hydroxide gives 
rise to the removal of tin from solution in a very short time, probably through an increase in 
the sorption of the species. 

Sub-task 2.2 - Perfusive Cement-groundwater Interactions 

The interaction between groundwater and cementitious material during the flow of the 
solution through the pore structure of the material may lead to the deposition of reaction 
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products within the pore structure and the preferential dissolution of certain minerals, in 
particular portlandite (calcium hydroxide). This may give rise to preferential flow 
pathways within the material and consequently reduce the effective sorption and pH 
buffering capacities of the backfill. 

Initial experiments were performed using the reference vault backfill and either pure water 
or simulated groundwater. The results of these experiments have been described 
previously. It was apparent from these experiments that the buffering behaviour of the 
reference vault backfill was not exactly as expected. In particular, the apparent quantity of 
calcium hydroxide leached from the specimens was not as great as would be expected from 
the composition of the material. Examination of the specimens demonstrated that calcium 
hydroxide was present when the equilibrium pH had fallen below that expected in the 
presence of this compound. This was provisionally attributed to the microstructure of the 
reference vault backfill precluding access to the entire inventory of calcium hydroxide. In 
addition, the use of a calcium hydroxide aggregate gives rise to a bimodal distribution of 
calcium hydroxide crystallite sizes due to the formation of additional calcium hydroxide 
during hydration. 

The influence of microstructure and the use of the calcium hydroxide aggregate was 
investigated by producing a number of additional materials omitting one or two of the 
components of the actual reference vault backfill. Accelerated leaching experiments have 
been performed on these specimens during the current reporting period and the data are 
currently being analysed. It was apparent during some of the experiments that the process 
of casting the materials could give rise to a volume of material which was very much more 
susceptible to leaching and rapidly gave rise to inhomogeneous flow. The water flowing 
through such volumes was not buffered by the backfill despite the remainder of the 
specimen being intact and retaining significant buffering capacity. These readily leached 
volumes were attributed to more porous regions which occurred at the top of the cast 
specimens due to settling of material during casting. 

It was decided to investigate the potential for the formation of inhomogeneities during 
casting further. A number of "interface" specimens have been created whereby the 
specimen was cast in two stages with an interval between castings. These specimens are 
intended to simulate the process of backfill emplacement in stages and the possible impact 
of this on the development of preferential flow pathways. In addition, a cylindrical 
specimen approximately 1 m in length has been cast and the porosity and strength of the 
material will be profiled to ascertain the size of the potentially porous zone in a more 
realistically dimensioned specimen. 

The specimens cast with a deliberate interface were found to be extremely weak. It was not 
possible to carry out measurements on these specimens since the interface failed during 
handling. It can be concluded that the interface between consecutive pours may well 
provide a significant zone of weakness. A profile of fractional porosity through 
approximately 1 m of the high-porosity backfill showed no variation in porosity with 
vertical distance over the length scale available; approximately 5 mm. 

Task 2.3 - Modelling Cement-groundwater Interactions 

The modelling of the accelerated leaching experiments on the reference backfill has not 
been extended during the current reporting period since no additional results have been 
produced. It is expected that the interpretation of the results discussed above, in particular 
those relating to cement paste and the other materials related to the reference backfill will 
make further use of this modelling. 
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Task 3 - Barrier Properties of the Inhomogeneous Repository 

Sub-task 3.1 - Chemistry varying with position and time 

The large-scale development of inhomogeneities within a repository may result in 
groundwater flow being substantially or completely confined to cracks. A simple model of 
the interaction of the interaction between the water flowing in the crack and surrounding 
backfill was developed as part of the work reported out previously [1]. This model was 
simplified to the extent that only a single chemical process was considered; the dissolution 
of calcium hydroxide. The analytical model is not able to simulate the potential of reaction 
layers on crack surfaces to hinder the interchange of aqueous species between the water 
flowing in the crack and the backfill. 

The development of the advanced model of the behaviour of cracked media based on a two-
dimensional version of the CHEQMATE code has continued during the current period. 
The model, denoted CHEQFRAC, is now operational and is undergoing verification. 
Initially the model has been verified by comparison with the simplified analytical model 
developed previously [1]. 

Sub-task 3.2 - Effect of fissures on the source term 

The results of the experimental and modelling work undertaken thus far indicate that 
significant differences may arise between the performance of a repository in which 
homogeneous chemical conditions are assumed and one in which the effects of 
inhomogeneities, especially cracks, are also considered in the modelling of performance. 
In particular, the time evolution of the repository chemistry is significantly different if a 
proportion of the groundwater flow is confined to cracks. Any change in the repository 
performance will be reflected in a modification to the radionuclide source term. It is not 
intended that the current project will provide a modified source term model which takes 
account of cracks. However, the potential magnitude of the effect of cracks on the source 
term will be considered by determining the possible effects of cracks. Suggestions will be 
made as to how such effects should be incorporated into a source term model. 

The primary factor which determines the magnitude of the effect of the cracks will be the 
actual crack distribution within the repository. The CHEQFRAC model is currently being 
used to identify the range of crack distributions which can have a significant effect on the 
performance of the repository. The other significant factors within the model are the 
various diffusion parameters for the backfill and the reaction layers. 

Sub-task 3.3 - Validation of source term model 

The aims of this sub-task are to verify the theoretical models of the buffering of water 
flowing in a crack and to use the models to ascertain the potential impact of flow in cracks 
on the performance of the near-field. 

The necessary experiments must be laboratory-scale simulations of cracks. To this end an 
experiment has been designed which will consist of a slab of the reference vault backfill 
which is contained such that water will flow past one face of the slab. The effective crack 
width will be controlled by spacing a perspex sheet at an appropriate distance from the 
face. The experiment is intended to determine the chemistry of the water flowing past the 
slab face as a function of water volume and the quantity of backfill. The experiment will 
be directly simulated by the theoretical model and the results compared. 
A simple experimental apparatus for the verification experiments has now been constructed 
and an initial run carried out. The principal problem in verifying the models of the 
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behaviour of water in cracks is that of the extremely slow flow rates expected in a 
repository. Despite the fact that flow in cracks would be significantly faster than that 
through a homogeneous medium, due to the concentration of flow into a small volume, the 
maximum velocity in a crack may be as low as 10"6 m s"1. Thus far, the minimum velocity 
achieved in the experimental apparatus has been more than 10 4 m s_1. In addition, the 
interaction lengths possible in laboratory experiments are of the order of a few tens of 
centimetres, rather than the metres expected in a repository. 

The initial experiments have indicated a maximum pH in the solution after passing through 
the crack of the order of 11.3. This is in contrast with the expected value of about 12.5 
(due to the presence of calcium hydroxide in the specimen). Two possible reasons for the 
low pH have been identified: 

• relatively slow diffusion to the crack; 
• failure to achieve equilibrium between solution and solid. 

The first of these can be modelled by adjusting the diffusion parameters in the model 
whereas the second is beyond the scope of the current, thermodynamic-based model. 
Comparison of the experimental results and the predictions of the model for appropriate 
conditions should allow the cause of the lower pH to be identified. This is currently in 
progress. 

References 
III ATKINSON, A., Nirex Safety Study Report NSS/R287 (1991) (draft). 

Table 1 Experimentally measured values of the diffusion product for 
pristine reference backfill. 

Specimen 

Specimen 1 
Specimen 2 
Specimen 3 
Specimen 4 
Specimen 8 
Specimen 9 

Average 

Diffusion product / m2 s_1 

Tin 
3.3xlO-8 

3.7xl0-8 

4.2xl0-8 

3.6x10-8 
2.5xl0-8 

3.0xl0-8 

(3.4±0.2)xl0-8 

Caesium 
1.8xl0-10 

3.1xl0"10 

7.9xl0-10 

2.9xl0"10 

3.7x10-'° 
4.6xl0-10 

(4.0+0.9)xl0-10 
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Table 2 Experimentally measured values of the diffusion product for 
reference backfill exposed to water saturated with carbon dioxide. 

Exposure / days 

50 
50 
120 
250 
470 

Diffusion product / m2 s-1 

Tin 
5.1xlO"8 

5.6xl0-8 

4.8xl0-8 

7.2x10-8 
-

Caesium 
2.6x10-" 
4.0x10-" 
3.2x10-" 
2.0x10-'° 
(1.3xl0-9) 

Table 3 Experimentally measured values of the diffusion product for 
reference backfill exposed to magnesium chloride solutions. 

Exposure / days 

120 

370 

Concentration of 

MgCl2 

0.01 M + C02 

0.025 M + C02 

0.05 M + C02 

0.1M + CO2 

0.1 M 
O.OIM + CO2 
0.025 M + C02 

0.05 M + C02 

O.IM + CO2 
0.1 M 

Diffusion product / m2 s_1 

Tin 
3.1x10-8 
2.2x10-8 
1.6x10-8 
1.6x10-8 

-

-

-

-

-

-

Caesium 
2.4x10-'° 

-

1.5x10-" 
4.0x10-'3 

(1.9xl0-9) 
4.5x10-'° 
6.6xl0-'2 

6.6xl0'2 

<5xlO-'3 

6.5x10-" 
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Figure 1 SEM image of the surface of the interior of a cracked specimen 
of cement mortar after exposure to calcium bicarbonate solution. 
The largest of the calcium carbonate crystals are about 0.1 mm 
across and were probably formed around an air bubble. 
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Completion of the corrosion programme in Boom clay (in situ 
experiments) 

Contractor ONDRAF/NIRAS, Brussels, Belgium 

Contract N° FI2W/0096 

Duration of contract : July 1991 - December 1994 

Period covered January 1993 - December 1993 

Project leader J. Van Miegroet 

A. OBJECTIVES AND SCOPE 
The in situ corrosion experiments in the Boom clay underground laboratory 
(Mol, Belgium) were initiated during the 1985-1989 five-year plan to obtain 
realistic corrosion rates for a large range of metallic and non-metallic 
materials (glasses, bitumen, concrete, and container- and overpack materials). 
Different corrosion tubes were installed in the period 1985-1991 or will be 
installed in the near future. The aim of the present research programme is the 
completion of the corrosion experiments initiated in the previous programme 
and the beginning and completion of the operation of two additional corrosion 
tubes. The experimental work is performed by CEN/SCK. 

B. WORK PROGRAMME 
1. Monitoring and controlling of the ongoing corrosion experiments. 
2. Design, construction and installation of the new corrosion loops. 
3. Overcoring and retrieval of the different tubes in due time. 
4. Analysis of the metallic and waste form samples and of the 

surrounding clay. 
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PROGRESS OF WORK AND OBTAINED RESULTS 

State of advancement 
The last corrosion tube of type I (i.e. tube 3) has been overcored and retrieved 
after a total exposure time of ± 7.5 y at 90 °C. All the samples will be 
prepared for further analyses. 
Two new tubes have been installed in the clay : one type II tube (tube 5b) 
and one type III tube (tube 10). 
The samples of tube 8, which was running under oxic conditions, have been 
retrieved and the tube has been switched to anoxic conditions from now on 
referred to as tube 8b. New samples will be placed in the beginning of 1994. 
Electron microprobe analyses and Auger electron spectroscopy measurements 
on a selection of metallic samples from tubes 1 and 4 have been performed. 

Proeress and results 
The last corrosion tube of type I (i.e. tube 3) has been successfully overcored 
and retrieved on November 16, 1993, after a total exposure time of about 
2840 days at 90 °C. (In the type I tubes all samples are placed in direct 
contact with the clay). Analyses of the corroded samples (mass loss 
measurements, optical microscopy, stereomicroscopy, scanning electron 
microscopy, ...) are scheduled for the beginning of 1994. Two glass samples 
(SON 68 and SM513) had been doped with 239Pu, 90Sr or 134Cs. The clay 
contacting these doped glass samples has been sampled to investigate the 
migration profiles of these isotopes. Also, clay samples have been taken from 
the clay contacting a few non-doped glass samples and overpack materials to 
study the migration of elemental constituents not normally present in the 
Boom clay. 

Tube 5b has been installed in situ on September 1, 1993, after the vertical 
opening had been filled with argon to ensure anaerobic conditions around the 
samples from the beginning of the experiment on. An automatic drainage 
system, using helium as expulsion gas, has been connected to tube 5b to avoid 
water accumulation in this vertical tube. The tube will run under anaerobic 
conditions and at 90 °C, but the connectors on the heating elements and on the 
thermocouples have not yet been placed. This is scheduled for early 1994. 

Tube 8 had been running for several years under aerobic conditions but his 
phase has beert terminated and the samples have been retrieved. Tube 8 will 
be restarted under anaerobic conditions and the new samples will be placed 
in the tube during the first semester of 1994. This new test will be referred 
to as tube 8b. An automatic drainage system similar to the one on tube 5b 
will also be installed on tube 8b. 
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A second type III tube (i.e. tube 10) has been successfully installed in the clay 
on February 17, 1993. (In type III tubes part of the samples is directly 
exposed to the Boom clay and part is exposed to a concrete atmosphere). An 
automatic water drainage system has been installed and functions well 

An overview of the metallic and waste form samples placed in the three 
corrosion tubes 5b, 8b and 10 is given in Table I. 

A selection of canister and overpack samples from tubes 1 and 4, retrieved in 
August 1991 and November 1990 respectively, has been analysed with 
electron microprobe (EMPA) and Auger electron spectroscopy. The EMPA-
technique has been applied to the overpack candidates carbon-steel, Hastelloy-
C4 and Ti/0.2 Pd. No surface layer could be detected on Hastelloy-C4 and 
Ti/0.2 Pd. Different corrosion layers, however, are clearly visible on C-steel 
samples exposed at clay during 5 years at 16 C (tube 4) and 170 C (tube 1), 
but also on blank samples (i.e. samples stored in the laboratory under ambient 
conditions). A typical example of the EMPA is given in Figure 1. 

Auger analyses have been carried out on ultrasonically cleaned Hastelloy-C4 
and IMI-115 samples. They confirmed the expected presence of thin 
passivation layers on the samples. 

LIST OF PUBLICATIONS 

VAN ISEGHEM P. (1993) 
In-situ testing of waste glass in clay. 
Paper presented at the International Symposium "Scientific Basis for 
the Nuclear Waste Management XVII", Boston (USA), November 
1993. 
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Table I : Selection of metallic and waste form samples for tubes 5b, 8b 
and 10 ("as" = as such ; "ht" = heat-treated ; "p" = polished) 

TUBE NUMBER 

SAMPLE 

Candidate overpack materials 
Carbon steel (CEC) 
Hastelloy C4 (CEC) 
Ti/0.2 Pd (CEC) 
IMI 115 
UHB 904L 

Canister materials 
AISI 309 (Cogema R7T7) 
AISI 430 (Eurobitumen) 
DIN 1-4571 (DWK/Pamela) 

Waste form samples 
Glass SON68 (Cogema R7T7) 
Glass SM513 (DWK/Pamela) 
Glass SM527 (DWK/Pamela) 
Glass WG124 (SCK-CEN/FLK) 
Cement CAC (Cogema) 
Cement CPA55R (Cogema) 
Cement CBF (Cogema) 
Cement Tihange (active) 
Concrete "gallery" 
Bitumen "STE" (Cogema) 
Eurobitumen (Belgoprocess) 
Bitumen "Mummie" (Belgoprocess, 
active) 

* eight carbon steel samples are also tes 
on tube 5b and four on tube 8b 

as 

3 
2 
2 
2 
3 

3 
2 
2 

-
-
-
-
2 
3 
-
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-
-
-
-
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ht 
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-
-

2 
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2 
2 

-
-
-
-

2 
2 
-
2 
2 
2 
-
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P 

3 
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10 

as 

6 
2 
2 
2 
4 

2 
2 
2 

-
-
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-

3 
-
3 
-
3 
3 
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3 
2 
1 
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Figure \. EMPA on the polished cross section of the corrosion layer of a carbon steel 

sample after five years of corrosion in direct contact with clay at 16°C. 
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Title: Determination of Fissile Material by Neutron Transport Inter
rogation 

Contractors: Forschungszentrum Jiilich (KFA) 
SCK/CEN Mol 

Contract No.: FI2W/0010 
Duration of contract: 1 November 1991 to 31 October 1995 
Period covered: 1 January 1993 to 31 December 1993 
Project leader: R. Odoj 
Experiments: P. FilB, J. Kiihne (KFA) 
Calculations: R. Mandoki, M. Bruggeman, P. Van Iseghem 

A. OBJECTIVES AND SCOPE 

This research is concerned with non-destructive assay techniques for fissile material 
determination in waste material mainly in waste drums. The starting point for development 
work was an assay system at the KFA for fissile material determination by active neutron 
interrogation with an Sb-Be neutron source. In this assay system the fission neutrons were 
discriminated from the source neutrons by their transport properties in hydrogenous mate
rial. The neutron count rate was composed of a source term and a second term proportion
al to the fissile material content of the investigated sample. The system directly determines 
all the fissionable nuclides U-233, U-235, Pu-239, Pu-241. It required shieldings due to 
the approx. 2 E12 Bq Sb-124 and had detection limits between 1 mg and 1 g fissionable 
material depending on sample size and matrix composition. 
Neutron transport calculations at CEN/SCK Mol are intended to achieve a theoretical 
understanding and an improvement of the assay system with different neutron sources by 
modelling the neutron transport properties in the waste drum and the assay system. A re
placement of the Sb-Be neutron source by other low energy neutron sources, such as Am-
Li, will lead to an assay system with minimum shielding requirements and constant source 
strength (Am-241, tl/2 = 432.6a, Sb-124, tl/2 = 60.3d). As an additional advantage 
there is no need for a reactor to reactivate the Sb. The replacement of the Sb-Be neutron 
source by Am-Li is therefore an important objective of this research. 
Passive neutron emission mainly results from spontaneous fission in Pu-238, Pu-240, Cm 
and Cf isotopes. Counting these neutrons gives information on the presence of these 
transuranic elements in the waste matrix. Effective recording and evaluating of these neu
trons is an objective of this research. The aim of the final assay system is an easy-to-use 
and reliable instrument for the estimation or determination of the fissile material content of 
various packages, mainly waste drums. 

B. WORK PROGRAMME 

B. 1. Checking and optimization of the Sb-Be system by comparison with neutron transport 
calculations. 

B.2. Active neutron interrogation with other neutron sources, in particular Am-Li and 
comparison with neutron transport calculations. 

B.3.Modification of the system for passive neutron counting capabilities. 

B.4. Test and performance of the active/passive neutron assay system with actual samples, 
mainly drums with waste from the nuclear fuel cycle. 
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C. PROGRESS OF WORK AND IMPORTANT RESULTS 

C.l .Neutron Transport Calculations 

At SCK-CEN Mol the past year was devoted to the installation and application of an 
improved Monte Carlo code. After a first period of testing material features with the 1-D 
DTF-IV code [1], use and application of the MCNP 4.2. Monte Carlo code [2] on a DEC 
workstation was achieved. This aimed at reaching a satisfactory compromise between 
speed, cost and capacity. 
The foremost improvement gained by the use of the MCNP code consists in the possibility 
of simulating a complex 3-D geometry. Substitution of materials, variation of material 
thickness and distribution, and their influence on fluxes, reaction rates and efficiencies are 
accessible to calculation. The results of the calculation are presented here and discussed 
later together with the experimental results. 

Cadmium sheet 

He-3 filled detector 

> X 

Polyethylene 
(high density) 

Fig. 1: Passive counting system for calculations 

The first calculation was carried out with different neutron point sources (Pu-240, fission 
neutrons from U-235 and Pu-239) in front of the detector block (Fig.l). The thermaliza-
tion thickness of the polyethylene block surrounding the He-3-counter was varied from 1 
to 8 cm in front of the detector. The distance between the source and the centre of the He-
3 detector was 40 cm and corresponds to the distance between the drum and the detector 
centres. The results are plotted in Figure 2. 
Figure 2 shows that an optimum in detection efficiency is obtained with 3 to 4 cm poly
ethylene in front of (surrounding) the detector. From Figure 2, we also conclude that no 
major difference arises from the different fission spectra. Only the Pu-240 spectrum was 
therefore retained for later use. In the next step, the Pu-240 point source was positioned 
along the X-axis of Figure 1 in the cemented drum facing the He-3 filled detector. These 
calculations show that only if the source is very close to the detector (along the X-axis) can 
an optimum in efficiency be observed. After more than 7 cm into the cemented drum, 
there is no longer an optimal thermalization polyethylene thickness. For a source placed 
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farther than 7 cm into the cemented drum, a "rough" exponential decrease of the 
efficiency as a function of the polyethylene thickness around the detector is observed for a 
fixed polyethylene thickness in front of the detector (3.75 cm). Figure 3 shows an 
exponential decrease of efficiency as a function of the position of the point source on the 
X-axis in the drums. More than 95 % of the detector response arises from the first half of 
the cemented drum. On the basis of a Pu-240 point source and a 3 a signal above the 
background the NDA for Pu ranges from 50 to 150 mg Pu total. Other calculations with a 
homogeneous distribution of Pu-240 in the drum lead to an identical order of magnitude 
for the NDA. 

0.75 -• 

£ 0.7 -L 

0.65 -L 

- u-235 

• Pu-231 

2 3 4 5 6 
Crosshatched polyethylene thickness (cm) 

Fjg^2i Efficiency of a 10 bar HE-3 filled detector as a function of the thickness of 
polyethylene in front of the detector (with point sources at 40 cm) 

21 28 35 
Distance in the drum (cm) 

F i g ^ Detection efficiency (obtained with a Pu-240 source moved on a line perpendicular 
to the axis of the drum at mid-height) 
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C.2.Performance of the Passive neutron System 

The passive neutron assay system in its present (1993) layout is shown in Fig. 4. The 
system is light-weight and easy to move to any measuring site. The positions shown in 
Fig. 5 were used for the measurement of 1 g Pu in a 200 1 cemented drum. In a first set of 
measurements the drum was not rotated but measured with the Pu sample at fixed angles 
relative to the line of the centre of the drum to the counter tube (angle 0°). The position of 
the sample was later moved by fixed angles in the measurement shown in Table I. Two 
points are important to mention. 

Fig. 4: Passive assay system (1993) 
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- The loss of count rate in the inner positions of the cemented drum is in good agreement 
with the calculations presented in Fig. 3. 

- Due to the radial position of the source in the drum typical fluctuations of the count rate 
over the angular position of the drum are observed. 

This variation of the count rates Z is in agreement with the calculated alternation a 
according to Fig. 3, as shown in last line of Table I. The deviation in the case of Tube 1 is 
understandable because the 90° position is here so far away from the central line and 
therefore the accessible detector surface is much lower for neutrons from the 90° position 
than from the 0° position. The peak count rate relative to the 90° count rate or to the 
average count rate is a significant parameter as well. 

Table I 
Neutron countrate as a function of the angle relative to the line from the detector to the 
center of the drum in concrete of a = 2 g /cm , 1 g Pu (190 mg Pu-240). Geometry 
according to Fig. 3 

Net count rates (Z) in s (background of 0.27 5 subtracted) 

angle/radius 

0° 
25° 
45° 
90° 
180° 
270° 
315° 
335° 
360° 
average 

Z(0°)/Z(aver.) 
Z(0°)/Z(90°) 

Transport leng 
the detector 

alternation a 
from the 0° 
position to the 
90° position 

Tube 1/r =25cm 

5.13 
2.93 
1.22 
0.08 
0.00 
0.06 
0.78 
3.33 
5.13 
0.83 

6.2 
70 

th in concrete from 

35 cm 

a(0.5)/a(35) 
= 35 

Tube 4/r =20cm 

3.35 
2.14 
1.09 
0.19 
0.03 
0.28 
1.12 
2.37 
3.35 
0.68 

4.9 
17 

Tube3/r=10crr 

1.21 
1.05 
0.78 
0.29 
0.17 
0.29 
0.67 
1.05 
1.21 
0.44 

2.8 
4 

Tube2/r=0 

0.37 

0.37 

1.0 
1 

the 90° position to the face of the drum in front of 

32 cm 

a(5)/a(32) 
= 15 

27 cm 

a(15)/a(27) 
= 3.5 

25 cm 

a(25)/a(25) 
= 1 

The fluctuation of count rate during rotation, which can be easily observed with this type 
of counter system is an indication of the radial position of a point source. 
Passive and active detection systems generally have a dependence of the count rate on the 
radial position for high density material. A more sophisticated system at Los Alamos [6] 
has a count rate variation of 3 for the radial position of the Pu point source at high 
hydrogen densities. This system more closely resembles the rotating drum discussed in the 
following Table II. 
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tube 1,2,3,4 
extermal daimeter 
75mm 
wall thickness 
of tube = 4mm 

Fig. 5: Test drum with holes for positioning the Pu source 

Table II 
Count rate (net) from a 1 g Pu point source in different positions of a waste drum. 
Length of the He-3 tube (presently) 60 cm 
Concrete filling in the drum 77 cm 

Axial 
position 

bottom 
1/4 
1/2 
3/4 
top of 
filling 

Rotating drum 
Net count rates in s (bac 

outside 
drum 

0.92 

Tubel 

0.52 
0.76 
0.83 
0.74 
0.43 

kground 0.13s"1 subtracted) 

Tube 4 

0.40 
0.64 
0.68 
0.61 
0.35 

Tube 3 

0.27 
0.41 
0.44 
0.39 
0.22 

Tube 2 

0.23 
0.34 
0.36 
0.32 
0.20 

The typical measuring procedure in passive assay is the rotating drum. Results from this 
kind of measurement are reported in Table II. Here, a count rate variation of a factor of 2 
results from the radial position of the Pu point source compared with up to 14 in the case 
of Table I. The count rate dependence over the radius is lower than for the stationary 
drum. An average in achieved by the rotation. The indication of the radial position which 
is obtained in Table I at different angles is lost. The measurement of the count rate 
fluctuation over the angle according to Table I permits a more precise estimation of the 
radial position and the average efficiency than the averages reported in Table II. 
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The dependence on the axial height shown in the columns of Table II is not satisfactory. 
The count rate at the edges of the concrete filling is approx 1/2 the central values. It will 
be attempted to overcome this deficiency by using longer counter tubes. The background 
cannot be considered to be satisfactory either. In a hot cell facility many neutrons arise 
from spallation in Pb-walls. The present measuring site near a lead wall is therefore not 
optimal. 

C.3. Active neutron system 

Thermal Flux ( n . c m - 2 . s - l ) 

-21.0 

-28.0 -21.0 -14.0 -7.0 0.0 7.0 U.O 21.0 28.0 

Fig. 6: A typical 2D flux distribution with the Am-Li source (PI) outside of a and at the 
mid-height of the drum 

Two-dimensional calculations of the neutron flux distribution in a drum (Fig. 6) confirm 
the knowledge that the flux decreases greatly from the region of the neutron source to the 
opposite side of the drum. It is less by a factor of 100 at the opposite side. This led to the 
assay system layout proposed in the previous annual report [5] and shown in Fig. 7 and 
Fig. 8. In the actual testing of this system 

the high source count rate at the detector site from the Am-Li source and 
the count rate from scattered neutrons (no fissile material) in the sample position 

play an important role. 
Much effort was spent in various geometrical modifications in order to decrease the source 
count rate and the count rate from scattered neutrons relative to the induced fission count 
rate. The count rates and count rate relations defined in the following are listed in Table 
III for the more important modifications. 
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UG = background count rate without any neutron source and sample in the assay system. 
(UG is slightly site-dependent) 

Q = source count rate with the Am-Li neutron source in the assay system (active 
system) but without a sample. 

Gr = count rate with the neutron source and typical matrix material (but no fissile 
material) in the sample position (graphite). 

Ur = count rate from 1 g U-235 together with the matrix material (typically graphite). 
Pu = count rate from 1 g Pu (reactor grade) with the matrix material in the sample posi

tion. 
T = (Ur-Q)/Q increase neutron count rate by 1 g U-235. 
V = (Gr-Q)/(Q) increase of the neutron count rate by the matrix, typically graphite. 

Fig. 7: Active assay system with the Am-Li neutron source 
The Am-Li neutron source and the He-3 tube are both contained in the black PE 
block. 

304 



13 H 

10 15 

- 7 0 0 - KFA 
Fig. 8 Present layout (end of 1994) of the active standard assay system 

Table III 
Changed count rates as a result of five modifications 

All counl rales in s 

A 

n 

C 

D 

E 

System/Modification 

Standard assay system with 
PE 

1 g Pu (reactor grade) 

instead or 1 g U-235 

Shielding Removed above 
the Am-Li source 
Decreased shielding 
above the counter 

Al in the source and in 

the transport layer 

Drum (illed with 
concrete as reflector 
material 

Intention 

standard system 

active interrogation of Pu 
passive count rate 
from 1 g Pu 
= 1 . 2 s ' 

increase in 
counl rate 

increase in 

counl rate 

matrix of drum 

Q 

1.71 

1.71 

1.52 

4.37 

2.32 

Or 

1.79 

1.79 

1.78 

4.42 

2.35 

Ur or Pu 

2.03 

3.17 
= 1.71 
+ 0.26 
+ 1.2 

1.83 

4.65 

= 4.37 

+ 0.28 

2.66 

T 

5% 

5 % 

17 % 

1.6% 

1.3 % 

V 

19% 

85 % 

(active 
+passive) 

20% 

6.4% 

14.7 % 

Comment 

Additive contri
bution or passive 
and active neutrons. 
Passive neutron 
rate ~5x active rate 

Strongly dependent 
on scattered neu
trons (large T) 

Mainly the source 

counl rate is in

creased. The fission 

count rale is not 

much changed. 

Increased source 
count rate by re
flection (matrix 
effects) 
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In the standard system (A) 1 g of U-235 leads to an increase of 19 % of the source count 
rate. A 5 % increase is already obtained by a scattering sample of the pure matrix 
material. When the same system is used for the determination of 1 g reactor grade 
plutonium, the increase in count rate is 85 %. But this is mainly due to the passive 
neutrons from the Pu source. Various modifications of shielding (C) did not actually raise 
the fission count rate (V), but the influence of scattering was drasticaly increased. The 
replacement of PE by Al (D) increased the source count rate Q, but the influence of 
uranium and scattering was decreased. A drum filled with concrete acted as a reflector 
from the beginning. The influence of an additional reflector matrix was decreased, but the 
influence of fissile material was not better than in the standard assay system (A). 
Therefore success was limited. 

D CONCLUSION 

In the case of passive interrogation, an easy to handle system is being developed, which 
with the one counter design has a special advantage in estimating the position of point 
sources in drums. The results of calculation and measurement are in excellent agreement. 
Some points concerning the efficiency at the end of the drum will be improved and drums 
with different densities will be tested in the next period. 

The active system with the Am-Li neutron source suffers from a high source neutron count 
rate and detection limits of several 100 mg. No significant improvements could be 
achieved up to now. Intensive calculations with the Cf-252 neutron spectrum indicate no 
improvement from this type of neutron source. 
The use of a completely different neutron source is now being considered. 
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Title: Inventory and Characterization of Important Radionuclides for Safety 
of Storage and Disposal. Correlation with Key Nuclides that are Easy to 
Measure in Typical Waste Streams. 

Contractors: CEA Cadarache, GRS-Cologne, ONDRAF/NIRAS, ENEA-Saluggia, 
ENRESA, AEA-Dounreay. 
Contracts No: FI2W-CT90-0034 and FI2W-CT91-0109 
Duration of contracts: from May 1991 to September 1995 
Period covered: January 1993 - December 1993 
Project leaders: A. Raymond, CEA-Cadarache (co-ordinator for contract 
n° FI2W-CT90-0034) - W. MGIIer, GRS-Cologne (co-ordinator for contract 
n° FI2W-CT91-0109) -
R. Gens, ONDRAF/NIRAS - M. Gili, ENEA-Saluggia - A. Morales, ENRESA -
A. Yates, AEA-Dounreay. 

A. OBJECTIVES AND SCOPE 

This contribution to the characterization and the inventory of 
radionuclides important for the safety of storage and disposal has three main 
objectives: 
- checking and standardisation of operational destructive and non-destructive 
analytical methods with application to the main waste streams of the 
participating institutions, 
- development of some alternative analytical methods for long-lived 
radionuclides, 
- computation of correlation factors for critical radionuclides to easily 
measurable key nuclides, through the analysis of the main waste streams of the 
contractors. 

Only low- or intermediate-level wastes originating from both power plants 
or fuel reprocessing plants are considered in the framework of these contracts. 

Samples of each selected waste stream are analysed for both easy-to-
measure and critical radionuclides as determined by the national safety 
assessment of each contractor. 

B. WORK PROGRAMME 

B.1: Organization - Coordination 
- review of the initial situation of the participants. 
- list of information to be collected and studied. 
- final choice of the list of samples and of radionuclides to be analysed. 
- setting up of a working organization. 

B.2: Development of analytical methods 
- improvement of the current procedures for long-lived radionuclides. 
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- search for alternative methods as compared to those based on radiation 
detection. 
- development of special procedures for the recovery of radionuclides from 
solid, low-level technological wastes. 
- drafting of some common analytical methods. 

B.3: Measurement of wastes from nuclear power plants (CEA, ONDRAF/NIRAS, 
ENRESA, GRS) 
- collection of available results from previous measurements. 
- waste sampling and analysis for the radioactive content. 
- collection of the necessary relevant information. 
- transfer of the corresponding results into the data bank. 
- assessment of the results and discussion of possible further improvements 
concerning the number and the representativity of samples. 

B.4: Measurement of wastes from fuel reprocessing plants {ENEA, AEA 
Technology) 
- construction of a non-destructive measurement system for gamma-emitters 
(ENEA). 
- preparation of simulated waste drums. 
- tests of the measuring equipments wi th simulated wastes. 
- intercomparison of the tests results (AEA and ENEA). 
- destructive and non-destructive measurement campaigns on reprocessing 
wastes. 
- assessment of the results and discussion of possible further improvements. 

B.5: data evaluation and processing (GRS) 
- evaluation of available results from previous measurements. 
- continuous evaluation of the results relevant to this programme. 
- implementation of data banks for wastes from both fuel reprocessing and 
nuclear power plants. 
- development of statistical tools for evaluation of results. 
- development of individual evaluation codes for each participant. 
- testing and optimisation of codes for routine applications. 

C. PROGRESS OF WORK AND OBTAINED RESULTS 

State of advancement 

B.I : two important extension projects of the original contracts have been 
proposed and accepted by the CEC. Effective early in 1994, these programmes 
concern the organisation of an inter-comparison test for destructive analyses 
and the incorporation of four Hungarian laboratories co-ordinated by Paks 
Nuclear Power Plant. 
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B.2: the development or the improvement of analytical methods has concerned 
the following nuclides: 3 H, 1 0 7Pd, 1 2 9 l , " T c , 90Sr, 94Nb and Uranium. 
B.3: since the beginning of the programme about 50 % (47 out of 93) of the 
destructive analyses on NPP waste samples have been completed (23 % in 
1993 only). 
B.4: since the beginning of the programme, 144 results (59 in 1993 only) have 
been collected from the Dounreay segmented gamma scanner and 7 destructive 
analyses have been carried out from both Dounreay and Saluggia technological 
waste samples. 
B.5: most of the results obtained in tasks B.3 and B.4 have been transfered to 
GRS for the common data base and statistically evaluated. 

Progress and results 

CEA-Cadarache 

Development of analytical methods 
CEA focused its development work on the analysis of 1 2 9 l , 99Tc, 90Sr 

and 1 0 7Pd. 
For 1 2 9 l and " T c , the extraction procedures with crown-ethers 

previously developed (see the 1991 Annual Progress Report) were associated 
with Inductively Coupled Plasma Mass Spectroscopy (ICP/MS) as the 
measurement technique. In term of detection limits, the results obtained on 
synthetic solutions showed a 20-fold improvement over radiation detection 
methods for 1 2 9 l while no significative difference was observed for 99Tc. 
However with real waste solutions resulting from the digestion of filter samples 
in sulfuric acid erratic and non reproducible extraction yields were observed for 
both nuclides. Solutions to overcome this difficulty are being investigated. 
With primary coolant samples, the determination of 1 2 9 l and 99Tc is readily 
achievable by ICP/MS, without previous extraction, leading to detection limits 
of 5 Bq/I (99Tc) and 0.15 Bq/I (129|). 

For the analysis of 107Pd a two-step extraction procedure using 
phosphine derivatives is being tested in order to get rid of the 1 0 7Ag 
interference prior to determination with ICP/MS. 

For the analysis of 90Sr, the previously described method (separation of 
this nuclide on an EICHROM specific column and measurement by liquid 
scintillation counting) has been modified in order to get rid of some interfering 
nuclides: the measurement is now based on Cerenkov counting of radiations 
produced by 90Y after that the radioactive equilibrium has been reached. 

Analyses of waste samples 
In 1993, CEA-Cadarache carried out the radiochemical determination of 

over 30 radionuclides on: 
- two filter cartridges from Cruas N.P.P. 
- one primary coolant from Bugey PWR. 
- three filter cartridges from Bugey PWR. 
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Since the beginning of the project about 45 % of the scheduled analyses have 
been performed. 

ENEA-Saluggia 

Gamma scanning system 
1993 has been dedicated to a modification of the lay-out of the 1.5 I. 

slave dewar -automatically filled by the 60 I. master dewar- from horizontal to 
vertical position. 
The modification requested more time than scheduled due to a crystal 
deterioration. 
The equipment is now under test at the Italian branch laboratory and it is 
foreseen to be available by January 1994. 

Analytical techniques 
During 1993 the procedures for the destructive analyses on solid samples 

have been set up. 
Analytical methods are now available for Cs, Sr, Am, Pu, and U. 
Up to now, the method for Tc has only been tesied on six different simulated 
samples, obtained by adding known amounts of " T c to the samples; the 
recovery yields were found to be in the range 89 to 108 %. 

Destructive analyses 
Destructive analyses on real wastes have been performed upon six 

samples for 1 3 7 Cs, 9 0Sr, 2 4 1 A m , U and Pu. 
Concerning the correlation of the main radionuclides to 1 3 7 Cs a comparison 
exercise has been undertaken wi th HLW-MTR liquid streams, sampled during 
the same reprocessing campaigns as when these solid wastes were produced. 
The preliminary observations showed that: 
- the Sr to Cs correlation is not as good as it could be expected for two fission 
products; 
- total Pu seems to have a better correlation than it could be expected for a 
TRU vs. a fission product like Cs; 
- the U behaviour seems to be unpredictable. 

ENRESA/CIEMAT 

Development of analytical methods 
ENRESA/CIEMAT focused their development work on the analyses of 

1 2 9 l , Uranium and 89/90s r. 
For the analysis of 1 2 9 l , the direct procedure, without any prior chemical 

separation, presented in the 1992 Annual Progress Report, has been improved 
because a long counting time (60 hours) was necessary in order to achieve a 
sensitive detection limit (20 Bq/g of resin). 
For this reason, it has been added a radiochemical separation step, based on 
the co-precipitation of 5 8 Co, 6 0 Co, 5 9Fe, 5 4 M n and 6 5 Zn wi th Fe3 + , C o 2 + and 
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Zr4 + hydroxides (this step is repeated twice), 134Cs and 137Cs being 
precipitated as chloroplatinates. 
The recovery yields range between 45 and 60%. 
The separation factors are higher than 99% for all the radionuclides assayed. 
For a counting time of 5 hours, a detection limit of 8 Bq/g has been obtained, 
which means a 2.5-time improvement over the previous, direct procedure. 

For the analysis of uranium, it has been developed a procedure based on 
the separation and purification of uranium by liquid-liquid extraction with ethyl 
acetate in saline medium (aluminium nitrate/tartaric acid), elimination of ethyl 
acetate and measurement of uranium concentration by laser fluorescence in the 
aqueous phase. 
The detection limit is 2x10"3 microgrammes of uranium, equivalent to 20 
microgrammes U/g of resin and 0.5 microgrammes U/mL of evaporator 
concentrate. 
The decontamination factors range from 74% (Sb-125) to > 9 9 % in the 
majority of cases. 

For the analysis of 89/90sr, the procedure described in the 1992 Annual 
Progress Report (selective extraction chromatography using a crown-ether) has 
been slightly improved. 
The following parameters have been modified: 

- The carrier concentration is increased from 0.6 to 10.0 total mg. 
- Strontium is loaded in the column with HNO3 8M - AI(NC>3)3 0.5 
M instead of HNO3 3M. 
- 90Sr is added as internal standard in order to allow the determination of 

the chemical yield. 
These modifications have resulted in much shorter analysis times and in easier 
chemical yield determinations. 
With real ion-exchange resins samples, all separation factors were found to be 
> 87% and in most cases > 99%, while the chemical yields range from 58 to 
81.6%. 
The chemical yields calculated either by gravimetry or by adding 90Sr as an 
internal standard were in coincidence. 

Analyses of waste samples 
During 1993, 10 complete sets of results have been otained and 

transfered to GRS for evaluation: 
- one evaporator concentrate from Garona BWR. 
- four ion-exchange resins from Cofrentes BWR. 
- one evaporator concentrate from Trillo PWR. 
- two evaporator concentrates from Asco PWR. 
- two ion-exchange resins from Asco PWR. 

ONDRAF-NIRAS/C.E.N. Mol 

Development of analytical methods 
ONDRAF-NIRAS/C.E.N. Mol focused their development work on the 

311 



analyses of 1 2 9 l , 9 0Sr, 9 9 Tc, 9 4 Nb, tr i t ium, 238P u , 241 A m a n d 242/244Cm . 
For the analysis of I, the procedure reported in the 1992 Annual 

Progress Report has been abandoned because of the unreliability of the results 
obtained for evaporator concentrates. The new procedure relies on the isotopic 
exchange between a precipitated iodide compound and the iodide in the 
supernatant solution. The chemical yield is monitored by adding an 1 2 5 l spike to 
the solution and the isotopic exchange is achieved by a redox cycle. 
Interfering cations are then precipitated as their sulfides, leaving the iodide in 
the solution. After filtration the purified iodide solution is concentrated by 
evaporation to the appropriate volume for liquid scintillation counting of the 1 2 9 l 
and gamma-spectrometry of the 1 2 5 l for the yield determination. 
The procedure has been tested on real homogeneous solutions as obtained 
after the dissolution procedure for evaporator concentrates. The recovery of the 
iodine throughout the procedure applied to four aliquots is 79.2 % with a 
reproducibility of 2.4 %. There are no interfering gamma-emitting isotopes 
observed in the gamma spectrum. A detection limit of 0.05 Bq/ml has been 
obtained in the measured solution, equivalent to 10 Bq per liter for the original 
evaporator concentrate sample. 
The radiochemical purity obtained after the chemical separation allows 
measurements by ICP/MS. The results obtained until now however suffer from 
the interference of 1 2 9 X e , which is present in the argon feed gas. Therefore the 
current detection limit for 1 2 9 l is only 1.3 ppb, which corresponds to about 8 
Bq/I. This offers no advantage with respect to the radiochemical measurements. 
Efforts are continuing to achieve better detection limits by removing the xenon 
interferences from the argon gas. 

For the analysis of Sr, after the separation of strontium by adsorption 
on an Eichrom Sr.Spec column, 9 0 Y is allowed to reach equilibrium with 9 0Sr 
during about two weeks. Yttrium is then precipitated as its hydroxide, the 
precipitate is dissolved and yttr ium is precipitated again as its oxalate and 
filtered on a counting planchet for beta-counting with a proportional low-level 
counter. 
The adsorption yield on the Eichrom Sr.Spec column has been found to be 
close to 100 %. The chemical yield of the subsequent precipitation steps is 
consistently 99 to 100 %. The detection limit for a measurement time of 60 
minutes is 1 Bq per liter of homogeneous solution. 

For the measurement of Tc, the procedure developed by ONDRAF-
NIRAS/C.E.N. Mol relies on its adsorption from dilute nitric acid on a Teva.Spec 
selective column (Eichrom Industries Inc,) and washing out of the interfering 
radioisotopes. After elution of the 9 9Tc wi th 8 M HNO3, it is measured by liquid 

fin scintillation counting. If any Co remains as a contaminant, it is removed by 
extraction wi th thenoyltrifluoroacetone from a phosphate buffer. The aqueous 

qq 
phase containing Tc is then concentrated by evaporation and measured by 
liquid scintillation counting. 
Taking into account the separation yield for 9 9Tc (73 to 91%) the detection 
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limit for technetium is in the range of 150 to 500 Bq/I in the homogeneous 
sample solution. This corresponds to the upper limit of the expected 99Tc 
concentration range in the evaporator concentrate samples. Radiochemical 
measurements have to be further improved to decrease detection limits by a 
factor 10 to 50. 

For the measurement of 9 4Nb, the procedure relies on the extraction of 
niobium with tributylphosphate from hydrochloric acid medium. Therefore the 
waste solution is evaporated to dryness after addition of niobium carrier and 
redissolved in 8 M HCI. The niobium is back-extracted in a diluted hydrochloric 
acid phase. The niobium is measured by high resolution gamma-ray 
spectrometry. The procedure was standardised to obtain constant recovery 
yields for niobium as no tracer is added for monitoring the yield. 
The experimental detection limit is 48 Bq/I in the initial solution resulting from 
the dissolution of the waste, when using an aliquot of 50 ml for the analysis. 
The yield is consistently between 85 % and 90 % and the standard deviation is 
5 %. 

The Tritium procedure as described earlier in the 1992 Annual Progress 
Report has been abandoned in favour of a double distillation method. The effect 
of isotopic enrichment has been investigated and a procedure has been 
developed to minimise this error source. 
In practice a quantity of water corresponding to the quantity distilled is added 
when about 50 % of the liquid has been distilled. The detection limit is 30 Bq 
per liter of homogeneous solution. 
Reliable results have been obtained for evaporator concentrates. For dissolved 
resin samples however the tritium quantity in the distillate is not decreasing as 
a function of the distillate number but remains constant at a significant tritium 
concentration. The reason for this effect is being investigated. 

For the measurement of 2 3 8Pu, 2 4 1 Am, 2 4 2Cm and 2 4 4Cm no specific 
experiments have been carried out so far but the activity levels have be 
estimated in order to set the objectives for the radiochemical separation 
methods to be developed. 

Analyses of waste samples 
At present 90 % of the samples have been delivered and 47 % of the 

samples have been dissolved and analysed by gamma-ray spectrometry. 
About one third of the samples have been analysed for the first series of critical 
nuclides (3H, 1 4C, 5 9Ni, 6 3Ni, 135Cs and the uranium isotopes). At present 47 
% of the samples have also been analysed for those isotopes of the second 
series, for which the procedure has been qualified ( Sr, Nb, Tc, I and 
the americium, curium and plutonium isotopes). 
Applying twelve measurement procedures to the total number of thirty samples 
yields about 360 individual measurement data or data sets. At present 102 
have been completed. 
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AEA TECHNOLOGY-Dounreav 

Waste drums data 
During 1993, 59 results have been collected from the Dounreay 

segmented gamma system. Data sheets from measurements have been 
submitted to GRS for the data base. These drums contain wastes from the 
disassembly stage of reprocessing from a fast reactor reprocessing plant and 
the dissolution stage of a research reactor reprocessing plant (ie both prior to 
solvent extraction stage). 
The in-house computer code 'FISPIN' has been used to calculate the total 
radionuclide activity for each reprocessing run, based on a knowledge of 
irradiation history. This data is also submitted to GRS for the data base. 

Destructive analysis 
A 200 litre drum of soft wastes from reprocessing run PR19 was 

destructively analysed. The content of the drum was loaded into 4 litre 
containers and each container was measured by gamma spectrometry. As one 
of the containers contained about 9 5 % of total activity the contents of this was 
leached in nitric acid. 
Radiometric analysis was then carried out on the leachate, and the quantity of 
15 radioisotopes determined. The results showed a reasonable comparison 
between the drum measurement and chemical analysis except for Ru which 
is insoluble in nitric acid. The comparison with FISPIN analysis also showed a 
reasonable agreement. 
A second drum has been identified for destructive analysis and preparations are 
in hand for this work. 

GRS-Cologne: data evaluation and processing 

Data base 
The amount of data sets available is summarized in table I. 

Each data set contains a different number of radionuclides for which 
measurement results have been achieved. Thus the number of data sets alone 
gives only limited information about the possibility to establish a correlation 
between a key nuclide and any other nuclide considered. 

Furthermore results below the detection limit normally have to be 
excluded since their correlation to those above the detection limit in general 
does not provide meaningful information. 

Selection of appropriate key nuclides 
It has been checked if there is a need for two or even more key nuclides 

instead of one and if a separate key nuclide should be chosen for the actinides. 
By this time we conclude that it is not recommendable to rely on only 

one key nuclide because of the loss of quality for the concerned correlations. 
For other key nuclides the frequency of their measurement in individual samples 
is too low to replace e.g. 1 3 7Cs as a key nuclide. 
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On the other hand it can be shown, that correlating the actinides to 
239pu would improve the quality of the correlations to a certain extent. Since 
239Pu cannot be measured easily from outside of a waste container this is 
prohibitive for routine purposes. But possibilities to use this observation for 
further improvement are still under investigation. 

Evaluation method 
The method applied for routine evaluations has been described already 

in previous reports. It is based on a correlation by linear regression of the 
logarithms of the measurement results for two different nuclides. Other 
methods used are (a) the scaling factor, the average ratio of the activity of a 
relevant nuclide and the key nuclide activity, or (b) the linear regression of 
activity measurements. 

It has been investigated which of these methods provides the best fit to 
the evaluated data and thus the most reliable prevision of the activities. In 
conclusion the evaluation method chosen is still considered as the most 
appropriate and will be kept for the future. 

Qualification of correlations 
The linear regression is a mathematical method which is applicable only 

under certain conditions. Therefore it has to be checked if these condition are 
met. Further restrictions emerge from practical considerations. The applicability 
of the method therefore has to be assessed. For this purpose for some 
characteristic quantities criteria have been set up which are summarized in 
Table II. 
Further restrictions may come from the number of correlated data and the 
requirement to compare only evaluations based on the same or a comparable 
data base. 

Preliminary results 

Carbon-14 
Within the CEC, data seem to be widely comparable with one exception. 

The Belgian data develop a markedly higher slope of the correlation line than 
the data from all other states. An explanation for this effect is not available. An 
effect of the scattering of the data can be excluded since the Belgian data 
alone show an excellent correlation which is comparable or better than the 
other results. The difference in slope suggests a different source or combination 
of sources for 14C in wastes from Belgian PWRs compared to the others. 

Nickel-63 
63Ni is one of the best investigated nuclides of the activated corrosion 

products. As has been demonstrated already in earlier reports deviations 
between different states including the United States are small. Figure 1 
summarizes the latest results for PWRs. 
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The evaluation provides four distinct correlations of very high quality 
(correlation coefficient R = 0.88 to 0.97). Three of the respective correlation 
lines nearly fall together, while the German one differs slightly mainly due to a 
lower slope. A more detailed analysis results in a proportionality constant a for 
the German data which is two to three times lower than for the residual data. 
Furthermore the regression coefficient is around 10% lower for the German 
correlation. 

The first observation implies that the 6 3Ni source in German PWRs is 
reduced compared to other designs. It can further be shown from these results 
that the sources of both nuclides are not identical for German PWRs. The 
opposite conclusion can be drawn for the other states. These statements can 
be confirmed by measured data. 

For BWRs no essential differences can be detected. In contrast to PWR 
results the quality of the correlations is slightly lower (R = 0.76 to 0.82) and the 
non-linearity more distinct (regression coefficient b = 0 . 5 6 to 0.65). 

Plutonium-239 
2 3 9 Pu as the most prominent representative of the a-emitters offers a 

good opportunity to check the applicability and the capability of the evaluation 
method wi th a nuclide that is chemically quite different from either of the key 
nuclides 6 0 Co or 1 3 7 Cs. A first test shows that in most cases 6 0 Co produces 
the correlations wi th the higher quality. 
Considering the scatter of the data the results for PWRs are in good agreement. 
The mathematical description of this is a correlation coefficient of R = 0.84 in 
spite of an obvious non-linearity of the correlation (b = 0.75). Nearly the same 
picture develops for BWRs with only a slightly lower quality of the correlation 
(R = 0.68). 

A comparison of the PWR and BWR correlations reveals the fact that 
both are practically identical. The presentation in Figure 2 demonstrates that 
both correlation lines fall together. This means that a common correlation can 
be used for PWRs and BWRs or in other words that the data of both reactor 
types can be combined. 
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Table I: Distribution of the available data sets among different states 

NllllilllH ■■■■ l l l l l l l l l ■m lllllillillllllil WKBBM 
PWR 

Belgium 

France 

Spain 

Germany 

Sum PWR 

BWR 

Spain 

Germany 

Sum BWR 

Total 

14 

12 

3 

55 

84 

9 

20 

29 

113 

18 

8 

3 

51 

80 

10 

22 

32 

112 

-

18 

-

4 

22 

-

12 

12 

34 

-

-

-

22 

22 

-

-

-

22 

32 

38 

6 

132 

208 

19 

54 

73 

281 

Table II: Qualification of correlations 

Correlation 
coefficient ft 

0 . 9 - 1 

0 .7 -0 .9 

0 .5 -0 .7 

<0.5 

^^^^^^^^^^^^^^^^^^B 
0 .7 -1 .3 0 .5 -0 .7 <0.5 

1.3-1.5 >1.5 

ratio of propotionality constant am/a 

< 1 0 0 

A 

A 

E 

>100 < 100 

E 

E 

E 

> 100 

A = fully acceptable 
E = conditionally acceptable 
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LOG (activity cone. Ni 63 [Ci/Mg]) 
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LOG (activity cone. Co 60 [Ci/Mg]) 

FigureV. Correlation of Ni 63 to Co 60 for European PWRs 

LOG(activity cone. Pu 239 [Ci/Mg]) \ 
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LOG(activity cone. Co 60 [Ci/Mg]) 

Figurei:Correlation of Pu 239 to Co 60 in European LWR 
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Title: Construction and Testing of a Computer Tomography Assembly 
for Routine Operation 

Contractor: Forschungszentrum Julich (KFA), FRG 
Contract N°: FI2W-CT90-0009 
Duration of contract: from 1. Sept. 1991 to 31. Aug. 1995 
Period covered: from 1. Jan. 1993 to 31. Dec. 1993 
Project Leader: Dr. Reinhard Odoj 
Executant: Dipl.-Ing. Peter Eifler 

A. OBJECTIVES AND SCOPE 

The disposal of barrels containing radioactive waste material into an underground repository 
has to meet certain requirements of governmental regulations, one of which is the specification 
of the radionuclide inventory. This can either be achieved by non-destructive or by destructive 
analysis of the waste containers. If a cemented matrix of relatively high density is used to 
condition the waste a considerable fraction of the inner radiation is absorbed in the barrel 
itself. This has to be taken into account in an effort to obtain reliable results if non-destructive 
methods for the determination of the specific and total activity of the waste barrel are used. 
For this reason the PKS (Produktkontrollstelle) of the BfS (Bundesamt fur Strahlenschutz) 
located at the KFA (Forschungszentrum) in Julich, Germany, has been appointed to quality 
control radioactive waste containers by gamma-scanning and tomography measurements, both 
non-destructive. The preliminary objective is the direct measurement of the density 
distribution in shielded structures and heterogeneous fillings with the aim of analyzing the 
activity distribution and finally to be able to quantify the total activity of the waste drum. 

B. WORK PROGRAM 

H I Modifying the existing passive gamma-scanner to obtain active gamma ray screening 
capability 

- addition of a 7 Ci Co-60 gamma source for transmission measurements; 
- modification of the turntable for the drum and upgrading the mechanical system for 

translatory movement. 

B2 Installing a suitable computer tomography system for the examination of samples with 
uncommon composition and uncommon density distribution 

- development of tomography software for transmission (TCT) and emission (ECT) 
tomography; 

- design of technical equipment in order to synchronize mechanical movement, 
countrate measurements and absorption data transfer to the computer; 

- visualization of the density and activity distribution and estimating the total activity of 
the waste drum. 

BJ Comparative test measurements 

- on dummies with different materials for testing purposes; 
- on typical waste drums with inner shielding structures. 
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C. PROGRESS OF WORK AND OBTAINED RESULTS 

State of advancement 

During the period covered in this report the progress of work can be summarized by: 

- mechanical upgrade of the tomography assembly; 
- development and installation of the reconstruction software for TCT and ECT (using the 

Algebraic Reconstruction Technique ART), 
- visualization and archivation of the density and activity distribution; 
- establishment of the co-operation between computer and hardware devices (detector, 

mechanical system), 
- designing and manufacturing a cement dummy for detailed comparative test measurements; 
- comparative test measurements on the dummy and evaluation of the tomographic results. 

Progress and results 

In order to determine the nuclide inventory of the radioactive waste drum the measurement of 
the density distribution is necessary (TCT), followed by the analysis of the activity distribution 
by applying the technique of emission tomography (ECT). In the case of transmission, the 
intensity of a y-beam radiated by an external source and attenuated by the object is measured 
at various positions surrounding the object. Due to the high density of the cement fillings a 
strong y-source of 7 Curie Cobalt-60 has been installed within the tomographic assembly (fig. 
1). The attenuation coefficients throughout the observed plane of the barrel are calculated by a 
reconstruction algorithm. In the case of emission, the radiation of y-sources located inside the 
drum is monitored by a detector at different positions. In general, the attenuation of the 
emitted radiation by the material contained in the drum can not be neglected. For this reason 
the attenuation coefficients obtained from the transmission measurements are applied to 
correct the emission data. The reconstruction algorithms, required for both TCT and ECT, 
have been developed, whereas test measurements have been exclusively carried out on TCT. 

The setup of the tomography system is of the translation-rotational type (fig 1). The 
mechanical upgrade of the assembly focused on the installation of a new turntable mounted 
onto a linear moving bench. The turntable is designed to move waste barrels (200 1) up to 1.5 
tons. Its positioning resolution of 0.2° ensures exact positioning, which is necessary in TCT 
and ECT applications. The turntable as well as the linear moving bench are controlled by 
stepping motors with very high stepping resolution. It is planned to install vertical moving 
capabilities in order to examine different planes of the barrel (fig. 1). 

Furthermore, the problems implying visualization and archivation of the reconstructed images 
have been solved. The visualization software enables the operator to quantitatively determine 
the density and the activity distribution of the object by calibrated scales. For reasons of cost 
reduction all computer work is carried out on an IBM-compatible PC. 

The detector, which was used to collect the quanta passing through the object, is a high purity 
germanium detector with outstanding energy resolution (efficiency approx. 20%). 

To check the performance of the computer software and the accuracy of the mechanical 
operation a test dummy was designed and manufactured (fig. 2). The dummy has the shape of 
a disc with a diameter of 560 mm. Its weight is approx. 70 kg. It embodies 3 different 
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materials, different in density (lead, steel and plastic material). These bodies are enclosed by a 
concrete matrix. Since the size as well as the chosen materials of the dummy are'those of a 
real waste drum precise measurements under realistic conditions were performed. The dummy 
also contains several holes and hollow spaces, in which it is possible to insert radioactive 
samples, which is interesting for ECT. 

Figures 3-5 show reconstructed images of the density distribution of the test dummy. The 
image of fig. 3 is set up by a 261x261 pixel matrix. It is based on the data of 156 angle 
positions, each consisting of 100 scan steps. The number of angle positions (M) and the 
number of scan steps (N) were chosen to fulfill a so-called sample theorem: M=7t/2'N. 
Multiplying the 156 angle positions by 100 scan steps times 5 seconds gives the total 
measuring time, which is, in this case, a very long time of 21.7 hours. The resolution of the 
image, however, is quite satisfactory, e.g. the steel hooks for transportation can clearly be 
seen. 

The image shown in fig. 4 is set up by 301x301 pixels and the total measuring time to collect 
the absorption data was 4.4 hours. Here, the number of angle positions was reduced to only 
32. The quality of this image (resolution of the density distribution) is sufficient for the 
purposes mentioned above. 

Fig. 5 gives an impression of the great influence of the number of angles on the image quality. 
The image shown is based on the data of only 16 angle positions and 100 scan steps (total 
measuring time 2.2 h). 

Computer Tomography Assembly for Routine Operation 

Collimator 

2100 
Gamma Source 

7CiCo«0 

Turn Table 

Linear Moving Bench 

/ -
2000 

V 

Fig. 1: Tomography Assembly 
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Concrete Disc 

with Insets of Different 
Materials 

Weight: approx. 70 kg 

_> L^u 

Steel Hooks 

560 mm 

Fig. 2: Test Dummy 

Coll.: 6 M M . 180x136x9 a = 21.7 h e 
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Fig. 3: High Resolution 
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Fig. 4: Medium Resolution 
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Fig. 5: Low Resolution 
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First ECT-measurements and reconstructions of ECT-images were performed in late January 
94. Fig. 6 shows a reconstructed ECT-image of the above mentioned dummy containing 5 
radioactive samples of 31 MBq Cs-137 each (838 uCi). These samples emit y-rays at 662 keV 
within the observed plane. The transmission analysis using the Co-60 source, however, was 
carried out at the two well-known energy peaks of 1.173 and 1.333 MeV. Due to the fact, 
that the absorption coefficients are strongly energy dependent, the absorption coefficients had 
to be corrected in order to combine the transmission with the emission application. The image 
of fig. 6 is set up by a 127x127 pixels matrix (pixel size: 4.4 x 4.4 mm). It is based on the data 
of 64 angle positions, each consisting of 50 scan steps. The measuring time per step was set to 
10 seconds, which gives a total measuring time of 8.9 hours, using one Ge-detector. The 
diameter of the collimator was chosen to be 15 mm. 

The result is very satisfactory, because the sources shown by the image seem to have similar 
activities. This corresponds to the actual case. 

Coll.: 13 m . 3Bx64xlB = B.9 h 
3 x 31 HBa Cm-137. 127x127 

A c t i v i t y t W a / V ^ l 
9 

7 . 3 « 

3 . 7 3 

- l . s e 

B.75 

Fig. 6: ECT-image of the Dummy Containing 5 Cs-137 Samples 
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Title: Behaviour of Low Level Radioactive Waste Under Fire Accident Conditions 

Contractor: AEA Technology CR.p. Bush - projet leader) 
Contract No: F12W/0014 
Duration of Contract: from 1st October 1991 to 31st March 1994 
Period Covered: 1st January 1993 to 31st December 1993 

A. OBJECTIVES AND SCOPE 

The objective of the work undertaken within this project has been to provide 
information on the release of radionuclides from supercompacted low level waste (LLW) 
under fire accident conditions and to understand how these releases depend on the 
severity and characteristics of the fire accident. Mathematical models have been 
developed to predict the response of packaged LLW under various fire accident 
conditions. 

Little information relevant to this topic was previously available. The approach 
to the project (based on large-scale inactive tests, mathematical modelling, and small-
scale active experiments) was similar to that used in a previous study of immobilised 
intermediate level waste, but took account of the special properties of LLW and its 
constituents that are relevant to its behaviour under fire conditions. 

B. WORK PROGRAMME 

1.1 Objective 
To obtain sufficient information to quantify the release of radionuclides from 

LLW under fire accident conditions, and to understand how these releases vary with the 
severity and characteristics of the fire accident. 

1.2.1 Literature Review 
To carry out a literature review on the release of radionuclides from LLW under 

fire accident conditions uid related areas, such as the relevant physical and chemical 
properties of LLW, fire conditions etc. 

1.2.2 Modelling Studies 
To develop and validate mathematical models for the thermal behaviour of LLW, 

including heat and mass transfer, gas diffusion and combustion phenomena. 

1.2.3 Large-scale Testing 
To carry out large-scale thermal tests on simulated LLW in two stages: the first 

to provide a basis for the modelling and to define conditions for active experiments; and 
second, to validate the models and provide a basis for applying the results to a range of 
situations. 

1.2.4 Small-scale Thermal Tests 
To perform small-scale thermal tests to determine the releases of radionuclides 

from radioactive samples of LLW components, under conditions defined from the 
modelling work and large-scale tests. 
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C. PROGRESS OF WORK AND RESULTS OBTAINED 

1. State of Advancement 

The project has now been completed as planned. 

In the past year, the mathematical modelling work has been extended and refined. 
A model has been developed to simulate the behaviour of a single 'puck' of 
supercompacted waste exposed directly to a fire. Supporting measurements of physical 
properties have been completed. Factors affecting the spread of fire from puck to puck 
have been considered. 

A second tranche of large-scale thermal tests has been completed on 
supercompacted 200 / drums of simulated LLW materials. Two materials were used: 
a mixture of equal weights of cellulose, polyethylene, polyvinyl chloride, latex and 
neoprene; and, cellulose containing a high metal content. Tests were conducted in an 
electrically heated oven at 300°C, 700°C and 1000°C. The temperature profiles generated, 
and the materials released, were studied. 

Small-scale tests have been conducted with samples of the first of the mixed 
waste materials noted above, doped with selected radionuclides. Materials released at 
different temperatures were collected, and the fractions of each radionuclide released 
were measured. 

Temperature profiles obtained from the mathematical models can be used in 
conjunction with the radioactivity release fractions to calculate the expected release of 
radioactivity from a known material under defined fire accident conditions. 

2. Progress and Results 

2.1 Literature Review 
The main results of the literature review were presented in the 1992 Annual 

Report (EUR 15132 EN). It highlighted the fact that, at the start of the project, little was 
known about the behaviour of supercompacted LLW under fire accident conditions. The 
review provided useful information about the thermal behaviour of substances which are 
major combustible components of LLW. 

2.2 Modelling Studies 
Three aspects of fire behaviour needed to be addressed in the current study: heat 

transfer in an array of supercompacted pucks contained in a closed box; the pyrolysis of 
organic material in a puck exposed directly to fire and the associated heat and mass 
transfer; and the spread of fire from puck to puck. The first of these was addressed in 
the 1992 Annual Report. 

The behaviour of a puck of supercompacted LLW direcdy exposed to a fire can 
be modelled by adapting the HOTDOG code originally developed for use with 
immobilised intermediate level waste. Changes in the physical state of LLW due to 
pyrolysis reactions have to be allowed for, as does the heat of such reactions. The 
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transport of the gases formed can be modelled in the same way as that of water vapour 
in a cemented wasteform. 

An analysis has been made of the spread of fire from puck to puck. This has 
proved difficult to model in detail, but it has been confirmed that fire-spread is unlikely 
to be an important phenomenon in fire accidents involving LLW. 

2.3 Large-scale tests 
Following completion of a first tranche of large-scale tests in 1992, a second 

tranche has been carried out in 1993. 

Mixtures of key components of LLW were supercompacted in 200 / drums and 
heated in an electric oven. Two mixtures were used. One contained equal weights of 
cellulose, polyethylene, polyvinyl chloride, latex and neoprene; experiments with this 
material at 300°C, 700°C and 1000°C were designed to illustrate the effects of all 
important physical and chemical changes that can occur in heated LLW. The second 
mixture was cellulose with a high metal content, and was tested at 1000°C. This 
illustrated the effect of higher temperatures on an easily pyrolysed material in a matrix 
of high thermal conductivity. 

The temperature profiles measured over time did not show any excursions due to 
rapid local reactions. The presence of cellulose led to a plateau at 100°C in the 
temperature profile, due to the evaporation and release of associated water. Analysis of 
volatile materials condensed from the oven tests has shown the presence of major 
products consistent with the known thermal behaviour of the waste components present. 
Samples of the pyrolysed residues from the large-scale tests have been used to measure 
physical properties (thermal capacity, thermal conductivity, permeability) required in the 
modelling calculations. 

4. Small-scale active tests 

The results of the large-scale tests and of the modelling studies were used to 
define conditions for a series of small-scale active tests. The same mixture of equal 
weights of the five major combustible components of LLW was used to make 1.5 / 
samples which were treated with selected radionuclides and supercompacted in cans to 
give 'mini-pucks'. These were heated to temperatures of 150°C, 450°C, 700°C and 
1000°C. The released material was collected in traps, and analysed to measure the 
fractions of the various radionuclides released. 

The results showed that even at 1000°C releases of actinides were very low. 
Releases of cobalt-60 and caesium-137 were higher, but less than 1% of the initial 
inventory. Ruthenium releases were in the range 1.5 to 2% at temperatures of 450°C and 
above. 

The radiological consequences of these released fractions depend on the initial 
inventory and on the temperature distribution achieved in a particular fire accident. The 
data obtained, together with the mathematical models developed in this study, will enable 
releases from LLW under postulated fire accident conditions to be calculated. 
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TESTS FOR PROCESS CONTROL DURING TREATMENT OF LOW AND MEDIUM RADIOACTIVE 
WASTE IN PRACTISE 

Contractor 
Contract No. 
Duration of contact 
Period covered 
Project leader 

KEMA Nederland B.V., KFA Julich, Laborelec 
F12W/CT90/0019 
January 1, 1991 to December 31, 1994 
January 1993 - December 1993 
H.A.W. Cornelissen (KEMA Nederland B.V., coordinator), R. OdoJ 
(KFA), Mr. Roofthooft (Laborec) 

A. OBJECTIVE AND SCOPE 
Adequate management of radio-active waste that will be formed during operation of nuclear 

power stations, is an absolute necessity to warrant the protection of man and environment. Therefore 
the total waste treatment process from waste release up to interim/final storage has to be controlled. 
Continuous process control is preferable above verification just before storage because of its higher 
reliability, traceability and the possibility for corrections of the system. 

This research project refers to the development of test methods which are necessary to 
control the process of conditioning of radioactive waste. The emphasis lies upon measurement 
techniques and operations. 

On the basis of the international exchange of information between the partners recommenda
tions will be formulated which respect to standard testing methods and procedures where specific 
quality systems can be based on. 

There is also a close co-operation with CEA/CEN and Taylor Woodrow. 

B. WORK PROGRAMME 
B.1 Progress descriptions of waste treatment 
B.2 Chemical characterization 
B.3 Radiological qualification test methods 
B.4 Mechanical and physical qualification tests 
B.5 Validation of test methods and evaluation 
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C. PROGRESS OF WORK AND OBTAINED RESULTS 

C.1 STATE OF ADVANCEMENT 
In the laboratory a, 0, y spectroscopy was experimentally studied. 

Chemical characterisations were performed by means of selective electrodes and photometrical 
measurements. In order to follow the mechanical properties of cementated radwaste, especially 
viscosity and impedance test-methods proved to be appropriate if variations in composition are 
large. For smaller variations, the maturity method can be used as well. 

Also a relation was found between water content and strength of cementated waste. 

C.2 PROGRESS AND RESULTS 

C.2-1 CHEMICAL TESTMETHODS 
At the beginning of a cementation campaign a chemical characterisation of the components 

to be mixed should be performed. This is especially necessary for those components which could 
negatively influence the hardening process of the cement. 

Two methods were chosen, namely the photometric method and the determination by 
means of selective electrodes. With respect to the photometric method a portable photometer is 
used. Test kits were available. To find out possible interferences, multi-element standard solutions 
were used additionally. 

The results obtained clearly show that the linearity of the photometric method is fairly good 
for most of the species measured. An overview of the individual results can be found in table I. 
The results of our measurements indicate that accuracy as well as reproducibility are pretty good for 
photometry. The method applied therefore can be regarded as well suited for the determination of 
the so called cement poisons. 

With regard to the restricted commercial availability of the method by means of selective 
electrodes only four types of ions could be examined: N03", CI", Ca2+ and NH4*. All the results, the 
mean values and the deviations between the mean values and the exact quantities in the wastewater 
solution are mentioned in table II. Further the time needed for measuring each element amounts to 
about twenty minutes. From this it may be concluded that analyzing of chloride and nitrate by means 
of selective electrodes is quite well possible. 

The accuracy is good and the speed of analyzing attractive. The deviation between the mean 
value of the calcium determinations and the actual wastewater concentration, however, was high 
(36%). This was caused by the interference of alkali ions, present in the wastewater. 

With regard to ammonia the detection limit was determined and appeared to be 0.5 mg-T1. 
The value is with respect to a possible interference with cement hardening quite low and therefore 
the determination of the ammonia concentration in wastewater by means of selective electrodes is 
possible as well. 

The capability of ICP (Inductive Coupled Plasma) and IC (Ion Chromatography) was tested 
by Laborelec at the Doel power station. In the case of the ICP tests, the maximum error found, was 
11.5%, in the case of IC the maximum error was 3%, with the exception of P04 ' where the error 
proved to be 15.2%. 
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C.2-2 RADIOLOGICAL TESTS 

a- and /?- spectrometry 
The work programme for or- spectrometrical determination contains the following aspects: 

sample preparation (chemical) 
sample amount 
procedures 
measurements 
instrument used 

- results 
accuracy 

- calibration 

For 0-spectrometrical determination of H-3 and Sr-89/90 the following steps were considered: 
- sample preparation 

measurement procedure 

r-specrometry 
With regard to the ^-spectrometry measurements KEMA provided Laborelec zirconium sand. The 

different nuclides were determined with the Canberra apparatus in the counting room of unit 1 and 2 
at Doel. In table III the measured nuclides are given. 

By KEMA a procedure is developed to assure that the measurements to waste packages are 
performed in such a way, that there will be no doubt about the quality of the results and on the other 
hand that operators will agree on the benefits of this procedure and subsequently execute their work 
according to this procedure. The procedure is given in a simplified block diagram with a brief 
explanation (table IV). 

C. 2-3 MECHANICAL AND PHYSICAL TESTS 
To insure that radwaste cementation remains immobilized after disposal, certain standards have 

been set; one such standard is compressive strength. The purpose of this project, was to determine 
whether the 7 day and 28 day compressive strength from radwaste cementation can be predicted 
during the mixing and early curing stages. Three methods were used for this project: maturity, 
rheology, and impedance. 

Maturity is a temperature/time measurement, rheology is a shear stress/shear rate measurement 
and impedance is the opposition offered to the flow of alternating current. These three methods were 
employed on five different cemented radwaste concentrations with three different water-to-cement 
ratios; thus, a total of 15 different mix designs was considered. 

The results of the maturity method did not fulfil all expectations. The results did not show the 
expected result that the higher the maturity value, the higher the strength. In fact, with the higher 
waste percentages the opposite was true. It was found that the higher the radwaste concentration 
was, the lower the curing temperature proved to be, which in fact causes a flaw in the maturity 
calculations. It was also shown that the maturity calculations do not take into effect the large 
changes in water-to-cement ratios. 
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The results of the rheology method were very good. The experiment showed that concrete is not 
a Newtonian liquid, but did follow the flow properties that conform to the Bigham plastic model. 
Therefore, using the rheology method, the compressive strength of cemented radwaste can be 
predicted. The only drawback to this method is that the method requires two constants too be 
determined. Trying to use this method to predict the compressive strenght of cemented radwaste 
may be too cumbersome. Also, it must be determined of this method is statistically viable by 
gathering more data. It is recommended that this method be continued in the laboratory environment 
until more data can be accumulated. 

The results of the impedance method are very promising. The results showed a very good 
relationship between impedance and water-to-cement ratios. From the impedance and time figures it 
is clearly evident that a relationship can be developed between impedance and strength. The results 
from plotting strength and impedance show a high statistical accuracy for the data obtained. This 
method only needs one constant and that is a measured constant, where the rheology constants are 
derived from a linear relationship obtained by best fitting. 

Another important note is that the results are obtainable 10 minutes after the addition of cement. 
Therefore, it is recommended that this method will be upscaled from a laboratory model and placed 
into use in the radwaste disposal industry. 

To find a relation between the water content and the strength, five main waste percentages 
(between about 5% and 355) were developed with three to four different water to cement ratios. It 
was tried to find relations between mix composition parameters and compressive strength. The best 
parameter proved to be the ratio of cement and water plus waste. This relation is shown in figure 2. 
By linear regression the following equation was derived: 

f c (28d) = 41.7 (c/(w+r)) -17.3 

In this equation c, w and r represent cement, water and waste content in mass %. 

REFERENCES 

KEMA 1993a. Tests for process control during treatment of low and medium radioactive waste In 
practice. Intermediate report 3 (period 93-01-01 - 93-06-30). KEMA report 20251-KET/R&B 93-4316, 
September 21, 1993. 

KEMA 1993b. Methods to predict compressive strength for on-line quality control during radwaste 
cementation - experimental results. KEMA report 20251 -KET/R&B 93-4300, September 14, 1993. 
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Table I Overview on photometrical determinations with single element standards and multi 
element standards and multi elements standards (KFA Julich) 

species 

ammonia 

boron 

calcium 

chloride 

chromium 

magnesium 

nitrate 

phosphate 

sulfate 

linearity range 
ppm 

0.2 - 2.7 

0.02 - 0.5 

10 -2000 

5 - 200 

0.2 - 2 

0.1 - 0.7 

10 - 60 

2 - 10 

20 - 500 

reproducibility 
measure at ppm 

2 

0.5 

100 

100 

1.5 

0.5 

50 

6 

100 

reproducibility in 
a multi el. stand
ard measured at 
ppm 

n.dtd. 

0.5 

10 

100 

n.dtd. 

n.dtd. 

50 

10 

100 

analysis time 
needed min 

15 

20 

10 

5 

20 

20 

17 

12 

25 

n.dtd. = not determined 

Table Determination of CI"; N03" and Ca in artificial, non-radioactive wastewater 

Cl(g.l.1) 
Ncvta.!.-1) 
Ca2+(mg.r1) 

1 

15.05 
698 
999 

2 

15.11 
716 
973 

3 

14.99 
693 

1.078 

4 

14.90 
719 

1.099 

5 

15.17 
749 

1.099 

6 

15.45 
757 

1.165 

mean 

15.11 
722 

1.069 

deviation (%) 

cr 
1.2 

NCV 

0.4 

Ca2* 

36 
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Table Analysis of nuclides 

Nuclide 

Mn-54 
Nb-95 
Te-131 
Bi-214 
Pb-214 
Th-234 
U-235 

Bq/ml 

0.111 
0.131 
0.114 

186 
136 

7.25 (*) 
2.4 

(*) the value of Th-234 is calculated. It was indicated as Cd-109 

Table IV Simplified block diagram of a quality procedure to control a gammaspectroscopy 
system 

electronic 
control 

The control of the electronics has only to be 
performed for those settlings, which are es
sential for the correct working of the HpGe-
system 

control of the 
ballistic 
deficit 
correction 

The developed HpGe high count rate system 
incorporates a special spectroscopy amplifier 
which makes it possible to use shaping times 
of 0,25 vs. These short shaping times cause 
for extra disturbance in the photo peak. This 
disturbance van be corrected by adjusting a 
Ballistic Deficit Correction 

control of 
energy 
calibration 

Each standard gammaspectroscopy system is 
more or less sensitive for drift. This drift can 
cause errors in the reported activities and/or 
nuclides. The check of this calibration can 
easily be performed by measuring a special 
control source 

efficiency 
control 

To control the whole gammaspectroscopy 
system it is necessarily to measure the radio
activity with a special source. This source 
must contain gamma photons, which emit in 
the regions of interest. Important parameters 
of the system are: 

total count rate of the source 
- FWHM (Full Width at Half Maximum), 

countrate, energy of the most important 
gamma photons. 
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Figure I Strength versus impedance for waste 1 
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Title: Establishment of non destructive or partially destructive test procedures for 
detennining the characteristics of wastes containers 

Contractor: CEA Cadarache - Dep. Entreposage - Stockage Dechets 
Contract: FI2W-CT90-0021 
Duration of contract: from 1.10.1991 to 30.09.1995 
Period covered: 1.01.1993 to 31.12.1993 
Project leader: J. MISRAKI ; Co-author: R. BOSSY 

A. Objectives and Scopes 

In the frame of the low and medium wastes package's characterization, this 
programme proposes to establish, examination procedures, leaning on acquired 
experiences about real packages. 
One of the main objectives is to limit very hardest the destructive examinations, the 
non destructive examinations having the advantage not to cause secondary wastes. 

B. Work programme 

During the last year, we had published the two following technical files 
B3 - Microorganisms Actions on embedded wastes (Bitumen matrix) 
B4 - Water content measurement 
as that was foreseen in the next planning: 

PROGRAM 
Agreement programme 
Procedures establishment 
B1 : Sampling methods for analysis 

(alpha, beta, gamma) 
B2 : Gamma scanning on packages 
B3 : Microorganism actions on 
embedded wastes 
B4 : Water content measurement in 

embedded wastes 
B5 : Radiolysis gaz measurement 
B6 : Thermoluminescent dosimetry 

1992 
— 
— 
— 

— 

1993 

— 

— 

— 

1994 
-

— 

— 
— 

1995 

.. . 

On the other hand we have going to establish a project of the fifth technical 
file relative to : "Radiolysis gaz measurement in embedded wastes". 
Studies and Assays are going on with the specialized laboratory and we think 
to present this project in the next progress meeting in HARWELL on 16.03.94 
to 18.03.94. 
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C. PROGRESS OF WORK AND OBTAINED RESULTS 

CI. Microorganisms actions on embedded wastes 

Leaning on experiences effectued in the CEA/DCC/DESD/SEP laboratory, we have set up 
a technical file relative to the microorganisms actions on raw wastes embedded in bitumen 
matrix. 
This test procedure is required by Fundamental Safety Rule (RFS HI 2 f), relative to 
disposal of radwastes in deep geological formations. 
After a study of the growing conditions on microorganisms in the site and possible 
degradation mechanisms for the various materials (organic and mineral material), it was 
observed that it is not possible to apply a single methodology to all the various matrix. 
The application of the exisitng standards (ASTM G21 and G22 or ISO 846) cannot be used 
for each matrix. Therefore a selection will be made from: 

- specific microorganisms adapted to degradation mechanisms, 
- optimal culture medium, 
- duration of test, 
- test control after microorganisms exposition (visual examination, mechanical 
resistance, C0 2 release, or acid formation...) 

The modification brought to the standards tests are very important, taking on account the 
different behaviour of various bitumen with the bacterial strain (positive or negative 
answers). 
The detailled procedure (1) was presented to the members of Task 3 during the meeting 
held from 31.03.93 to 02.04.93 in SAN SEBASTIAN. 

C2. Water content measurement 

The moisture content of a waste package is one of the characteristic which had to be 
known, to appreciate the confinments power and package mechanical resistance. 
The purpose of this technical file is to define a procedure for measuring the water content 
in embedded radwaste after a partially destructive tooling. 
The device used is SOLO 40. The principle of the measurement carried out by this 
apparatus is the elastic diffusion of neutrons in a material. Also the package has been cored 
without water, an aluminium tube is put into the hole. The SOLO 40 probe is sent down 
in the tube and any measurements are carried out every 50 mm in depth from the bottom 
of the package. A repartition of moisture is also realized in the container. That is a kind of 
moisture scanning of the package. Comparative measurements of humidity carried out by 
this method and destructive test (sample dried at 120°c) shown that the results are 
comparable (10 to 15 %). 
The detailled procedure (2) was presented to the members of Task 3 during the meeting 
held from 27.10.93 to 28.10.93 in ARNHEM (NL). 

REFERENCES 

(1) DCC/DESD/SECI BE93.094 - July 30th, 1993 
Microorganisms actions on embedded wastes. 

(2) DCC/DESD/SECI BE94. - January 1994 
Water content measurement - Annual report 1993. 
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Title: Non-Destructive Examination of Nuclear Radioactive 
Waste packages by Advanced Radiometric Methods 

Contractors: BAM Berlin, TU Munich, CEA CEN-Valrho 
Contract n°: FI2W-CT90-0023 
Duration of contract: from 1.09.1991 to 31.08.1995 
Period covered: January - December 1993 
Project leader: Dr. Peter Reimers 

A. Objectives and Scope 

NONDESTRUCTIVE EXAMINATION OF NUCLEAR WASTE PACKAGES BY 
ADVANCED RADIOMETRIC METHODS 

The radiometric methods to be applied to the nondestructive examination of nuclear 
waste packages are computerized tomography (CT), digital radiography (DR), and 
microtomography (MCT). CT with Co-60 and linac radiation is established at BAM 
since more than five years. A new scanner particularly designed for waste drums was 
installed at TU Munich during the first months of 1992. It will be used for the work 
of this contract. 
Computerized tomography (CT) offers the possibility to get information about the 
internal structure of waste containers. In many cases it is sufficient to make CT-
measurements on selected parts of a package. Therefore, a fast method to get a 
survey image of the total package is very useful. As shown in the work before (CEC 
Report 1985-1989), digital radiography is such a NTD-method. The disadvantage is 
that with a one detector system the measuring time is much higher than for a CT 
measurement. DR with a CT-multidetector system gives a distortion of the geometry 
of the object. Part of this contract is the development of a new data acquisition 
programme that fulfils the following conditions: 
- Measuring time lower than 10 min for a 200 1 drum 
- Correct geometrical projection and intensity calibration, probably by software 
correction 
- Wide energy range (400 kV X-ray, Co-60, LINAC-12 MeV) 

For high energy computed tomography (HECT) a new detector will be designed 
with improved dynamic range and fast read out time. After design and 
construction of the complete detector array the performance test will deliver 
information about spatial resolution, density resolution and limits of data readout 
time. 

Three methods will be developed to improve the information from DR 
measurements: - difference image formation 

- filtering processes 
- interactive image processing 

The objective of the CEN-VALRHO work is the improved quality assurance of 
vitrified HLW packages. The purpose of this investigation is to develop a nonde-
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structive tomographic examination method for vitrified waste packages. 
The principal defects that occur during the fabrication of glass blocks are: 
- cracks and cavities which increase the surface area exposed to leaching water 
- molybdic inclusions which are water soluble. 
The goal is to qualify and quantify those defects by a tomographic method. 
The tomographic examination method will also be applied to estimate the water 
penetration into the glass block inside its canister, and the glass surface area actually 
in contact with the water. The consolidation effect of annealing the glass block to 
limit the degree of fracturation will be assessed using the same method. 
The tomographic interpretations will be qualified by glass leach testing. 

The objective of the work at TUM is the selection and application of destructive and 
nondestructive inspection methods for all kinds of LLW packagesc. It includes the 
use of computed tomography, digital radiography, gamma scanning, and destructive 
testing (sampling methods). 
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WORK PROGRAMME 

The work programme comprises three main tasks correlated to the three partners: 
BAM - digital radiography (DR), computerized tomography (CT), and micro 

computerized tomography (MCT) 
CEA - quality control of HLW-glass blocks 
TUM - quality control of LLW-containers 

The nondestructive investigation work of BAM focuses on three groups of waste 
subjects: drums, glass canisters, and waste samples. 
The work programme comprises the following topics: 
- CT investigation of real LLW and MLW packages 
- Study of fissuration of HLW glass blocks 
- Evaluation of crack length and geometry by image processing 
- Study of representative sampling procedures 
- Micro-computerized tomography of core samples 

The work programme of CEN-VALRHO has the following topics: 
- fabrication of nonradioactive glass blocks 
- definition of the tomographic examination procedure and the detection limits 
- definition of the image analysis procedure using a "Pericolor" system, 

measurement of the length of the cracks on the images and estimation of the total 
internal surface to calculate the fracturation ratio 

- quantification of the molybdic phase percentage 
- experimental validation of the tomographic interpretation using the leaching 

method developed in the CEC contract n° FI 1W 182. 

The contribution of the "Institut fur Radiochemie, Technische Universitat Miinchen 
"(TUM), consists of the selection of four 200 1 drums with different categories of low 
level radioactive waste as they are produced in nuclear power plants or nuclear 
research centres, the use of computerized transmission tomography (TCT) for 
providing reliable information about the internal structure and composition of these 
waste containers, the application of destructive sampling techniques to two selected 
drums followed by preparation procedures suitable for subsequent chemical and 
radiochemical analyses, and the derivation of rules for representative sampling on the 
basis of the collected tomographic informations. 
The time table for these tasks was updated and completed. Tab. 1 shows the actual 
situation. The work at TUM was started at 1st March 1992, and will be finished until 
31st August 1994. In addition to the tomographic measurements, the application of 
gamma-scanning techniques was included in the work programme to extend the 
nondestructive tools and to provide additional data for an adequate characterization 
of the radioactive waste. 
According to problems in transporting radioactive waste drums from Munich to 
Berlin, the order of the tomographic investigations at BAM and TUM has been 
inverted. All drums will be examined nondestructively at TUM before they are 
transferred to BAM. 
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PROGRESS OF WORK AND OBTAINED RESULTS 

State of advancement 

According to the time schedule four drums with radioactive waste have been 
measured at TU Munich and transported from Munich to BAM in April 1993. They 
were tomographically investigated at BAM and brought back to Munich in 
December. The control package "E" fabricated by CEN-VALRHO was investigated. 
Altogether 11 cross sectional images at various heights were measured. 

Progress and results 

C.1 New detectors for HECT 
Due to thermal instability and rather high noise level of the old Linac-radiation 
detectors it is an objective of this contract to develop a new type of fast charge col
lecting detector. 
The four most important design parameters of the new BAM data acquisition system 
were: 

1. The system must accept signals from photodiodes (scintillation detectors) and 
photomultipliers (Cerenkov detectors) as well. 

2. The system must integrate the signal produced by the 4 us Linac pulse with 
15 bit resolution. 

3. The data processing system should be able to accept signals from at least 10 
detectors. 

4. Background and switching noise should be minimised. 

The signal processing circuitry was designed and four prototype detectors are 
completed. They are now in the experimental testing procedure. 

C.2 Investigation of Control Package E 
CEN-VALRHO has produced a control package "E" in order to quantify the occuring 
defects and to determine the detection limits for each type of defect. 
The internal structure of this "phantom" has already been described in the annual 
progress report 1992. It was investigated now using Linac-radiation and the new 
charge collecting detectors. All tomograms have the size 921x921 pixels with a 
resolution of 0.5 mm. The result gives quantitative values of the main parameters of 
the CT-system for the evaluation of 43 cm diameter glass canisters. 

C.3 Evaluation of the internal suiface 
Three complementary investigation methods implemented to assess the degree of 
fracturation of a glass block were used to obtain results which have to be correlated. 
These methods are: 
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1) A nondestructive tomographic method based on stereological rules developed at 
BAM. 

2) A measurement of the weight distribution of all the fragments constituting a 
fractured glass block performed at CEN-VALRHO. 

3) Water leach tests - static and dynamic - to estimate the degree of fracturation 
based on the proportionality between the leached surface area and the leachate 
concentration of mobile elements released from the glass performed several times 
at CEN-VALRHO. 

The aim of topic C.3 is to develop a nondestructive method for the quality assurance 
of sealed HLW packages. 

Up today no test sample which had been submitted to all three tests is available. 
Therefore, the comparison was based on different glass canisters assuming a similar 
crack and fragment distribution. A comparison of all test methods applied to the same 
test sample will be done within this contract based on canisters produced by CEN-
VALRHO. 
Until now, for a HAW 35 canister the crack surface was determined to 6.66 m2 using 
computerized tomography (cf. APR 1992). For the 3/200 and the 2/200 canister type 
RG 20 the total surface was determined to 15.76 m2 and 15.06 m2, respectively using 
method 2. (These and the following values were taken from final report FI 1W-0182). 
The comparison shows that computerized tomography is capable of detecting 42% -
44% of the cracks found by method 2) which is approximately the value obtained by 
dynamic leaching evaluating the leach rate of boron (7.06 m2). For dynamic leaching 
based on the leach rate of silicon the surface obtained was only 2.92 m2, for static 
leaching the values were closer to reality with 8.45 m2 and 11.04 m2 for silicon and 
boron, respectively. 

C.4 Emission computerized tomography 
The spatial distribution of the emitted activity in a radioactive waste package can be 
investigated by single photon emission computerized tomography (ECT). Here "single 
photon" indicates, that only photons from a gamma decay of the radionuclides 
contained in the waste are measured in contrast to the common "positron emission" 
technique. In principle, ECT data sets are measured and reconstructed the same way 
as TCT data. However, one has to take care of collimating problems and attenuation 
of the gamma photons on their way through the material. 
We investigated a 50 1 barrel of bituminized intermediate level waste (ILW) with a 
total activity of 3.9 GBq 60Co and 68.9 Gbq 137Cs. The ECT data were measured 
with a collimated GeLi gamma detector. A conventional MCA and two window 
discriminators were used to identify and extract the signals of either radionuclide 
separately, so that both of them could be measured at once. 
First results consist of three digital emission radiographs and four ECT data sets. As 
an example we present in Figure 1 the emission radiographs. The used grey scale is 
not linear for reasons of contrast. By that one can see a structure that is in 
accordance with former transmission radiographs. 
It is planned to investigate the effects of collimation and attenuation. Development 
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of appropriate correction programs is in progress. 

C.5 Tomographic investigation of TUM drums 
For an interlaboratory comparison of results of TUM and BAM four 200 1 drums 
(EG1 - EG4) were selected at TUM and first measured there (cf. Annual Progress 
Report 1992). 
- Drum EG1 and EG2 with cemented evaporator bottoms from a nuclear power 

plant 
- Drum EG3 with supercompacted mixed radioactive waste 
- Drum EG4 with mixed radioactive waste from a research institute 

Due to some technical difficulties with the LINAC and the time limited disposition 
of the drums at BAM the measurements were performed with a 60Co radiation source. 
The tomograms were measured at the same positions as at TUM. As an example we 
present in Figure 2 a transmission radiograph and four tomograms of the drum EG1. 
A quantitative comparison of the results is in preparation. 

C.6 Progress at TUM 
Corresponding to the work programme, which was defined at the beginning of the 
project and updated during 1992, all nondestructive inspections of the four selected 
waste drums, i.e. gamma scanning (GS), digital radiography (DR) and computerized 
transmission tomography (TCT), were completed successfully at TU Munich in 
1993. DR and TCT were also applied to the same packages at BAM in Berlin, in 
order to gather additional data and to compare both investigation techniques. 
Since the LINAC was not available at BAM due to technical problems, the compa
rative study was carried out by means of a 70 Ci 60Co radiation source. 

Results of the gamma measurements using the GERNOD scanner showed that the 
scanning and data processing technique could be improved to give optimum infor
mations about the gamma emitters not only in typical waste from nuclear power 
plants but also in waste from research institutes. The latter shows a completely 
different and large variety of matrix components and radioactive isotopes enclosed. 
An appropriate improvement of the GERNOD scanner was initiated and will be in
cluded in the work programme, if the available time is not exceeded. 

The evaluation of the results obtained by nondestructive examinations comprises an 
appropriate combination of all processed transmission and emission data and is 
supposed to be finished in February 1994. It will provide the basis for the intended 
destructive sampling and radiochemical analysis of two of the four drums which will 
begin in March 1994. These two drums, containing cemented evaporator bottoms 
from a nuclear power plant (EG2) and mixed waste from a research institute (EG4) 
respectively, were already selected for the invasive inspection due to their interesting 
waste composition. 

The setup of the sampling equipment was improved by a modified air filtering system 
which is able to sufficiently retain dust and aerosols being produced during the core 
drilling procedure. 
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Figure 1: Digital emission radiographs of a 50 1 bituminized ILW barrel 
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Figure 2: Digital radiograph and four tomograms of the EG1 drum 
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Title: HIGH ENERGY ACCELERATOR TOMOGRAPHY (HEAT) 

Contractors: AEA Technology, Harwell Laboratory UK. 
BAM, Berlin, Germany. 

Contract no.: FI2W/0107 
Duration.: 1 s t January 1992 to 3 1 s t December 1994. 
Working period: 1 s t January 1993 to 3 1 s t December 1993. 
Project leaders: Dr. Martyn Sene (Harwell) & Dr. Bernhard lllerhaus (BAM). 

A. OBJECTIVES AND SCOPE 
The High Energy Accelerator Tomography (HEAT) project is a collaboration 

between AEA Technology, Harwell, UK and BAM, Berlin, Germany. The primary 
goal of the project is the development through design, testing and demonstration of 
a non-destructive technique for the generation of tomographic images of highly 
radioactive objects such as glass monoliths of high level radioactive waste. The 
technique is based on the measurement of gamma-ray transmissions with electron 
bremsstrahlung from an electron linear accelerator as the photon source. The novel 
aspect of the technique is the use of Cerenkov counters for the detection of the 
transmitted gamma-rays. Such detectors have a gamma-ray energy response that 
exhibits a low energy threshold and a non-linear response up to gamma-ray 
energies of several MeV. The use of detectors with such a response has three 
potential advantages in the context of computed tomography of highly radioactive 
objects. Firstly the intrinsically low sensitivity of the detectors to the low energy 
portion of the bremsstrahlung spectrum should reduce the beam hardening effects 
which result from the rapid attenuation of this portion of the spectrum by waste 
packages. Secondly, it should provide discrimination against the low-energy 
background from the objects significantly improving the signal to background ratio 
in measurements. Finally, the discrimination against background should also relax 
the detector shielding requirements. 

The project builds on the tomography expertise developed over a number of 
years at BAM and the expertise in detector design and operation in AEA 
Technology. 

B. WORK PROGRAMME 
There are three main phases in the development of the HEAT technique, each 
corresponding to a period of 1 year: 

1. The design construction and testing of Cerenkov counters, collimators and 
a bremsstrahlung converter. 

2. The optimisation of counter performance for tomographic measurements. 
3. The demonstration of HEAT on simulated waste. 

These three phases are further subdivided into a total of 11 work packages: 
WP1. Design of Cerenkov detectors. 
WP2. Construction of Cerenkov detectors. 
WP3. Testing of Cerenkov detectors. 
WP4. Design and manufacture of collimators and bremsstrahlung converter. 
WP5. Tomography tests at BAM 
WP6. Detector Modifications to optimise performance. 
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WP7. Modifications to BAM CT system for implementation of HEAT. 
WP8. Construction of full detector array and installation at BAM. 
WP9. Demonstration of HEAT at BAM with simulated waste. 
WP10. Assessment of technique and final report. 
WP11. Co-ordination of project. 

C. PROGRESS OF WORK AND OBTAINED RESULTS 
C.1 State of advancement 
As reported at the end of 1992, the results of Phase 1 of the programme indicated 
the necessity for some changes in Phase 2, particularly a change in the location of 
the representative tomography tests for optimisation of the counter design from 
Harwell to BAM. The resulting changes to Phase 2 of the programme are reflected 
in changes to WP5-8 in section B above. 
WP7, which was started at the end of last year is progressing well. In order to 
utilise the Cerenkov detectors with the BAM CT system it is necessary to integrate 
them with the data acquisition electronics. A new detector signal processing system 
has been developed which can accept inputs from both photomultipliers and the 
photodiodes used with the conventional detectors. 
Whilst the data acquisition system was under development the first tests of the 
detector performance (WP5) were carried out at BAM at the beginning of March. 
Clean signals were observed from the detectors and a first indication of the reduced 
beam hardening effects expected from the detectors was observed. The tests also 
indicated that some modifications to the detectors were necessary if they were to 
perform well in the BAM CT system. The necessary changes to the detectors (WP6) 
have been made and the modified detectors were tested at BAM (WP5) with the 
modified data acquisition system during the last quarter of 1993. These tests, which 
included tomographic measurements of glass and steel test pieces, confirmed the 
suitability of the detectors for tomography measurements and demonstrated the 
operation of the new data acquisition system. Unfortunately, due to serious faults 
with the BAM radiography linac, it was not possible to complete the full set of tests 
by the end of 1993. As a result the final choice of the detector for use in the full 
detector array cannot yet be made. Following completion of the tests, expected by 
the end of January 1994, some minor modifications to the design of the detector 
light guides will be made and a full array of the chosen detectors will be constructed 
and used for demonstration measurements with simulated HLW glass monoliths in 
the final stage of the program 

C.2 Modifications to BAM CT system 
The four most important design parameters of the new BAM data acquisition system 
were: 

1. The system should accept signals from photodiodes (scintillation detectors) 
and photomultipliers (Cerenkov detectors). 

2. The system should integrate the signal produced by the 4u.s Linac pulse with 
a 15 bit resolution. 

3. The data processing system should be able to accept signals from at least 
10 detectors. 

4. Background and switching noise should be minimised. 
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The signal processing circuitry designed to satisfy these requirements is shown 
schematically in figure 1. 
At the heart of the new system is the fast switching integrator IC AFC2101 
(manufactured by Burr-Brown). In figure 1 this IC is shown with the components 
associated with a Cerenkov detector photomultiplier. In the case of the scintillation 
detectors the circuitry feeding the AFC2101 integrator is replaced by the a 
photodiode and preamplifier with offset compensation circuitry. 

Pulseformer Pulsetransformer 
, —, 

Photomult ipl ier 

FranM ■ynchrona out 

Serial clock out 

Sorfol data out 

I I 

Impedance 
converter 

Integrator Sample/Hold Inverter 

Complementary AD—Converter ADC-Clock Active Filter 
busdriver 

Figure 1: New signal processing circuitry. 

At the start of each data acquisition cycle the "hold switch" of the integrator is 
closed with the Linac pulse. The "reset switch" (R) is opened synchronously and 
the signal from the detector integrated. At the end of the Linac pulse gate (6us 
duration for the photomultiplier and 20us duration for the photodiode), the "hold 
switch" is opened and the sample/hold amplifier starts to sample the integrator 
output. This "hold mode" continues for a period of 8us. 
An active low pass filter, connected in series with the sample/hold amplifier, 
transmits the integrated signal from the sample/hold amplifier to the ADC for data 
processing, but blocks switching transients. The ADC shown in figure 1 is a 16 bit 
device with MSB for the sign of the data. At present tests are being carried out with 
a superior replacement (type ADADC71JD) which has an internal clock and is 
gated and switched externally by time delayed pulses synchronised to the Linac 
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pulse. Serial data from the ADC is transferred to the computer system by matched 
TTL circuits (26LS31) with complementary outputs and inputs. This arrangement 
ensures that external noise in the cables is averaged to zero. 
Following conversion all switches are reset until the next Linac pulse (the Linac 
pulse repetition rate is 250Hz). The timing pulses for data acquisition are generated 
by a pulseforming circuit triggered by the Linac pulse. The timing sequence can be 
adjusted with the variable resistors shown in figure 1. 
One of the most important features of this new signal processing system is that the 
integrator, sample/hold amplifier, filter and ADC for each detector are housed in a 
shielded enclosure with the detector on the CT scanner gantry. Only digital signals 
are transmitted from the Linac hall to the data acquisition computer system, thus 
minimising noise. A further reduction in noise is obtained by the fact that conversion 
of the analogue signal takes place between Linac pulses, minimising interference. 
Care must also be taken with the earthing arrangements for the detector and data 
acquisition system. This is especially the case with the Cerenkov detectors as 
these require an external HT supply for their photomultipliers. 
Each detector has its own 2 MHz digital clock for transferring serial data to the 
micro-controller. The data transfer requires three different outputs: The Serial Clock 
Output (SCO), the Frame Synchronisation Output (FSO) and the Serial Data Output 
(SDO). The FSO and the SCO operate at 1/128 and 1/4, respectively, of the basic 
clock frequency. 
The serial to parallel conversion of the data is performed by two conventional 8 bit 
converters (74LS595). Multiplexer units (74LS151) enable the data from each 
detector to be selected by an 8-bit microcontroller (80C145). Another logic unit, 
triggered by the FSO, the SCO and the microcontroller controls the correct 
sequence of picking up the data. The complete cycle of data transfer is 
synchronised to the Linac and the sample CNC via the micro-controller which is fed 
with timing signals from these two sources. 
Finally a feedback system ensures accurate data transfer to the data acquisition 
computer. Taking into account the frequency of the SDO, the Linac pulses, the 
CNC pulses and the time required for data transfer and handshake it should be 
possible to connect up to 30 detectors to this new system. 

C.3 First detector tests at BAM 
The aims of the detector tests carried out in Phase 2 of the programme were to 
establish and optimise the performance of the detectors for CT measurements, 
primarily of HLW. Important features of the performance to be established were the 
linearity and dynamic range of the detectors under operating conditions expected in 
a CT scanner. A determination of the magnitude of beam hardening effects, which 
are directly related to the 7-ray energy threshold of the detectors is also valuable in 
assessing how such detectors will perform in actual CT measurements. 
In order to establish these parameters the detectors were tested with the BAM CT 
scanner system. The first measurements were carried out at the beginning of 
March. For these measurements one additional water-based and one additional 
Aerogel-based prototype Cerenkov detector were constructed to act as reference 
detectors in the set-up shown schematically in figure 2. 
The detector under test was placed behind a 0.8x6mm standard collimator and was 
shielded with lead. The second (reference) detector was placed in a similar lead 
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Figure 2: Schematic diagram of detector test configuration. 

shield with a -5x10mm aperture situated below the CT scanner plane. The detector 
signals were carried directly from the detectors via standard 50ft coaxial cables to 
a digital storage oscilloscope outside the linac hall. 
A specially fabricated steel wedge was placed on the CT scanner sample platform. 
Using the scanner sample control system the wedge could be moved as indicated 
in figure 2 so that the thickness of steel in the linac beam seen by the detector 
under test varied from 0 - 45 cm. 
Clean pulses, faithfully reproducing the shape of the linac pulse, were observed for 
both types of detector. With minimal shielding (2cm of lead above and below the 
body of the detector and the photomultiplier) only signals originating from the 
collimated 7-ray beam were observed. With the collimator aperture closed, no 
signal from the detector could be observed above the level of noise. This level of 
shielding is significantly less than was required in tests on the Harwell linac. This is 
due to the significantly improved collimation of the bremsstrahlung beam from the 
BAM radiography linac. 
Using the digital scope the stored detector pulses could be integrated to give the 
total detector response for each linac pulse. By varying the thickness of steel seen 
by the detector under test and normalising to the reference detector response to 
take account of variations in the linac output attenuation curves for steel were 
obtained for both water and Aerogel detectors and also for a photomultiplier tube 
decoupled from the Cerenkov medium. This last measurement was made by placing 
a light-tight foil between the photomultiplier and the Cerenkov medium. 
The two most important features of the results obtained were the magnitude of the 
signal from the photomultiplier decoupled from the Cerenkov medium and the 
measured dynamic range of the two detector types. The significant contribution to 
the signal from the detectors that arises from the photomultiplier tube itself was 
observed in the detector tests carried out in Phase 1 of the programme, where it 
was shown that the signal derives almost exclusively from the photocathode region 
of the photomultiplier. Calculations using the electron/7-ray transport code EGS4 
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[1], which was successfully used in Phase 1 of the programme to predict the 
Cerenkov light output of the detectors, suggest that the intrinsic response of the 
photomultiplier is dominated by Cerenkov light production in the 1.1 - 1.3mm thick 
borosilicate glass window in front of the photocathode. Due to the high refractive 
index (-1.5) of borosilicate glass the 7-ray energy threshold for the intrinsic 
response of the photomultiplier will be only 315keV. Any contributions from 
scintillation in the PMT glass window will have an even lower 7-ray energy 
threshold. In these well collimated and shielded tests the magnitude of the intrinsic 
response of the photomultiplier represented -6% of the signal from the water 
detector and -50% of the signal from the Aerogel detector. A signal of this 
magnitude would be unacceptable in the present application. 
The dynamic range of the detectors measured in these tests was ~e5-5 ~ 250 for the 
Aerogel detector and >e7« 1000 for the water detector. The dynamic range of the 
water detector was already sufficient for CT measurements of HLW monoliths, 
which have attenuation factors of around 5 (factor of 150 attenuation), but the 
dynamic range of the Aerogel detector was barely adequate. However, the dynamic 
range in these measurements was primarily determined by the background noise 
generated in the long cable runs from the detectors to the digital storage 
oscilloscope, an effect that will not be present when the analogue signal processing 
stages of the data acquisition system are located on the CT scanner gantry with the 
detectors. This is important as the Aerogel detector, with its high 7-ray energy 
threshold of ~1.25MeV, is the favoured choice for the final detector array if a 
sufficient dynamic range can be achieved. 
The differential of the attenuation curves represents the effective attenuation 
coefficient that would be derived from a CT measurement with these detectors as a 
function of thickness of steel. It is the variation in the effective attenuation 
coefficient with thickness that gives rise to the beam hardening artefacts in 
tomographic images. Examination of the attenuation curve for the water detector, 
which was least affected by the intrinsic response of the photomultiplier, clearly 
indicated a reduction in beam hardening effects in comparison with a previous 
measurement made at BAM with a CdW04 scintillation detector. It was expected 
that Aerogel detectors would show even greater improvement if they could be used. 

C.4 Detector modifications 
As described in section C.2 above, the results of tests at Harwell and BAM 
indicated a need to reduce the component of the detector signal resulting from the 
intrinsic response of the photomultipliers to 7-rays. One way to achieve this is to 
mount the photomultipliers so that the photocathode is not exposed to the direct 
collimated 7-ray beam by moving the photomultiplier from its original position 
directly behind the Cerenkov medium and providing some means of transporting 
the Cerenkov light to the new photocathode position. The simplest geometry which 
allows close packing of the modified detectors in a detector array is shown 
schematically in figure 3. 
In this arrangement the photomultiplier is offset from its original position so that the 
direct collimated 7-ray beam, travelling along the central axis of the Cerenkov 
medium, does not strike any part of the photocathode. In the geometry adopted for 
the BAM CT system the optimum value for D is 25mm. 
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Oxenkov medium 

Reflective coating 

Figure 3: Schematic diagram of light guide from Cerenkov medium to 
photomultiplier. The photomultiplier offset D and the guide angle 0 determine the 
length of the guide L. In the case of the water detector the Cerenkov medium would 
fill the guide as well as the detector housing. 

In order to select a value for the guide angle 0 (or equivalent^ the length L) 
calculations were carried out to estimate the light collection efficiency of both 
cylindrical and square section guides as a function of 0 for various values of the 
coefficient of reflection of the walls of the light guide. The end face of the Cerenkov 
medium was assumed to be a uniform and isotropic source of light emitting into a 
solid angle of 2n. Light was tracked using the 3D photon tracking routines from the 
Monte-Carlo code EGS4, with the loss on each reflection determined by the 
reflectivity of the walls and the angle of incidence of the light. 
Various sizes of light guide were investigated and in all cases cylindrical guides 
performed better than square section guides. In the present case the choice of 
guide angle was a compromise between light collection efficiency and length of 
guide. Too long a guide would be impractical, particularly with regard to shielding. 
A guide angle of 0.3 radians was selected, resulting in a guide length of ~80mm. 
The guides were electroplated on their inner surface with chromium. This has 
excellent reflection properties for blue light and is resistant to corrosion. This latter 
property is especially important in the case of the water detector as the water is in 
contact with the reflective coating. The inner surface of the water detector housing 
was also chromium-plated to improve light collection in this part of the detector. 

C.5 Further detector tests at BAM 
Following modifications of the detectors as outlined in section C3 above and 
production of prototype analogue signal processing modules for the data 
acquisition system, further tests were carried out at BAM during the last quarter of 
1993. These tests utilised the BAM CT scanner in the same configuration as 
described in section C2 (see figure 2). In these tests, however, the use of the 
computer controlled data acquisition system enabled detailed scans of the steel 
wedge to be carried out under CNC control and tomographic measurements to be 
made of test samples. Unfortunately serious faults with the BAM linac have 
hampered completion of these tests. 
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Initial examination of the detector response indicated that, taking into account the 
fact that there was no longer any contribution to the signallrom the photomultiplier, 
there had been a reduction in the detector output corresponding to a light guide 
collection efficiency of -30%. This is a somewhat lower figure than had been 
expected. Further investigations of the surface treatment of the light guide are 
being carried out at present to see if its efficiency can be improved by improving the 
quality of the chromium-plating or by using polished steel or aluminium as the 
reflector. Tests of the light collection efficiency will be carried out off-line using a 
blue LED as the light source. 
The following measurements were scheduled for the second series of tests, using 
the detectors with the BAM CT scanner: 

One dimensional scan of steel wedge for Aerogel and Water Cerenkov 
detectors and for CdW04 scintillation detector. 
Tomographic measurements of small (~100mm 0) cylinders of steel, 
glass and concrete. 
Demonstration tomographic measurement of simulated HLW glass 
monolith supplied by CEA/CEN Valrho (in connection with CEC contract 
FI2W-023). This test sample has the same outer dimensions as a 
commonly used high active waste cylinder and is filled with simulated 
waste glass. This test object has glass of various densities and a variable 
steel slit system embedded in it to enable density and spatial resolution 
of the tomographic images to be assessed. 

The results of the first scans of the steel wedge are shown in figure 4. These results 
indicate a dynamic range of ~e7 = 1100 for both detectors, quite adequate for the 
present applications. Given the higher 7-ray energy threshold of the Aerogel 
detector these measurements suggest that this would be the best choice for the 
final detector array. However, the fact that the observed dynamic range of the two 
detectors is the same indicates that the limitation is the detector signal processing 
electronics and not the detector characteristics. Further improvements in the 
detector electronics to overcome this problem were made but a second set of 
measurements with the Cerenkov and CdW04 detectors could not be carried out 
due to the faults with the linac. However, a substantial reduction in beam hardening 
obtained with the Cerenkov detectors can already be seen in figure 5 which shows 
the effective attenuation coefficient as a function of thickness, determined from the 
differential of the first part of the attenuation curves in figure 4, compared with 
previous measurements made at BAM using the CdW04 scintillation detectors [2]. 
Finally figure 6 shows a tomogram of the simulated HLW glass block obtained with 
the Aerogel detector. Embedded pieces of glass with different densities are clearly 
shown as are various steel components related to the slit system (the slits 
themselves are not visible in this particular cross-section of the block). The 
striations across the whole image at various points are artefacts resulting from an 
intermittent fault on the BAM linac during the measurement and are not associated 
with the detector system. This measurement clearly demonstrates the practicality of 
making tomographic images of such objects with the Aerogel Cerenkov detector 
system. The detailed performance of the detector system in such measurements 
and their comparison with conventional scintillation detectors must await Phase 3 of 
the present program. 
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Figure 4: Attenuation factor as a function of position for scan across steel wedge 
using Aerogel and water Cerenkov detectors. 
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Figure 5: Effective attenuation coefficient of steel as a function of thickness derived 
from the first portion of the attenuation curves above, compared with previous 
measurements using CdW04 scintillation detectors [2]. 
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Figure 6: Tomogram of simulated HLW glass monolith obtained with the prototype 
Aerogel detector 

C.4 Future Work 
Although the final decision must await the completion of the second series of tests 
at BAM, it seems most likely that the Aerogel detector offers the best performance 
in the present application. Following modifications to the design of the detector 
housing to improve the light collection efficiency, 10 detectors (9 collimated 
detectors and one reference detector) will be assembled and tested together with 
ten channels of the data acquisition system and 9 of the new BAM collimators 
(described in last years report). 
Once commissioned the system will be used to make detailed measurements of the 
simulated HLW glass monolith. The discrimination of the detector system against 
background radiation will be determined using a 2Ci 192lr and a 55Ci 60Co source 
together with a high intensity X-ray tube. To simulate the high levels of radioactivity 
expected in HLW, the sources will be inserted into the glass block and/or placed 
close to the detector collimator system. 
These measurements will be compared with measurements made with conventional 
CdWC>4 scintillation detectors 
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Part A 

Task 4 

"Disposal of radioactive waste: 
Research to back up the development of underground repositories" 

* List of contracts 
* Introduction to Task 4 

Topic 1 Research related to sites and their characterisation 

Topic 2 Research on gas flow 

Topic 3 Radionuclide migration in the geosphere 

Topic 4 Modelling in the presence of uncertainty and management of data in non-
homogeneous systems 
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TASK 4 - LIST OF CONTRACTS 

Topic 1 Research related to sites and their characterisation 

FI2W-CT90-0046 

FI2W-CT90-0049 

Simulation of the effect of long-term climatic change on 
groundwater flow and safety of geological disposal sites 

Experiment of groundwater flow in a fracture for the validation of 
chemistry/hydromechanical transport coupled models for fractured 
media 

FI2W-CT90-0050 Experiments in 600m borehole in the Asse II salt mine 

FI2W-CT90-0051 Evaluation of a self-consistent approach to fractured crystalline 
rock characterisation 

FI2W-CT91-0063 

FI2W-CT91-0072 

FI2W-CT91-0075 

FI2W-CT91-0078 

FI2W-CT91-0092 

FI2W-CT91-0111 

FI2W-CT91-0113 

INTERCLAY II - A coordinated benchmark exercise on the 
rheology of clays 

Methodology studies on sealing of boreholes 

Paleoclimatological revision of climate evolution and environment 
in western mediterranean region 

Water flow and solute convection through fractured rock 

Geochemical validation of solute residence times: review and 
comparison for various geological environments 

Decovalex Project: modelling of THM behaviour for fractured rock 

Decovalex Project: modelling of THM behaviour for fractured 
rocks 

FI2W-CT91-0115 Underground laboratory at Tournemire: groundwater flow tests in 
clayish material 

Topic 2 Research on gas flow 

FI2W-CT90-0048 Development of HLW-borehole sealing 
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TASK 4 - LIST OF CONTRACTS 

FI2W-CT91-0064 The refinement of soil gas analysis as a geological investigative 
technique 

FI2W-CT91-0076 MEGAS: modelling and experiments on gas migration in 
repository host rocks 

FI2W-CT91-0093 Gas pressure build-up in radioactive waste disposal: hydraulic and 
mechanical effects 

FI2W-CT91-0101 In-situ test on the permeability of salt for gas and brine 

Topic 3 Radionuclide migration in the geosphere 

FI2W-CT90-0039 

FI2W-CT90-0065 

FI2W-CT91-0071 

FI2W--CT91-0079 

FI2W-CT91-0080 

FI2W-CT91-0081 

FI2W-CT91-0082 

FI2W-CT91-0083 

FI2W-CT91-0084 

Continuation of the migration experiments (laboratory and in-situ) 

CHEMVAI^2. A coordinated research initiative for evaluating and 
enhancing chemical models used in radiological risk assessment 

OKLO-Natural analogue for transport processes in a geological 
repository 

Development of a model for radionuclide transport by colloids in 
the geosphere 

Characterization and validation of natural radionuclide migration 
processes under real conditions on the fissured granitic 
environment(El Berrocal) 

Fundamental studies on the interaction of humic materials 

Rock matrix diffusion as a mechanism for radionuclide retardation: 
natural radioelement migration in relation to the 
microfractrography and petrophysics of fractured crystalline rock 

Effects of humic substances on the migration of radionuclides: 
complexation of actinides with humic substances in natural aquatic 
systems 

Colloid migration in groundwaters: geochemical interactions of 
radionuclides with natural colloids 

FI2W-CT91-0085 The role of colloids in the migration of radioelements 
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TASK 4 - LIST OF CONTRACTS 

FI2W-CT91-0097 The role of colloids in the transport of radionuclides in geological 
media 

FI2W-CT92-0121 Analysis of the geo-environmental conditions as morphological 
evolution factors of the sand clay series of Tiber basin and the 
Dunarobba fossil forest 

FI2W-CT92-0122 CHEMVAL 2: Thermodynamic database 

Topic 4 Modelling in the presence of uncertainty and management of data in non 
homogenous systems 

FI2W-CT91-0088 The treatment of uncertainty in groundwater flow and solute 
transport modelling 

FI2W-CT91-0089 Uncertainties in the modelling of migration 

FI2W-CT91-0090 Unbiased guess, a concept to cope with fuzzy and random 
parameters 

FI2W-CT91-0091 Review and development of methodologies for modelling with 
uncertainty and variability 
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INTRODUCTION TO TASK 4 - DISPOSAL OF RADIOACTIVE WASTE: 
RESEARCH TO BACK UP THE DEVELOPMENT OF UNDERGROUND 
REPOSITORIES 

A. Objectives 

The overall aim of Task 4 is to provide the theorical and experimental basis as well 
as data bases, concepts and/or models for understanding and testing the behaviour 
of potential host rocks (sedimentary, crystalline rocks, and evaporites) as natural 
isolation barriers in order to contribute to safety assessment of radioactive waste 
repositories in deep geological structures. The evaluation of the feasibility and 
safety of some design aspects of the construction and operation of underground 
repositories in different rock formations (clay, salt and granite) is also an objective 
of this work. 

B. Research performed under the programme 1985-1989 

The research areas covered were: 

* development of measuring techniques for the detection and characterisation 
of fractures and faults in indurated clays; 

* laboratory and in-situ tests to study the Theological behaviour of various host 
rocks, and benchmark exercises on the verification and partly "validation" of 
calculation tools for salt (project COSA) and clay (project INTERCLAY 
pilot phase); 

* assessment of mechanical performance of metal containers (project 
COMPAS); 

* mock-up and in-situ tests for emplacement and characterisation of candidate 
buffer and backfilling materials; 

* radionuclide migration in the geosphere (project MIRAGE) including 
subprojects such as on the role of organic compounds, complexes and 
colloids (CoCo activities), on geochemical benchmark codes including the 
development of the thermodynamic database (CHEMVAL), and Natural 
Analogue studies (Natural Analogue Working Group, NAWG); 

* study of the applicability of the fuzzy set theory for taking account of 
uncertainties in model parameters. 

C The present programme 1990-1994 

The work to be carried out is subdivided into four topics: 

Topic 1 : Research related to sites and their characterisation 

This topic mainly deals with the calibration and intercomparison of adequate techniques 
for assuring relevant properties of groundwater chemistry and groundwater flow in 
fractured rock on selected reference sites, whereby investigations are undertaken 
* in the underground laboratory at Tournemire (F) to evaluate the water flow 

through impermeable argillaceous formation by geological, hydrogeological and 
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geotechnical investigations. 
* at the Sellafield site (UK) to describe water flow and solute transport through 

fractured rock at the site and assess the feasibility of obtaining fracture flow data 
by suitable methods. 

Studies are also carried out concerning: 
* Rheology of clay, granite and salt, (i) to improve the understanding of large-scale 

rock mass behaviour through adequate laboratory or in-situ tests, (ii) to develop 
and test suitable calculation tools and (iii) to predict their material behaviour. 
Benchmark exercises are undertaken within the project INTERCLAY (rheology 
of clay) and the project DECOVALEX (on the thermo-hydro-mechanical 
properties of fractured crystalline rock) 

* Geoforecasting studies to predict future climate changes and simulation of effects 
of climate change on groundwater flow conditions in the Netherlands during the 
last 500.000 years as well as Paleoclimatological revision during the last 2 million 
years in the Western Mediterranean regions. 

Topic 2 : Research on gas flow 

Various research efforts in the field of gas generation, gas release and migration through 
host (in particular clay and salt) were grouped together in a coordinated project 
PEGASUS (Project on the Effects of GAS in Underground Storage facilities for 
radioactive waste). 

Topic 3 : Radionuclide migration in the geosphere 

Research under this topic concentrates on international projects and subprojects already 
started in the 3rd programme like: 

* studies of the role of colloids, organic substances and complexes (CoCo activities) 
* migration experiments in clay and fractured crystalline rocks 
* Natural Analogues: study of migration processes for the understanding of long-term 

behaviour of geological isolation systems (Oklo study, El Berrocal study and 
Dunarobba study) 

* geochemical modelling of radionuclide migration and extension of the 
thermodynamic data base for use in transport models (CHEMVAL) 

Topic 4 : Modelling in the presence of uncertainties and management of data in non-
homogeneous systems 

The overall objective of this topic is to study alternative methodologies and concepts for 
the modelling and handling of data in the presence of uncertainly in radionuclide 
transport modelling, whereas advanced studies are focused on: 

* investigation of methodologies of the treatment of uncertainty with reference to 
modelling studies (e.g. fuzzy sets, expert judgement, information theory, etc.) 

* treatment of uncertainties in radionuclide transport modelling 
* methods of handling non-homogeneities (e.g. dispersion) at different scales in 

transport models. 
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Title : Simulation of the effects of long term climatic change on groundwater flow 
and the safety of geological disposal sites 

Contractor : University of Edinburgh, Rijksinstituut voor Volksgezondheid 
en Milieuhygiene (RTVM), Rijks Geologische Dienst (RGD), 
Universite de Paris-Sud, Universite de Louvain-la-Neuve 

Contract N° : FI2W-CT90-0046 
March 91 - August 94 
1993 
G.S. Boulton (University of Edinburgh - Coordinator), 
T. Leijnse (RTVM), E.F.M. de Mulder (RGD), 
C. Martin (Universite de Paris-Sud), A. Berger 
(Louvain-la-Neuve) 

Duration of contract 
Period covered 
Project leader 

A, OBJECTIVES AND SCOPE 
The project seeks to evaluate the role of climate change in controlling the flux of 

groundwater through zones which might be chosen as locations for deep disposal of 
radioactive waste, and to estimate potential future fluxes and their impacts in the area of the 
Netherlands and adjacent regions. The scope of the programme was as follows: 

i) Development of a generic large-scale model of subglacial groundwater flow. 
This comprised an ice sheet model driven by a climate function related to 
Milankovitch insolation fluctuations; a sub-model designed to estimate the flux 
of meltwater across the ice/bed interface; determination of effective pressure 
fields in subglacial bedrock; a time dependent groundwater flow model, 

ii) A geological model of the hydrology of the Netherlands and appropriate 
adjacent areas. This was to include palaeoclimatic and palaeoenvironmental 
reconstructions for the region, 

iii) Application of the model to a transect running through the Netherlands. The 
model was to be applied to situations along the transect where tests of the model 
can be made using geochemical, geotechnical and other approaches, 

iv) Development of a local sub-model to investigate the consequences of subglacial 
groundwater flow to subrosion of salt-domes. This was to include an evaluation 
of future subrosion. 

B WORK PROGRAMME 

i) Development of the ice sheet model. (Completed). 
ii) Development of the subglacial groundwater flow model. (Completed). 
iii) Testing the groundwater flow model. (Almost completed). 

iv) Development of a subrosion model. (Completed), 
v) Testing the subrosion model. (Under way), 
vi) Hydrogeological model construction. (Completed), 
vii) Reconstruction of patterns of past climatic change and extrapolation of future 

change as the climate drive for the glacier/groundwater models. (Completed), 
viii) Simulation of past subglacial groundwater flow and its impacts. (Completed), 
ix) Prediction of future subglacial groundwater fluxes. (Nearing completion). 
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C. PROGRESS OF WORK AND RESULTS OBTAINED 

1.0 State of advancement. 
The programme has been a great success so far. The programme is on schedule. All 

that was anticipated in the original proposal has been achieved, and a number of important 
results have been achieved which were not foreseen. The programme has yielded some 
fundamental scientific advances and important insights in the field of radioactive waste 
disposal. Some highlights of the last year's work are: 

- Demonstration from the Muhlenrade borehole that isotopic profiles in aquitards do 
contain a record of recharge under varying climatic conditions. 

- Validation of the model of subglacial melting model output and natural calibration of 
the melting rate using eskers as the (unexpected) means of validation. 

- Demonstration of the power of our subglacial groundwater flow model in explaining 
features of European Geology such as the origin and locations of push moraines, the origin of 
species of hummocky moraine, the origin and location of liquifaction, loading and fracture 
structures. 

- Demonstration, using the vertically-integrated groundwater flow model, of the 
varying geometry of areal groundwater flow directions and its potential to explain groundwater 
geochemical anomalies. 

- Demonstration, using the subrosion model of the development of saline convection 
cells derived from salt diapirs, and their relation to climatic driving forces. 

The results reported below reflect the work of G.S.Boulton, M.Broadgate, P.E.Caban, 
N.Dalgleish (Edinburgh); T. Leijnse, F. van Weert (RIVM); K.van Gijssel (RGD); C.Marlin, 
P.Ginidis (Paris-sud); M-F.Loutre, A.Dutrieux (Louvain la Neuve). 

2.0 Progress and results 
2.1 The past and future climate drive 

The characterisation of past climate and the extrapolation of future climate are required 
to provide a drive for the subglacial groundwater model and to determine environmental 
boundary conditions (e.g. the presence/absence of permafrost). 

a) Statistical Characterisation of Past and Future Climate Change. 
The first aim of this work has been to model the relationships between long global 

climate records, shorter local records, and the orbital and insolation variations (Milankovitch 
cycles). We are then able to extrapolate the shorter records backwards (further into the past) 
and forwards (into the future). 

Complex Demodulation is a statistical technique for extracting the changing amplitude 
and phase of the periods in data. Simultaneous analysis of the SPECMAP global record and the 
insolation record reveals coincident features which validate the technique of using orbital 
variations to force our predictions. 

Linear Modelling has shown that it is possible to grasp the features of climate change, 
in particular the turning points. However, a linear model will never completely simulate the 
scale of changes and thus we have had to look at more advanced non-linear modelling 
techniques. 

Non-linear Transformation Regression represents recent statistical methods which 
enable us to transform the regression variables and the response variable to give optimum 
correlation. By using the Milankovitch variables it has proved possible to model the 
SPECMAP curve very well, including the large scale glacial terminations (figure 1). Similar 
results for the shorter French pollen data show that we can now model the data we have and 
produce realistic future predictions and backwards extrapolations. 

b) Stratigraphical data from Europe. 
The statistically generated climates need to be correlated with stratigraphical evidence 

from Europe in order to be able to produce dated palaeoenvironmental bounary conditions for 
models which are compatible with the climate drive. Figure 2 shows a final version of the 
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time/space diagram, which correlates the stratigraphical data from the model area for the period 
between the Holsteinian and the Holocene interglacials, aligned along the supraregional 
transect. These local, land-based data are compared with the continuous marine oxygen isotope 
stratigraphy to provide an absolute chronostratographic framework for palaeoenvironmental 
reconstructions. The sequence will be a basis for comparison with the hind-cast predictions of 
the Edinburgh-Group. 

c) The potential impact of anthropogenic CQ2 variations over the 5 kvr A.P. 
The project has hitherto been exclusively concerned with the past and with "natural" 

futures, in which human impact on climate has been explicitly excluded. This has permitted us 
to evaluate a "baseline case". We now feel it appropriate to begin consideration of the impact of 
human impacts on possible futures. The approach of statistical extrapolation described above, 
cannot be used to evaluate a future for which there is no precedence. We have therefore begun 
to examine the impact of human-induced greenhouse scenarios. 

A sectorially averaged 2D-LLN Northern Hemisphere climate model coupled to an ice-
sheet/bedrock model has been used to test the sensitivity of the climate system to C02 
variations over the 5 kyr A.P. (Loutre, 1994). 

Simulations of the climate system response to the future insolation and to different 
scenarios of atmospheric C02 concentration indicate a global Northern Hemispheric wanning 
related to the C02 concentration increase. 

This warming is more important in the highest latitudes because of a great 
albedo/temperature feedback. Moreover the consequence of an increase of C02 concentration 
to the double of its present day value is the melting of the Greenland Ice-Sheet even if this high 
C02 concentration (710 ppmv) is not maintained over all the time interval of the simulation. 
Nevertheless the melting is delayed when C02 concentration is brought back to its present day 
value (350 ppmv). 

Even if the hypothesis about future C02 concentration may be questionable and even if 
the climate model used does not represent all the processes and feedbacks intervening in the 
climate system these experiments put forward the potential risks for the human society with 
respect to global warming and Greenland Ice-Sheet melting. 

Given these primary results, new C02 concentration scenarios for the future must be 
elaborated in order to get boundary estimates of the long term future climate variations. 

2.2 Groundwater Modelling 
Two principal models have been completed in this year. They are: a two-dimensional 

model along a transect from the core area of the European ice sheet to northern Belgium, which 
is designed to examine vertical and longitudinal changes in groundwater flow and time-
dependent changes; a vertically-integrated model designed to examine areal patterns of 
groundwater flow under different environmental and climatic conditions. It was not originally 
envisaged that a vertically integrated model would be developed. It has added considerably to 
our understanding. 

a) The transect model 
The 'ice-sheet head limited' groundwater model described in previous reports has been 

further extended to consider the role of the permafrost distribution associated with the ice-sheet 
margin on the nature of groundwater flow. In particular, the hypothesis that the presence of 
permafrost will radically alter the nature of the subglacial material properties through the 
presence of very low effective pressures in pore waters has been examined. 

Permafrost thicknesses and extents have been predicted by the ice-sheet model. 
Following the work of the RIVM in previous reports, permafrost has been incorporated into 
the groundwater flow model as a no-flow boundary condition, rather than as regions of zero 
conductivity. This assumption would break down were the maximum thickness of permafrost 
penetration (<150 m) to be greater than the thickness of the upper aquifer: the permafrost zone 
would 'pinch out' the upper aquifer, and hence completely inhibit flow in the upper aquifer, 
and drive water through the clay aquitard. This only occurs where the aquifer thins towards 
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the south-eastern end of the transect, however; here the pinching out of the aquifer occurs 
naturally as part of the geology of the transect. 

There are two major rivers that cross the transect, the Rhine and the Elbe. These rivers 
would both melt holes in the permafrost, allowing groundwater to escape (if hydraulically 
feasible). The Elbe has been assumed to have been dammed as the ice-sheet advances over its 
course; the Rhine, draining a much larger area, is much more likely to have persisted through 
time. As the ice-sheet advances over the course of the Rhine, its course is assumed to have 
been diverted in front of the ice-sheet margin. In both cases, permafrost holes have been 
included in the model as a one-element wide hole of zero head. 

Figure 3 presents effective pressures and groundwater trajectories for span cl, melt 
model 3: an intermediate melt rate model at close to the glacial maximum. The presence of 
permafrost causes a region of negative effective pressure beneath and just to the front of the 
ice-sheet margin. This feature is present at the same location relative to the ice-sheet through all 
time, except for the periods where the ice-sheet margin is just above the zero datum - the 
boundary between the Scandinavin bedrock and Dutch/German basin sections of the transect. 
This has glacio-tectonic effects, for example the low effective pressure in the material at the 
glacier margin is likely to be highly deformable; this could be transported to form push 
morraines. The region of zero effective pressure beneath the ice-sheet is also likely to indicate 
the region of tunnel (esker) formation. The concentration of flow within the small holes caused 
by the Rhine (and to a lesser extent the Elbe) may also lead to glacio-tectonic phenomena - for 
example deformation structures due to the highly localised expulsion of water. 

b) The vertically integrated groundwater model 
The vertically integrated model computes the geohydrological response of the west 

european aquifer system to various paleogeographical situations comprising the advancing and 
retreating of the Saalian glacier. 

The geohydrological model consists of a good permeable upper aquifer separated from 
a lower aquifer (permeability is about two orders in magnitude less then in the upper aquifer) 
by a thick clayey aquitard. In this model the flow is assumed to be horizontal in the aquifers 
and vertical in the aquitard There is an interaction between the groundwater system and the 
surface water system comprising seas, lakes and rivers. When the hydraulic head in the aquifer 
beneath such a body of water exceeds the water level within the body, groundwater will drain 
out of the groundwater system. When this head is less, surface water will infiltrate into the 
groundwater system. The infiltration of the subglacial meltwater is dependent on the hydraulic 
head in the aquifers. Meltwater will infiltrate when the hydraulic head in the aquifer beneath the 
icesheet is less then the surface elevation. The meltwater will flow out of the aquifer when the 
heads exceed this elevation. This relationship prevents the hydraulic head exceeding the surface 
elevation of the icesheet causing an incorrect physical situation. A number of six different 
paleogeographical situations with various spatial distributions of icesheet, seas, lakes, river 
patterns and zones of permafrost have been simulated. These are the paleogeographical 
situations such as are thought to have existed at the times of 156, 152, 147 and 140 thousand 
years before present during the Saalian glacial period. 

The general observations of the hydrogeological responses are as follows: 
* The hydraulic heads beneath the ice sheet seem to follow the icesheet surface elevation. In 
most zones the heads are even much less than the elevation implying that most of the subglacial 
groundwater can be dissipitated easily. Groundwater heads in the lower aquifer are higher than 
in the upper aquifer (the difference is about 100 meters). 
* The hydraulic gradients are large in these situations. On one side the heads are being kept 
extremely low by the relatively low sea levels (minus 100 meters) and on the other side they are 
kept high by the glaciers. Due to these large gradients high groundwater velocities develop, 
especially in zones where the upper aquifer is pinching out (these velocities go up to 400 m per 
year). 
* In most subglacial areas the total amount of meltwater is able to infiltrate in the aquifer 
system. Partial infiltation of the meltwater or even outgoing flux of meltwater appear in areas of 
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very low transmissivity, in areas where the aquitard is outcropping and in areas where there is 
convergent groundwater flow when the British and Scandinavian icesheet lobes are colliding. 
* Seas, lakes and rivers are the most controlling drainage possibilities for the groundwater 
(approximately 90 % of the outgoing water. 

Figure 4 shows the groundwater flow vectors (velocities in m/yr) for 147ka. 

2.3 The subrosion model and calculation of subrosion rates 
Subrosion rates have been calculated for a salt dome structure in the lower part of the 

aquifer system. Simulations were carried out in a vertical cross section, 40 km wide. Figure 5 
shows the geometry of the model domain with the position of the clay layer and the deep salt 
dome structure indicated. The thickness of the system is approximately 4 km. The salt dome is 
part of the modelled domain, but the permeability is set to zero, such that it does not contribute 
to the flow and transport in the system. Boundary conditions at the side- and top-boundaries 
were obtained by interpolation from the results of the large transect model run by the 
Edinburgh group. 

The subrosion model used in the simulations grossly overestimates the subrosion rates. 
The salt concentration on the surface of the salt dome boundary was prescribed at the maximum 
(saturated brine) value. From the salt mass balance equation, the total amount of salt that has to 
dissolve to maintain the salt concentration on the salt dome boundary can be calculated. From 
the rock salt density and the area of the salt dome surface, the subrosion rate (mm/yr) can be 
obtained. Initial conditions for all simulations were fresh water in the system. As a 
consequence, the subrosion rates in the early stages of the simulations will be very high. 

Six different simulations have been carried out so far: for three different basal melting 
rates and for two different glacier positions. Subrosion rates for the six different situations 
turned out to be identical, decresing to less than 1 mm/yr after a period of 23,000 years and stiil 
decreasing. Figure 5 shows the salt concentration distribution in the system after 10,000 years. 
Analysis of the velocity field in the lower aquifer showed that the average velocity induced by 
the boundary conditions is at least one order of magnitude lower than the velocity induced by 
the influx of salt at the salt dome boundary and the resulting density gradients. This would 
explain the fact that the subrosion rates are identical for all scenarios. 

In the next period, the same type of calculations will be carried out for a shallow salt 
dome that pierces the Tertiary clay. From an analysis of the velocity in the upper aquifer it can 
be expected that for the shallow salt dome the subrosion rates will be much more dependent on 
the boundary conditions. 

2.4 Model Testing 

Testing of models during the last year has concentrated on three issues: 

a) Eskers along the line of the transect. 
Parameter studies on the ice sheet model have suggested a range of possible basal 

melting rates, from 0 to 85mm per year maximum. This melt represents water which will be 
injected into groundwater. Long-established glaciological theory suggests that any water 
flowing at the ice/bed interface will tend to be discharged in subglacial tunnels, and that such 
tunnels will leave eskers on glacier retreat. 

Where however an ice sheet flows from a low to a high transmissivity bedrock 
sequence, meltwater which has hitherto been forced to flow at the ice/rock interface because of 
low bedrock transmissivity, will be able to drain entirely through the bed. As a consequence, 
no tunnels and no eskers will form in this zone. The transmissivity of the bed at the point 
where eskers disappear will be a measure of subglacial meltwater discharge and therefore of 
melting rate. Moreover this transission would be suppressed if significant surface melt were to 
reach the bed. 

This work therefore permits us to estimate the basal melt from the last European ice 
sheet and therefore the meltwater available to recharge groundwater. We conclude that 
maximum melting rates were about 30mm per year. 
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b) Geochemistry of the Muhlenrade borehole. 
The Muhlenrade borehole was drilled from the internal resources of the group provided 

by RGD. Its objective was to establish whether the 100m thick Tertiary clays, sandwiched 
between sand formations which we believe to have carried geochemically-distinctive glacial 
meltwaters, have retained that distinctive signature. Laboratory analyses were undertaken as 
follows: 

- oxygen isotopes on porewater 
- deuterium on porewater 
- mineralogy from X-ray diffractometry 
- measurements of water loss with temperature 
- electical conductivity in lixiviation experiments 

The results (Table 1) show apparent diffusion profiles through the clays from 
isotopically light water in the middle to isotopically heavier water at the margins and in the 
adjacent sands. The isotopic results plot on the meteoric water line, and indicate that there has 
been no secondary process, such as evaporation, at work. The results are consistent with a 
general climatic warming since deglaciation. 

The final part of the analysis will consist of extraction of the remaining porewater with 
liquid nitrogen, and lixiviation of all samples for Bromine/chlorine and Lithium/sodium ratios. 

c) Salinity distribution in the lower aquifer (Mesozoic) in the Netherlands. 
The distribution of salinity within the upper and lower aquifers in the Netherlands is currently 
being investigated as test for the subrosion model. 

2.5 Geological data aquisition and management. 

a) Geological boundary conditions for the subrosion model. 
The geometry of a selected salt diapir in the northeastern part of the Netherlands, and its 

overburden, has been incorporated into the supra-regional transect for subrosion modelling by 
the RIVM-group. Two situations have been considered: one with the top of the salt structure 
piercing through the aquitard of the Tertiary clay layers and one with a salt structure below this 
aquitard. 

b) Geological setting for the Muhlenrade test-borehole. 
The regional geology and groundwater patterns of the area surrounding the Muhlenrade 

test-borehole, drilled in 1993, has been investigated and prepared for publication together with 
the results of the geochemical analysis of the clay porewaters (Paris-Group). 

c) GIS development. . 
A solid framework for the efficient storage and manipulation of the geological data has 

been developed for the glacial geomorphological and sea level data sets for the development of 
past reconstructions. The value of a good data model providing an efficient database with 
reliable data cannot be underestimated, and, although the time and effort inolved in such a 
development is huge, once in place it supports any future project requiring such data, aswell as 
the provision of reliable data for the current project. Within this framework procedures for data 
input, manipulation and output have been established and software has been developed for 
implementation of these procedures and also for investigatory analysis. 
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3.0 List of Publications and Presentations 

3.1 Refereed papers: 

BOULTON, G.S., PUNKARI.M., CABAN.P.E., and WALLROTH.T. (in press) Eskers, 
subglacial groundwater flow and deduction of subglacial melting rates and water discharges 
from former ice sheets. Journal of Glaciology 
BOULTON, G.S., SLOT, A.F.M., BLESSING, G., GLASBERGEN, P., LEIJNSE, T. and 
VAN GIJSSEL, K. 1993. Deep circulation of groundwater in overpressured subglacial 
aquifers and its geological consequences. Quaternary Science Reviews, 12,1-7. 
BOULTON, G.S. and DOBBIE, K. 1993. Consolidation of sediments by glaciers: relations 
between sediment geotechnics, soft-bed glacier dynamics and subglacial groundwater flow. 
Journal of Glaciology. 
BOULTON, G.S. and PAYNE, A. 1993. Simulation of the European ice sheet through the last 
glacial cycle and prediction of future glaciation. Technical Report 93-14. Svensk 
Karnbranslehantering AB, 1-38. 

3.2 Oral Presentations 

International Geological Congress (Kyoto) - Predicting the future of geological sites for deep 
disposal of radioactive waste. 
International Union for Quaternary Research (Beijing) - Extrapolation of future from past 
global change in the context of radiactive waste disposal. 
International Geomorphological Congress (Canada) - Validating models of ice sheet dynamics. 

Several presentations at Universities and research institutes on issues related to the 
programme. 

4i2 Figure and Table Captions 

Figure 1 Modelled climate over the last 200ka derived from non-linear analysis of the 
Milankovitch insolation curve. The solid line shows the statistically reconstructed SPECMAP 
curve and the dotted line the actual SPECMAP curve. This excellent fit gives us confidence in 
our hindcasts and forecasts of climate based on Milankovitch. 
Figure 2. Time/space diagram showing the stratigraphic correlations between late-
Quaternary stratigraphic elements in Europe, compared to the SPECMAP curve. 
Figure 3. Effective pressures and groundwater trajectories for span cl and melt model 3 
along the transect. 
Figure 4 Groundwater flow vectors in the upper aquifer, computed using the vertically 
integrated model for 147ka. 
Figure 5. Salt concentration distribution in the lower aquifer after 10,000 years of model 
run predicted by the subrosion model. The expansion of saline groundwater away from the salt 
dome is controlled by a large scale density-driven convection cell. 

Table 1. Geochemical results from the Muhlenrade borehole. 
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Figure 1 

avas(t1,t2,linea.^0) for last 200 ka, t2_leg10(spec+5) 

<N 

CD 

R«f 
MU / 93 / 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

Depth 
(m) 

20-21 
22.5-23,5 

24-25 
26-27 
28-29 
30-31 
35-36 
40-41 
45-46 
50-51 
55-56 
60-61 
65-66 
70-71 
75-76 
80-81 
85-86 
90-91 
94-95 

Sample weight 

(8) 
* 

51.4 
49.4 
61.8 
45,3 
64,0 
58,1 
33,9 
32.5 
26,6 
30,6 
25.8 
31,5 
29.5 
41,7 
26,7 

" 
49.6 
76,2 

* w«wr 
(weight) 

* 
17,1 
18.1 
18,9 
18.1 
18.9 
17.4 
18.9 
23.1 
19,9 
19.6 
25,8 
25,9 
20.0 
18.7 
24,7 

■ 

19,2 
18.9 

Oxygen-18 
(*> vj SMOW) 

* 
-8,13 
- 8 5 3 
-857 
-8,62 
-8.31 
-9.24 
-9.88 
-8.70 

-10.14 
-10,43 
-9,62 
-8.84 
-9.46 
-9.11 
-9.32 

* 
-9,02 
•7.81 

Deuterium 
(*> vs SMOW) 

ft 
-62.5 
-62.9 
-59.9 
-65,6 
-58.1 
-63.8 
-65 J 
-62,9 
-72,2 
- 6 8 5 
-69.4 
-59,7 
(-40) 
-70.5 
-71.4 

■ 

-65,2 
-56,2 

Table 1 

370 



Tirtutnt corrtlition of Middle and Late Pleistocene itretJBrsphy in Northwest and Central Europe and the marine isotope stagei {version I) 

SJ 

U lea CHRONO-

STRATIGRAPHY 

I I Miri if trimgratiion 

England 

» 
74 

i n 

i » 

? « 

3 D 

339 

3 E 

471 

524 

SB 

IBS 

MS 

7!» 
73» 

7«3 

1 

2 

3 

4 

• 
V 

S _£_ 
d 
• 

e 

? 

a 

9 

10 

11 

12 

13 

14 

IS 

16 

17 

ia 

19 

20 

21 

HCLOCENE 

1 

l! 

z 

o 

2 
O 
O 

s 

, 
2 

LATE 

MIDDLE 

EARLY 

EEMIAN 

8 

LATE 

H01STEIN1AN 

5 

p! sj 

s 
o 

a 
5 
o 
cr 
u 

OlKiRori 

!6 
il 

rV+lp^chi»n"" 

+ Cromarian/ 
WtstFunton 
(Mmya) 

nofttwm Franca 
Balgium 

Lowar Saxony Schlaswig-

Holstsin 

: p KeueH/2 
: p Hoboken 
\ p Poptr. 

* St Gar: p WametD. C 
"tain ff I complu ~ 

* St Gar-: 
marl / 

ff 0LT1 :
, M > 1 •"■ " 

5 :P 

o W " 

pBbeutll 

mHe^"":pBbaut l i . 
twain I 

mHer pElbtullV 

SLAufcfa 

! Meinil 
:E»nard 

•■Fm 

OLH i lo rn Jb III 
: p Lohner 

c t Oddaradi 

A foon*Br0rvp 

J M T I V / : 
$ L M T 4 : loan J i 
/JMTIV/ : 

: p Klrlich/ 
: Rhein
: dahlan 

w.,„ H ; P Alien

MTlIla/ dortl 

m MTIIb/ !faff 
MMT : l o i n Gib) 

; {irv. cint.) 
: loan Gli) 

own ■■' 
M frff : P Leutai

: loan F 

*Frim- '■ 
n w i o W p 
IMmys): 
MTV : 
UMT1 : 

: loan 
: E/D g 

i"J Of/iaii/np 
J'lHmgHe 

>StUkat« / 
, feint* Fm 

+ Hoogavaan 
(Belvedere) 

■Bftsa?" 

£ * Oddarada 

Brorvp 

* Oddarada 

* BrOrup 

>Wart»a 

SOrtrtN 

. .>) Sch/Buddantt It 
j M SctVBuddanst I 

SchOning§n 

U'ttitfoFia 
DniRV(Aflgto 

? 
lurkFm/ 
E ILingtfortbedt) 

> Glacial C/UrkFm 
itfWaardinge badi) 

+ Rosmaltn/ 
Cromarian III 

ir 
%'i WarteVAoveH'" 

Cromtnin II 

W S C / I « « M I » /*/J 

fn HocatMn 
+ ScWAh>*$tort 

.MSflVZttMktQftk 
>Laat&* 
burn day 
>fiaurflf 

>Ww*e 
>Dnrth* 

> IV^Ua 

nV+ 

VCMMMV 
bonOn 
>2tWi*n 

Uthostrebgraphical unrti: 

Danmark 

nVtHolocane 

i Tingliv/HinttiMli 

* Rod»b»»k*Brtrvp 

>MainSute 
>NonMglaflft 

WVa/%W 
tVtjIbyl 

mAVejtby/ 
Tormkov 
l+IJWt.... 

> SnMhoa), Faff 

5T
B 

eastwm Garmany Poland 
Baltic region (11 
Byahrussia {2} 
NW Ukraine M 

Russian plain 

m/tHolocene 

> ^ M V B loan 
i H W : 
„ H V

 : p Glain*/ 
a H'^ i Kfltaner 

£ am/ 
j * : lo tu 

c •» * lb : p Unn 
3 e» ■ mattch 

3
 : loau 

mi* tamtn p Ftibutz 

> V * n h a : l o m 

>^)nneM: loau 

nV+ Hotocene 

^yfiai"! 
Main Sta: 
dill 

(VGrvd-

riidi 
> TorunT loan 

* Kotvn : p Zwar

: ivriiea 

: loan 

■tV+ Eairntah p Niatutu

Vw^'";
50 

Stt.' | 

• + Dctm. : p Ahanbur i * Podltti* '■ p Tomn

! " t t
! 

s 
E 
o> FOhna B ■ loan 

i 

> FOhnaX 

nVt p Hrttmrtz\ 
Holttain Fraybura 

> \ i t w i  : 
b t t j O a y ; 
>&U*te loan 
UtfHe 

| i pMy 

• 
s is 
a : S lo tu 3 
e is 
a \* 

3 
f ^»pf  p MS 
rtarfr : 
/ M n y i / 

loen 2 

: 
pMa 

lotai l 

: IOV 

> preOdra

nian 

'#'2So?fld"": 

»U«a*K?1l 
L

. • ■ ■" 1 

*Maimian
/ 

Sa/Aowfca 
MoJtr. 
>l*wb> ' 

ac i n»r i 

+ Ftrdinartt 
dowliil '■ 

>San ! 
Oflw ; 

* Milopo-: 
ImiirV 
Pmtny- : 

;p3 

T t t t t i ' ■ 1 Prichar' 
: nomarya 3 

* Dunttvo pDovi

: novka3 

: 1 Bug 3 

: chov3 

* Murivino 

>$OA : 

>Dn*tpr ! iUdn3 

: pPrilirty 
: complax 
: 0) 

: 1 Tyeimin 

V Pnh'a'-'' VpXaydaV" 

> Koryak 2: loau 
: (Duna) 

* Buttnii J o Podgar

Mtlotltk-: lavkafr) 
sandria 2 ■ 

1 

>0ein»1 i tOnol 
&*wLn*i 

: pZava-

: dovia 
compiaM 
3 

ill) 

* Zhidm (11 (p| 
Bylo-

vtthi(2) : 
(bioptimalf 

> $ a r m h : iTHigui 

f KorchavO p Lubny 
; complax 

>taTi i*"" i ioaaa 
Valdai pTrub

 chavtk 

■ p Bryant! 

: loau 

* Uppar . trtiy ? 
Volga : loan 5 

* Mfkulino' p S'ahjm" 

> Moscow: loau 

. n  u  i fKunk 
>!MapT : loan 

tBomny pflomny 

> Pronya
 : 1 Orchik 

* Ukhvin It- p Upper 
/Kamanka \ Kamanka 

Coid ; loau 
epoch 

* Ukhvin 1': p lower 
larv cant) Kamanka 

1 

>0ka i loau 

j pVorona 
compla 

MMmytl 

: loau 

* Rotlavi/ : p ? 
Muchkafi = 

(bioptimal): ° 
(Mmys} £ 

>Oo» i loan 3 

at s 

'P i 

\ loesi 

taatraaijmMntijmliaia) peeliaael 
I  fluvial and deltaic wdimants ol !ha larQe rtver sysiimi (T ■ Thames. S  Sommi, U  Hausa. R  Rhine. W ■ Weser, E  Elbe. Wl  Wlsla) 

+ Urmic tadimanti dapotittdln lakat. paat bogs and ibindonad maandar channals 

* poBan-batad mtargtaeiat {fortst vagiutkmf 
(*) poBan-basad intantadiat fforwrt vtQttttiorti 
(*) poilan-baiad intaistaditl (tundra vagatation) 

Figure 2 



■9* io' -e'lo' 

Figure 3 

Above 
50000.00 ■ 
40000.00 ■ 
35000.00 • 
30000.00

25000.00 ■ 
20000.00 

15000.00 ■ 
I I 10000.00 ■ 

5000.00 ■ 
0.00 -

Below 

□ 
CD 
CD 

55000.00 
55000.00 
50000.00 
40000.00 
35000.00 
30000.00 
25000.00 
20000.00 
15000.00 
10000.00 
5000.00 

0.00 

Figure 4 

Figure 5 

\WLQOTlES (M/YEAR) IN UPPER AQUIFER 

y* 

■ '. v 

0 100 200 KM 

Solt concentration distribution after 10 000 years 

Contours are 1%. 5% 10% iw? sn? „ „ , * 7 e . , 
'•. -it*, I U A , z o ^ , D U ^ and 75% of maximum 

372 



Title: EXPERIMENT OF GROUNDWATER FLOW IN A FRACTURE FOR 
THE VALIDATION OF CHEMISTRY/HYDROMECHANICAL 
TRANSPORT OF COUPLED MODELS FOR FRACTURED MEDIA 

Contractor: BRGM 
Contract No: F12W-CT90-0049 
Duration of contract: from 01/01/1991 to 12/31/1994 
Period covered: from 01/01/1993 to 12/31/1993 
Project Leader: S. GENTIER 

A. OBJECTIVES AND SCOPE 
This project is a circumstantial study in laboratory concerning the relationship between the 

morphology, the flow and the chemical reactions water-rock in the fracture. The objective is the 
achievement of an experiment designed for the validation of chemistry-hydromechanical transport of 
coupled models which integrate explicitly the morphology of the voids of the fracture and its variations. 

The morphology of a natural fracture in a granite will be studied from profiles recorded on 
each side of the fracture and from the casting of the voids. The flow channels will be determined from 
the morphology of the voids and from radial flow experiments. The petrology of each side of the 
fracture will be studied. All these data will permit the choice of some little fields on the sides of the 
fracture about which the microroughness will be analyzed. 

After this preliminar phase, radial flow tests will be performed on the fracture. The tests will 
be realized at various levels of normal stress and in temperature. During the tests, the chemistry of the 
water entering and exiting of the fracture will be determined. At the end of each experiment, the 
morphology of the fracture will be examined again. 

B. WORK PROGRAMME 
The scheduled successive phases for the achievement of the works are: 

- Design, fitting of the prototype of testing equipment and qualification tests. 

- Choice of the sample and initial caracterization of the fracture. 
- Tests of percolation (3 or 4 tests acccording to the necessary duration for each percolation). 
- Presentation and interpretation of the results. 
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C. PROGRESS OF WORK AND OBTAINED RESULTS 
State of advancement 

By the end of this year, the state of advancement is the following: 

- The qualification tests of the prototype are achieved. 
- A simulation of percolation has been performed with a replica in concrete. 
- An explorative stage has been carried out to inventory the various devices for microroughness used 

in the Industrie. The microrugosimeter RANK TAYLOR HOBSON has been selected. 

- The initial petrographical description of the fracture plane has been carried out. 

Progress and results 

1. Qualification tests of the prototype and simulation test 
Each constitutive part of the percolation cell has been tested separatly, after that, the complete 

one bas been tested. 
A simulation of percolation has been performed with a replica in concrete. For an injection 

pressure of 0.6 MPa, the loading of the fracture induces a clear variation of the recovered fluid in each 
compartment of the tank. The anisotropy of the flow in this fracture is clearly shown. There is a delay 
(approximatively 30 s) between the beginning of the test and the fluid recovering (Fig. 1). 

2. Selection of a microrugosimeter 
Characterization of the fracture walls before and after the percolation test needs the use of a 

microrugosimeter. 
First, a specification sheet has been written and then an explorative stage has been carried out 

in order to inventory the various devices used in the industry for microroughness. 
This was needed because of numerous aspects of the study, such as the volume and the weight 

of samples, very large heterogeneity of the fractures wall's surface... 
The microrugosimeter of RANK TAYLOR HOBSON has been selected as answering the best 

to the specification sheet. This is a modular system and many requirement can be programmed 
(parameters of measurement, and analysis, results presentation). 

Test have been performed successfully on two granite samples presenting smooth surfaces and 
dissolution surfaces. 

3. Petrographic description of the fracture plane 
The initial petrographic description of the fracture plane was carried out successfully (fig. 2), 

same thing with the study of the distribution of biotitic areas (Fig. 3) and the analysis of their volumic 
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Figure 1  Percolation test with a replica in concrete. 
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Figure 2 - Reduced Petrographic map of a fracture plane. 
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Figure 3 - Gravity centers map of biotitic areas 
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distribution in three perpendicular directions. This petrographical map could be compared with the 
morphology, the channel network and the chemical evolution of the percolated fluids. 
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Title: Experiments in a 600 m borehole in the Asse II salt mine. 
Contractor: ECN 
Contract no: FI2W/0050 
Duration of contract: January 1991 to December 1993 
Period covered: January 1993 to December 1993 
Project leader: J. J. Heijdra 

A. OBJECTIVES AND SCOPE 

In order to assess the safety of disposal of radioactive waste in salt formations, models 
for the thermo-mechanical behaviour of rock salt that have been developed in previous 
programmes have to be verified by in-situ experiments. It has been proven by the COSA 
project that computations based on laboratory scale experiments do not accurately predict the 
in-situ measurements. 

In this research programme the following in-situ measurements are carried out in the 
Asse II salt mine in Germany with measuring equipment developed in a previous programme 
under contract number FI1W/0084: 
1. Determination of in-situ elastic behaviour of salt and convergence measurements at the 

bottom of the borehole with different pressures. The measurements will be carried out 
with the Variable Pressure Device (VPD) in the available 300 m hole. 

2. Free convergence measurements of the salt wall at five depths in a borehole, i.e. at 
different salt pressures as soon as a 600 m deep borehole becomes available. 

The experimental results obtained will be available to predict the behaviour of salt 
deposits and will give essential information to be used in safety assessment of disposal 
facilities for radioactive waste in rock salt, especially in the field of elastic behaviour and 
pressure dependency of creep. 

B. WORK PROGRAMME 

The tasks which need to be preformed during the contract period are: 

1. Maintenance of installed equipment: 
Including the maintenance of the hardware and software required for remote instrument 
control and data transmission between the Asse salt mine and the ECN in Petten. 

2. Execution of the experimental programme: 
The VPD measurements require that parameters (pressures) are changed and thus 
require local operation. The convergence measuring devices have to be installed in the 
borehole before measuring and removed afterwards. 

3. Data collection and interpretation of the results: 
The automatically collected experimental data will be validated and interpreted. 

4. Evaluation of experimental results: 
Consequences for the models used for the description of thermo-mechanical behaviour 
of rock salt resulting from the measurements will be evaluated taking into account the 
measurements performed in previous programmes. 
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C. PROGRESS OF WORK AND OBTAINED RESULTS 

State of advancement 

The drilling of a 600 m borehole suffered from technical problems. These problems where 
not caused by the great depth itself and hence can be considered as start-up problems in the 
use of a completely new developed drilling device. In the last months of the reporting period 
the drilling advance has been considerably and it can be considered probable that in the first 
quarter of 1994 a 600 metre deep borehole will be available. All actions have been postponed 
until the availability of a suitable hole will be guarantied. 
As soon as a suitable hole is available the measurements can proceed. Extension of the 
contract will be requested. 
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Title: EVALUATION OF A SELF-CONSISTENT APPROACH TO 
FRACTURED CRYSTALLINE ROCK CHARACTERIZATION 

Contractor: Golder Associates (UK) Ltd 
Contract No: F12W/0051 
Duration of Contract: From June 1991 to June 1994 
Period Covered: January 1993 to December 1993 
Project Leader: M. Brightman 

A. OBJECTIVES AND SCOPE 

The aims of the project are: 
(i) to assess the errors in predictions of a nuclide migration in fractured crystalline 

rocks resulting from the application of inappropriate interpretation techniques; 
(ii) to assess the impact of the "partial flow dimension" approach on the results 

derived from hydrogeological testing; and 
(iii) to develop a methodology for constructing fracture network models to 

incorporate field flow dimensional information directly. 

B. WORK PROGRAMME 

The project has been subdivided into the following five tasks: 
(1) to provide a literature review of the impact of the application of "partial flow 

dimension" interpretation on hydrogeological tests in fractured crystalline rocks; 
(2) to evaluate, present and assess the effect of "dimensional" interpretation on 

some existing data sets; 
(3) to simulate "dimensional" results within a fracture network model; 
(4) to assess the available methods by which "dimensional" results would be 

incorporated explicitly into a fracture network model; and 
(5) to demonstrate the effect of cylindrical flow assumptions on the output from a 

transport version of the fracture network model, when compared to results 
analyzed using the actual "partial flow dimension". 
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C. PROGRESS OF WORK AND RESULTS TO DATE 

State of Advancement 

The work carried out during 1993 was concentrated on Tasks (3), (4) and (5). 

Task (3): The FracMan package has been further used to simulate packer tests in fracture 
networks and partial dimensional behaviour has always been observed, various 
interpretation techniques have been compared; difficulties associated with the 
conventional interpretation method have been highlighted; using the same 
fracture networks, different test conditions have also been simulated to examine 
whether the dimensional behaviour is a fracture network intrinsic property. This 
task is completed. 

Task (4): The relationship between fracture geometry and flow dimension has been 
examined in detail so that the flow dimension information determined from field 
testing data can be incorporated into discrete fracture network realizations. Both 
planar and rough fractures have been considered. In order to achieve this, the 
original generalized radial flow theory was extended and a new in-house well test 
interpretation package, FLOWDIM, has been developed. The concept of space
filling problem in fractured rocks has been introduced. This task still requires 
the building of a "library" to relate flow dimension with different fracture 
network configurations. 

Task (5): Through 14 solute transport simulations with their flow dimensions ranging from 
1 to 3, the influence of different flow dimensions on solute transport 
breakthrough curves in both planar and rough fractures has been studied. This 
task is completed. 

Progress and Results 

CI. Tasks 1 and 2: Review and Data Analysis - completed and reported in 1991 and 1992 

C2. Task 3: Fracture Network Simulations 

In addition to one simulation reported in 1992, two more fracture networks were 
generated, one has two times higher fracture intensity than the other. Synthetic 
hydraulic tests were then conducted within these fracture networks. In both cases, the 
initial flow dimensions were very close to 2.0 (cylindrical radial flow) and late time 
flow dimensions were less than 2.0 (sub-radial flow): 1.0 and 1.7. Detailed 
interconnection analysis of these networks revealed that the late time flow dimension 
is closely related to fracture interconnectivity. The same synthetic data sets were also 
analyzed using conventional interpretation technique by assuming flow dimension = 
2.0. For Early time data sets, the interpreted transmissivity values were fairly close to 
the input in simulations, but not as good as partial dimensional interpretations. In 
addition, conventional interpretations always lead to high skin factors which did not 
exist for synthetic test data. Using the same fracture network, different flow rates in 
constant-rate test simulations lead to the same flow dimension and interpreted 
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hydrogeological properties; constant-head and constant-rate test simulations also lead 
to the same flow dimension. Therefore, flow dimension is essentially a geometrical 
property of the fracture network in the vicinity of a given packer test interval and is 
independent of rate effects or of the test type. 

C3. Task 4: Incorporation of Dimensional Data in Fracture Network Modelling 

This is the key issue of this project: incorporate dimensional information into discrete 
fracture network modelling, serving as the self-consistent simulator. This implies two 
aspects: (1) to obtain better fracture hydraulic property values based on the partial 
dimensional interpretation technique; and (2) to use the inferred flow dimension itself 
to condition fracture network realization. The first requires a new well test 
interpretation package, so FLOWDIM was developed; the second requires the 
relationship between fracture geometrical configuration and its corresponding flow 
dimension. Seven known geometry fractures were generated and packer tests were 
simulated. FLOWDIM interpretation results are listed in Table 1. The matched flow 
dimensions were exactly as expected for the given fracture geometries. After 
introducing the space-filling-parameter which measures the conductive fracture intensity 
in the vicinity of the testing section, the fracture transmissivity values can be recovered 
from FLOWDIM interpretation of the synthetic testing data. Conventional 
interpretations using Interpret 2™ have also been carried out for some of the 
simulations and their values are also quoted in Table 1 in parentheses. It can be seen 
that if flow dimension is 2.0, the two analyses lead to the same transmissivity values, 
but for flow dimension different from 2.0, there are quite significant differences in the 
derived transmissivity values. These exercises demonstrate that flow dimension is 
uniquely related to the conductive section area as a function of flowing path r. The 
derived flow dimension, together with inferred space-filling parameter, fracture size 
and fracture orientation (by other means), we can realistically construct a self-
consistent local conductive fracture network in the vicinity of a testing section. This 
information should be used to condition large regional fracture network realizations. 

We also studied water flow in rough fractures and its interpretation. Figure 1 shows 
the in-plane transmissivity distribution of one of the nine fractures we generated using 
roughness fractal models. Figure 2 shows a synthetic transient hydraulic testing 
response carried out with the source section located at the centre of the region. 
Interpretation using partial dimension approach (FLOWDIM) leads to realistic local 
transmissivity; the inferred flow dimension of 1.5 at early time and 2.4 at late time 
reflects perfectly well the conductive area variation in the radial direction of the 
synthetic testing. 

The partial dimensional interpretation technique is based on the generalized radial flow 
model presented by Barker (Water Resources Research, 1988). We have extended the 
theory to include hydraulic property variations in the radial direction of a testing (in 
addition to flowing area variation). The extended model shares identical form as the 
fractal reservoir model used in the oil industry which was developed from flow through 
fractal objects. Therefore, quite extensive studies from oil industry and their 
conclusions can be brought in characterization of fractured rocks in the context of 
nuclear waste disposal. One of the significant conclusions is that late time flow 
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dimension reflects the fractal dimension of the underlying flowing structure. This 
information can be directly used to condition fracture network realizations if we can 
obtain the stabilized late time flow dimension in field hydraulic tests. 

Table 1 Summary of the interpretation results of the known geometry fracture simulations 
with and without considering the space-filling parameter 

Simulated Fracture 
Geometry 

[1] Narrow 
Horizontal 

[2] Horizontal with 
arc length oc 
[distance]"2 

[3] Large 
Horizontal 

A Quarter 
of [3] 

[4] Horizontal 
with arc length 
oc [distance]372 

[5] Vertical 
constant height 

Half Height 
of [5] 

Partial Dimensional Interpretation 

Matched 
Flow 
Dimen. 

1.0 

1.5 

2.0 

2.0 

2.5 

1.0 

1.0 

Interval 
transm. 
(m2/s) 

1.93x10-* 

1.623x10-' 

(1.63x10-'°) 

1.048x10-" 
(1.06x10*) 

2.694x10"' 

2.59x10'° 

2.321xl0"7 

(3.55x10'°) 

1.283xl0"7 

Storativity 

2.57xl0-6 

2.76x10* 

4.90xl0"7 

8.91xl0"7 

1.5x10-* 

4.74xl05 

2.28xl0"5 

Corrected Values with S.F.P. 

S.F.P. 

1.3094 

1/12 

1.0 

1/4 

1/24 

20 

10 

Interval 
transm. 
(m2/s) 

1.474x10-* 

1.948x10-* 

(1.96x10') 

1.048x10-* 
(1.06x10*) 

1.078x10* 

0.621x10* 

1.161x10* 
(1.78x10") 

1.283x10* 

Storativity 

1.965x10-* 

3.308xlO"5 

4.90xl0"7 

3.563x10"* 

3.59xl0"5 

2.371x10* 

2.28x10* 

Note: (1) input fracture transmissivity = 10"8 m2/s; fracture storativity = 10* 

(2) values in parentheses are from conventional interpretation using Interpret 2™ 

C4. Task 5: Impact of the Dimensional Approach on Transport Simulations 

A literature survey on solute transport modelling algorithms for discrete fracture 
networks has been carried out and the algorithm used in FracMan/MAFIC package is 
validated. 14 solute transport simulations have been conducted. It is concluded that 
the impact of flow dimension on the solute transport is to provide a tool for better 
interpretation of fracture properties; there is no clear relation being found between the 
breakthrough characteristics and flow dimension. Rather, the breakthrough character
istics are closely related to fracture roughness. Combining the transient hydraulic test 
interpretation using the partial dimensional technique and tracer migration experiment 
interpretation techniques will provide a "fuller picture" about natural fractures. Figure 
3 shows the particle breakthrough curves in the nine rough fractures simulated. 
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Fig. 1: Transmissivity distribution of rough fracture R253 (roughness fractal dimension 2.5) 

Fig. 2: FLOWDIM type curve matching of Fracture R253 synthetic test data 

s 
™ JO 

IE+5 IE»6 

Elapsed Tiinc from Ptirtide Injection (seconds) 

Fig. 3 Accumulative breakthrough particle fraction curves of the nine rough fractures. 
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INTERCLAY II - A Coordinated Benchmark Exercise in the Rheology of Clays 

Contractor: WS Atkins Engineering Sciences 
Contract No: F1 2W-CT91-0063 
Contract Period: June 1991 - May 1994 (36 months) 
Project Leader: N.C. Knowles 

A. Objectives and Scope 
INTERCLAY II is a coordinated benchmark exercise dealing with the numerical 

prediction of the rheology of clays. Its broad objectives are to improve confidence in 
long term predictions of geomechanical behaviour of clay in situations relevant to the 
underground disposal of radio-active waste. Eleven organisations are participating; 
in addition BNFL and ENRESA are providing sponsorship and have 'observer' status 
(Table I). A small Steering Committee comprising the coordinator, GCG and SCK 
provide the technical leadership. 

B. Work Programme 
There are 3 principal stages. 

In Stage 1 the basic ability of popularly used models and the computer codes 
which contain them are briefly reviewed. The review comprises a comparison of the 
theoretical capabilities of the codes and their performance on 4 simple, somewhat 
hypothetical problems. 

In Stage 2 laboratory tests on reconstituted clays provide the basis for two 
computational benchmark problems. Participants are asked to replicate the measured 
laboratory behaviour as far as possible, in their calculations. 

In Stage 3 "in-situ" behaviour is modelled. Sources of well validated in-situ 
behaviour are relatively scarce and a specially designed heater test is currently in 
progress at SCK's Mol research facility. Precise details of the actual in-situ behaviour 
have been withheld from participants so that their predictions are "blind". 

In each stage, the work programme is broadly as follows: 

1. The coordinator prepares discussion documents, in cooperation with the Steering 
Committee, and circulates them to the participants for comment. 

2. Participants in plenary meetings discuss and agree details of suitable benchmark 
problems to be solved. 

3. The coordinator prepares and circulates detailed specifications of agreed 
problems. 

4. The participants solve specified benchmark problems to the best of their ability 
using appropriate codes. The Coordinator collects and compiles results and other 
data from participants and prepares draft reports. 

5. Results and overall progress are assessed in plenary meetings at intervals of 
approximately 6 months. 

6. The Coordinator prepares and issues final definitive reports taking account of 
participants' comments. 
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C. Progress of Work 
The chronological progress to date in terms of key events is set out in Table II. 

Two day plenary meetings of all participants were held in Epsom (4/5 July 1991) IM, 
Mol (20/21 January 1992) 121, Fontainebleau (7/8 September 1992) 131, Bergamo 
(29/30 March 1993) 141 and Madrid (17/19 November 1993) 151. The Steering 
Committee has met periodically and in addition has maintained regular contact by 
telephone and fax, in order to progress necessary activities. 

The achievements to date are best addressed stage by stage: 

Stage 1 is now complete and four benchmark problems have been successfully 
addressed. All are hypothetical problems and serve as verification tests of the 
computer codes used ("verification" in this sense is defined as demonstrating that the 
mathematical formulation of the problem is correctly implemented and solved by the 
program. It says nothing about whether the mathematical formulation correctly 
replicates the real physical situation). The broad technical capabilities of the codes 
used by the various participants have also been reviewed in this stage and an 
attempt has been made to collate authoritative sources of data for Boom clay 161. 

The four benchmarks are: 

1.1 an axisymmetric 1-D approximation of a cylindrical (i.e. tunnel) excavation under 
isothermal and isotropic conditions 111. 

1.2 a two-dimensional, axisymmetric approximation of the progressive excavation of 
a cylindrical tunnel in clay, again under isotropic and isothermal conditions HI. 
(The approximations implied in 1.1 and 1 .2 are relevant to deep repositories in 
clay - e.g. Mol). 

1.3 a plane-strain representation of the somewhat idealised construction operation 
and post-closure stages of a shallow 'lined trench' repository founded on clay 181. 
(This was based on the Drigg LLW disposal facility operated by BNFL in the UK). 

1.4 problem 1.1 extended to include a centrally located heat source 181. 

In all cases interest centres on the ability of the various conceptual models (and 
the codes in which they are implemented) to predict steady state behaviour. To 
provide a proper basis on which to assess these verification problems the "physics" 
was fully defined - i.e. the loading, boundary conditions, material models and the 
numerical values of the parameters were all given. It was intended that the only 
variation between the participants' models would be code-specific (e.g. in the detail 
of the numerical discretisation or solution procedure used): Various popularly used 
constitutive models were defined in terms of both effective and total stress with data 
parameters selected to provide equivalent behaviour wherever possible. (The data 
relates to Boom clay for benchmark 1.1, 1.2 and 1.4 and to the Drigg site for 1.3, 
although in the latter case it was found that despite extensive geotechnical surveys 
the existing information was not in a form suitable for numerical models). 
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The results of Stage 1 /9/ broadly demonstrated that verification of computer 
codes is no longer a major issue (i.e. all codes were capable of predicting the same 
behaviour, given identical descriptions of the problem). Some differences were 
observed but these have been satisfactorily resolved following discussion and 
subsequent investigation. (In this respect two further smaller scale problems were 
posed to investigate aspects of problems 1.3 and 1.4). 

In Stage 2, two benchmarks based on laboratory-scale tests have been tackled. 
In both cases it has been necessary to compromise from the ideal basis of a set of 
tests in which the behaviour is fully quantified, self-consistent and moreover unfamiliar 
to participants. A search, carried out concurrently with Stage 1, highlighted the paucity 
of any authoritative data from suitable tests. 

Benchmark 2.1 is based around tests on kaolin carried out at Cambridge 
University some years ago /10.11/. Three sets of heated triaxial tests on cylindrical 
samples were available, the first two of which were undrained and the third drained. 
Experimental results were available for temperature and pore pressure at two 
locations within the sample. As few additional material data were available, 
participants were asked to calculate the temperature and pore pressure changes at 
the two locations observed in the first two experiments. They were then asked to 
'back-fit' their constitutive models to achieve adequate agreement with these 
experimental results and subsequently predict the results for Experiment 3. Thus they 
were to use the first two experiments to 'validate' their models prior to calculating the 
response of Experiment 3 thereby retaining an element of 'blind prediction'. 

For the two undrained experiments, good agreement with the experimental results 
for temperature profile was achieved but much wider variation was seen in the pore 
pressure results. Nevertheless the predicted results for the drained test (Experiment 
3) were in good agreement with each other and with the experimental results for 
temperature profile, but the predictions of pore pressure were consistently lower than 
the measured values. This latter effect can be explained by the use of the two 
undrained tests as the principal means of validation: the undrained tests were not 
sufficiently sensitive to parameters such as permeability. 

Benchmark 2.2, is based on experimental work commissioned by the 
INTERCLAY II project performed at ISMES in Bergamo, Italy /12,13/. The 
experiments comprise a series of heated hollow cylinder tests supported by triaxial 
tests on Boom clay from the -223 level at Mol. As in Benchmark 2.1, some element 
of blind prediction is included in the specification: participants were asked to predict 
the results of the hollow cylinder tests based on the triaxial test data. They were then 
issued with the results for the hollow cylinder tests to enable 'back-fitting' and some 
investigation of the effects of parametric variations. 

In comparison with Stage 1, the second stage benchmarks are more complex, 
both in the idealisation of the experimental arrangements and in selection and tuning 
of the constitutive model. This complexity is reflected in the scatter in the results, 
which although still within acceptable bounds, highlights the need for further work to 
fully understand the differences. The inevitably small scale of the laboratory tests also 
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tends to exaggerate effects such as non-heterogeneity of material (relative to in-situ 
measurements). It is clear that in developing and tuning constitutive models, the 
stress path followed in the supporting laboratory tests needs to be designed with 
sound appreciation of the effects of anisotropy. 

The Stage 3 benchmarks use the ATLAS in-situ heater tests at the Mol facility 
in Belgium. These tests were designed specifically for the project and comprise a 
20m long, 190mm diameter, horizontal lined borehole containing electrical resistance 
heaters with two smaller diameter boreholes, containing pressure and temperature 
sensors, in the same horizontal plane. Design and installation were satisfactorily 
completed by July 1992 /14/, although some sensors were inadvertently damaged 
during installation and the full implications of this damage have not yet been 
assessed. The heating phase of the tests started in July 1993 and is presently in 
progress. 

The specification for Benchmark 3 was discussed at the Madrid plenary meeting 
and subsequently finalised. The benchmark consists of a 2D analysis in the plane of 
the boreholes. Boundary and initial conditions are prescribed based on the in-situ 
stresses in the clay mass and the conditions in the gallery prior to drilling. Participants 
are asked to model the history of the test, including construction of the main borehole 
and the effects of this construction on the surrounding clay, followed by heating of the 
clay and its subsequent thermal response /15/. The initial results will be reported in 
April, 1994. 
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Table I - INTERCLAY II Participants 

Coordinator: WS Atkins 
GCG 
SCK/CEN 
BRGM 
CEA 
EMP 
ETSIM 
G.3S 
GEODESIGN 
ISMES 
LGC 
BNFL 
ENRESA 

(UK) 
(UK) 
(B) 
(F) 
(F) 
(F) 
(S) 
(F) 
(B) 
(1) 
(B) 
(UK) 
(S) 

) 
) Steering Committee 
) 

) Observer 
) Observer 
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Table II Summary of Interclay II Key Events 

Date 

June, 1991 

July, 1991 

August, 1991 

September, 1991 

January, 1992 

February, 1992 

March, 1992 

June 1992 

September, 1992 

October, 1992 

November, 1992 

March, 1993 

May, 1993 

May, 1993 

July 1993 

November, 1993 

December, 1993 

Event 

Steering Committee Meeting, 
Braunschweig 

Plenary Meeting, Epsom 

Draft specification for Benchmarks 1.1 
and 1.2 issued 

Specification frozen - results required 
31/12/91 

Plenary Meeting, Mol 

Draft specification for Benchmarks 1.3 
and 1.4 issued 

Specification frozen - results required 
31/7/92 

Installation of ATLAS Tests at Mol 
completed 

Plenary Meeting, Fontainebleau 

Specification of further studies on 1.3 
and 1.4 issued. Specification for 
Benchmark 2.1 issued. 

Specification frozen - results required 
by 31/12/92 

Plenary Meeting, Bergamo . 

Specification for Benchmark 2.2 
issued 

Specification frozen - results for 'blind 
prediction' required by 14/7/93 

Heating phase of ATLAS tests started 

Plenary Meeting, Madrid 

Specification for Benchmarks 3.1 and 
3.2 issued 

Purpose 

Discussion of possibilities for 
Benchmarks 1.1 to 1.4 

Selection of Benchmarks 

Discussion of Benchmark 
results. Specification of 
Benchmarks 1.3 and 1.4. 

Discussion of Benchmark 
results. Specification of 
Benchmark 2.1. Experimental 
tests for Benchmark 2.2 
commissioned at ISMES. 

Discussion of Benchmark 
results. Specification of 
Benchmark 2.2. 
Discussion of Stage 1 Report 

Discussion of Benchmark 
results. Specification of 
Benchmarks 3.1 and 3.2. 
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Title: SEALING OF BOREHOLES IN CRYSTALLINE ROCKS 
Contractor: BRGM, SIF BACHY, MOTT MACDONALD 
Contract No: F12W - CT 910072 
Duration of contract: from 1/10/1991 to 30/09/1995 
Period covered" I W 
Project leader J.-F. OUVRY (BRGM - Coordinator) 

F. DUFOURNET-BOURGEOIS (SIF B A C F m 
I..M I AKF (MOTT MACDONALD) 

A. OBJECTIVES OF THE PROJECT 

The objective of the study is the theoretical design and practical implementation of an in situ 
borehole-sealing technique that is applicable to fractured crystalline rock, as well as its subsequent 
implementation. The sealing or backfilling of boreholes in, or around, sites for the disposal of 
radioactive waste, is usually done with compacted bentonite, bentonite slurry or cement slurry. It 
is proposed to design a special product that combines a bitumen emulsion with clay and other 
substances. A fracture identified in crystalline rock will be selected for injection testing. The 
fracture aperture, measured in drill cores, will be studied in the laboratory and the data will be 
processed statistically. Tests with water will enable the study of the hydraulic behaviour of the 
fracture, before and after slurry injection, to define the efficiency of the method. 

The contract combines the experience of several partners, including BRGM (F), the SIF BACHY 
Company (F) and MOTT MACDONALD Civil Ltd (UK). 

B. WORK PROGRAMME 

- Literature survey and assessment of earlier work. 

- Laboratory tests for optimizing the grout component concentrations. 

- In situ tests of the fracture (geophysics, water injection), and laboratory work (definition of the 
fracture aperture on core samples). 

- Grout injection into the fracture, geophysical estimation of its penetration, and evaluation of the 
injection by means of sample studies and water tests. 
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C. PROGRESS OF WORK AND OBTAINED RESULTS 

State of progress 

By October 1993, the progress of the work phases that began in October 1991 was as follows: 

- The literature survey concerning the concept of resealing boreholes in the context of an 
underground laboratory is completed. 

- Research into the components of the mineral and hydrocarbon phases of the sealant was 
continued. Laboratory analysis of the various preselected materials made it possible to define 
the components and their relative proportions for the experimental grout. During this phase, a 
laboratory device was developed for testing the injectability of the selected mixtures. 

- At the experimental site, the fractures were sampled and studied morphologically. At the same 
time a series of in situ tests were carried out to determine the hydraulic behaviour of the rock 
and a geophysical radar (Georadar) reconnaissance provided additional information on the in 
situ rock structure. 

- Finally, the selected grout was tested during an in situ injection programme. 

Progress and results 

Fracture study of the granite by georadar 

Georadar uses the reflection of electromagnetic waves to investigate the upper levels of the 
subsurface. A transmitter sends brief impulses (a few nanoseconds) of electromagnetic energy into 
the ground, and these are reflected by anomalies such as a contact between two materials of 
different composition or the presence of a fracture. The signal is then captured by a receiver, 
amplified, developed, and finally transformed into an electric current. 

An on-site Georadar programme was carried out in order to provide a complete tomographic 
survey within the area delimited by the four boreholes. The transmitter and receiver were placed 
in two different boreholes, then progressively moved one at a time within the boreholes. Figure 1 
shows the principle of tomography and Figure 2 shows an unprocessed record obtained between 
boreholes SI and S3, where the transmitter was placed in SI and the receiver was moved within 
S3. The direct path between SI and S3 shows up clearly (it is the shortest and the first to arrive at 
the receiver), as do multiple coherent forms that reflect the presence of the anomalies being sought. 

A second programme, to be carried out after the in situ injection programme, should make it 
possible to assess the penetration of the slurry and the quality of the injection. 

Characteristics of the crystalline rock to be treated - study of the fracture morphology 

To reconstruct the initial characteristics of the rock (i.e. before it was disturbed by the 
reconnaissance drilling) it is necessary to acquire a good knowledge of the rock structure. This is 
done through petrographic and structural studies on oriented borehole cores, complemented by 
geophysical logs, and it enables one to assign the various joints and fractures to specific families 
characterized by a strike and a dip. 
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Figure 2 - Unprocessed record obtained between boreholes SI (containing the transmitter) and S3 
(in which the receiver was placed at different depths between 1 and 4 m). 
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Each fracture family can be defined by a continuous length, an average spacing, a distribution, an 
aperture (i.e. distance between the fracture walls) and possibly by the type of infill and the 
percentage of voids. Such parameters are not always easy to quantify, but must be studied 
systematically in any sealing project. 

So as to complete the characterization of fractured rock, BRGM has developed a laboratory 
technique by which it is possible to quantify the aperture between two walls of a fracture. This is 
done by a method of moulding, the principle of which is as follows: 

- The voids between the two walls of the fracture are filled with a coloured silica resin. The 
resultant mould is then studied by light transmission and the image digitized with a camera. 

- The required data is revealed by the grey levels of the obtained image, the darkest zones 
corresponding to the largest voids. Figure 3 shows the distribution, after processing, of void 
heights obtained for three sampled fractures (F24 - F26). 

Studies made on the various fractures have shown that the thickness of the most common fractures 
lies between 0.10 and 0.35 mm. A knowledge of this factor is essential for selecting the correct 
particle size of the constituent components of the injection grout so that the voids between the 
fracture walls are correctly filled. 

Optimization of the injection grout 

The laboratory work carried out by SIF BACHY during 1993 has made it possible to adjust the 
grout composition so as to achieve the desired properties: 

- High bitumen content for its important deformation properties. 

- Choice of a minimum cement content (about 200 kg/m ) to provide mechanical strength and 
reduce permeability. 

- Introduction of a relatively high mineral content (cement + clay) to reduce permeability. 

- Selection of a second ultra-fine cement to improve the mechanical strength and further reduce 
the permeability; i.e. SPINOR A 12 (Ciments d'Origny). 

The final grout composition that has been selected is: 

Spinor A 12 209 kg/m3 

Bitumen 130 kg/m3 

FoCa (smoothed) 35 kg/m 
Thinner 11 kg/m 

Axial deformation given by a drained consolidated triaxial test to failure (hydrostatic pressure of 
300 kPa) on a 28 day test brick was 10.8%. 

The permeability coefficient measured at the same time was 2.9 x 10" m/s. Considering the 
continued curing of the grout, this very low value should decrease even further with time. 
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Figure 3 - Distribution of void heights in fractures 24, 25 and 26. 
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Adaptation of the grout to the fracture openings 

The morphological study has shown that the fracture openings to be injected are very narrow, with 
a void aperture mainly between 0.1 and 0.3 mm. 

The adaptability of the grout to such a "thin" environment will depend principally on its liquid 
state characteristics, and its aptitude for retaining these during the injection phase; i.e.: 

- capacity to retain homogeneity under pressure, 
- viscoplastic type rheological behaviour favourable for injecting thin fractures, 
- good penetration power, which is also dependent on the particle size of the components in 

suspension. It is essential that the particle size of the solid phase in the grout is compatible with 
the fracture openings. 

The selected grout satisfies all these requirements: 

- It is stable (2% shrinkage after 2 hours) and has a low drying coefficient (filtrate: 100 ml at 
30 min under 0.7 MPa). 

- It has a viscoplastic type behaviour (5 MPa.s for a flow threshold of 0.4 Pa). 

- The initial particle size distribution of the FoCa bentonite (djoo = 26 itm) needed to be filtered 
so as to eliminate the > 10 /*m fraction (see Figure 4). The other components of the mixture 
contain no element larger than 12 /im. 

i 
o 

100-
90-

80-

70-

60-

50-

40-

30-

20-

10-

- -- - r 

- - . . . . i--r—•----

-••:-- --•—•- J----T 
7 :— " 

- —-

-— ^ —_.—..-

0,1 
'1 ■ - " T " * T — I I I I I I 1 1 1—I—I I I I 1 1 1 1—I—I I I I 

1 10 
Diameter (/im) 

100 

Crude FoCa Fitlered FoCa 

Figure 4 - FoCa bentonite cumulative particle size curves. 
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In situ injection programme 

Principle: 

In situ injection was carried out from 18 to 21 October 1993 using the configuration shown in 
Figure 5. The grout was injected by a pneumatic piston pump which can operate at a given 
constant pressure. The injection pressure and flow rates were measured at the borehole collar, and 
the surrounding boreholes were equipped with sensors to record possible overpressure caused by 
the injection. 

Packer 
Injection head 

Borehole' 

Fractures 

Grout mixer 

\ \ . \ V . x \ \ V . \ « 
• • • • • • / • • 

X S . N X \ N \ X \ ' 
• / ■ / • • • • . / • 

\ X \ X X V \ X . \ X , \ 

V 
flow meter 

Figure 5  Diagram of the injection unit. 

The grout was prepared in a practical for field use "manufacturing unit". 
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Injection of the central borehole (S2) fractures 

Before injecting the grout, each of the boreholes was cleaned and saturated with circulating water 
for about 12 hours at 0.6 MPa pressure. 

During a first trial, the section of the borehole intersecting fractures F24, F25, F26 and F27 was 
isolated with a double packer then injected. Figure 6 shows the pressures and flow rates 
throughout the injection. The injection pressure was fixed at about 2 MPa in the first instance and 
later at 4 MPa. The total volume of grout injected was 14.5 1. 

In a second trial, the double packer was replaced by a simple packer and the borehole injected in 
sections of 1 m. 

Finally the borehole was cleaned with water. 

Injection of the surrounding boreholes SI. S3 and S4 

The three boreholes were injected using the same method as for borehole S2, i.e. at 1 m intervals 
with a single packer. The boreholes were then cleaned with water. 
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TIME (mn) 
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Figure 6 - Injection of borehole S2. 
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Title: Paleoclimatological Revision of Climate Evolution and 
Environment in Western Mediterranean Regions. 

Contractor: ENRESA 

Contract N° FI2W-CT91-0075 
Duration of Contract 
Period covered 
Project leader 

June 91 - May 95 
From January to December 1993 
C. Bajos (ENRESA - Coordinator), P. Peaudecerf 
(BRGM) and D. Barettino (ITGE) 

A. OBJECTIVES AND SCOPE 

To evaluate the security of a high level waste repository it is necessary to 
determine how future climate changes will affect the safety of the repository. The 
magnitude and likelihood of these changes can be inferred from the study of past 
climate changes. However, up to date, little data is available about past climate 
evolution in Spain and other Western Mediterranean countries. This project is 
concerned wi th the study of climatological changes occurred during the last 2 
million years in the Western Mediterranean regions, which will be of importance 
for developing scenarios for the safety analysis of a high level repository in Spain. 
Even though the techniques to be used in the study will provide information wi th 
different t ime scales, special emphasis will be placed on climate changes during 
the last 1000 years. 

The project is being carried out by ENRESA as the main contractor and BRGM as 
an associated contractor. Work about climate evolution in Spain has been 
subcontracted to the Instituto Tecnol6gico y Minero de Espana (ITGE). BRGM is 
responsible for the review of past climate data from Southern France, Italy and 
North of Morocco and for the development of scenarios. 

B. WORK PROGRAMME 

The project has been subdivided into the following tasks: 

Task 1) a) Synthesis of the environment in Spain over the last t w o million years: 
D. Barettino (ITGE) and T. Torres (ETSIMM). 

b) Paleoenvironmental evolution during the Quaternary in the context of 
Europe and Western Mediterranean regions: B. Defaut, P. Peaudecerf 
(BRGM). 

Task 2) Paleoclimatic and environmental study of Quaternary deposits in the River 
Tajo Valley. A. P<§rez (CSIC) and D. Barettino (ITGE). 

Task 3) Study and dating of travertines in Spain as a paleoclimatic and 
paleoenvironmental index. T. Torres (ETSIMM) and D. Barettino (ITGE). 

Task 4) Climatic reconstruction of the last thousand years in Spain on the basis 
of dendrochronological series: J . Creus (CSIC), L. A. Fernandez (INIA) and 
D. Barettino (ITGE). 

Task 5) Paleoenvironmental reconstruction and construction of future evolution 
scenarios. P. Peaudecerf, G. Farjanel, M. Garcfn (BRGM). 
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C. PROGRESS OF WORK 

State of advancement. 

The problems caused by the delay in signing the collaboration agreements between 
ITGE and the specialists contracted to carry out Tasks 2-4 and by the delay in the 
transfer of funds have now been solved. In spite of these problems. Task 1 has 
been completed and Task 5 is going according to the original schedule. The new 
completion date for Tasks 2 and 3 is November 1994. This will make it possible 
to carry out an additional fieldwork campaign during the Spring and Summer of 
1994. The timetable for Task 4 has not been modified because although the 
fieldwork foreseen for 1993 has been reduced, laboratory work has progressed at 
a faster pace than expected. 

Progress and results. 

Task 1: Synthesis of the environment in Spain over the last two million years. 

This task has now been completed. The report on "Paleoenvironmental evolution 
during the Quaternary in the context of Europe and Western Mediterranean 
regions", prepared by BRGM (B. Defaut and P. Peaudecerf) was completed and 
sent to the CEC in June 1993. The report contains 83 pages , including 29 figures 
and 2 appendices. An original methodology has been used for this summary, 
consisting of linking, wherever possible, the different external geodynamic 
phenomena to the associated bioclime, in order to provide the reader with a tread 
connecting the different phenomena considered and serving as a common 
denominator. 

The "Synthesis of the environment in Spain over the last two million years", 
compiled by D. Barettino (ITGE) and T. Torres (ETSIMM), has been completed 
during the last semester of 1993. The final document contains 473 pages and 
includes 110 figures and tables. The structure of the report consists of a series of 
subject-specific chapters written by specialists from different universities and 
public research organizations. It begins with a chapter dedicated to establishing 
and outlining the general chronological framework. Following this there are six 
major headings describing the evolution of the following aspects over the last two 
million years: sedimentation and morphogenesis, edaphic formations, neotectonics 
and vulcanism, the biosphere, mankind, exploitation of the land and climate. 

Task 2: Paleoclimatic and environmental study of Quaternary deposits in the Tajo 
Valley. 

The three field sites selected within the Tajo River Valley are shown in Figure 1. 
Work accomplished at each site is described below: 

- Talavera de la Reina Area: The geomorphological mapping of an area measuring 
500 km2 has now been completed at a scale of 1:50,000. Work has now begun 
on sedimentological analysis and sampling on terraces and deposits from lateral 
sources. The edaphocatena has been completed through the surveying of 24 
new profiles in new testing pits with 92 soil samples taken. Twenty four testing 
pits were sampled every 10 cm. for paleomagnetic studies. This type of studies 
give an indication on the amount and types of iron oxides (magnetite, 
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hematites, goethite, etc.) formed during the genesis of the soils which could be 
a potentially good paleoenvironmental indicator. Other samples were taken 
oriented, wi th a view to determining magnetic polarity and the direction of the 
magnetic components responsible for magnetization. Several archaeological 
deposits, from the Lower Palaeolithic found in the area, are currently under 
study. 

- Toledo Area: About 70 -80% of the 300 km2 area has been mapped and 
stratigraphic and sedimentological work has begun on the sector of the Valley 
located downstream from the city of Toledo. The most interesting edaphic 
sequence has been found in the Valdelobos sandpit, w i th a series of paleosoils 
from the Upper Pleistocene. Prospecting for vertebrates has provided good 
indications. Fossil remains have been found in two of the 11 locations sampled. 
Sampling for palynology studies has given excellent results. For the first time 
in these areas of the Tajo River there is the possibility of having pollinic 
sequences from the Upper and Middle Pleistocene. 

- Fuentiduena de Taio Area: Systematic reconnaissance and geomorphological 
mapping were initiated during the months of September and October. This work 
included sampling of sediments for prospecting of vertebrates at 5 locations. 

Task 3: Study and dating of travertines in Spain as a paieoclimatic and 
paleoenvironmental index. 

Work has progressed fundamentally in four of the selected areas: the karstic area 
of El Reguerillo and the travertinic areas of Rfo Blanco, Priego and Banolas. In 
addition, visits have been made to the following caves for paleontological 
sampling: Troskaeta (Ataun, Guipuzcoa), Santa Isabel (Arnero, Vizcaya), Pasada 
(Gueriezo, Vizcaya) and Picos de Europa area. (Figure 2). The current status of the 
work and the results obtained may be summarized as fol lows: 

- Cueva del Reguerillo and Karst of the Cerro de la Oliva: Seven samples have 
been taken for dating by means of the Electrospin Resonance method (ESR), 
and fifteen for dating wi th the Amino Acid Racemisation (AAR) method. Even 
though the results of these dating methods are still pending, some conclusions 
can be drawn from the interpretation of the information collected in this area: 

From a paleoenvironmental point of v iew, the deposits located on the first level 
of the Reguerillo Cave, (Figure 3) indicate a decrease in the volume of water 
f lowing through until finally the river Lozoya ceased to f low into the Reguerillo 
Cave. The important process of settling that then occurred may be related to 
drainage of the karstified massif whose local base level progressively sunk. The 
speleothemes correspond to deposits laid down during warm wet periods wi th 
periods of drought interrupting their growth. Later the infiltration in the 
karstified massif increased but wi thout any important increase in the level of 
surface f lows, until finally there is an important increase in f low causing at least 
t w o paleofloods. 

With the information currently available, it may be stated that the fluviokarstic 
deposits of the Ponton de la Oliva initiated sometime between the normal Gauss 
Magnetozone and the reverse Matuyama Magnetozone, at topostratigraphic 
position of + 1 4 5 m above the present Lozoya river bed. Between the Lower 
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and Middle Pleistocene they were located at topostratigraphic position of 
+ 40 m. (dated wi th fauna). This leads to the conclusion that at the end of the 
Pliocene, fluvial incision had already been initiated and that the Lozoya river bed 
descended 100 metres in 1 million years. 

- Prieqo Area (Cuenca): The f ieldwork and the isotopic analysis has now been 
completed. Work is now being carried out on interpretation of all these data. 
There are seven levels of terraces, the lowest one was formed during the late 
Wiirm-Holocene, and the next terrace in the Eem (Riss-Wurm interglacial). Five 
samples have been taken for AAR dating and six for dating by means of ESR 
techniques. 

- Rib Blanco Area (Soria): Both the f ieldwork and the isotopic analysis of 95 
samples have now been completed, the results of the latter now being 
available. Work is now being carried out on correlation between the isotopic 
data w i th the environmental interpretation derived from field sedimentology and 
analysis of seventy thin sections. The first palynological analyses have been 
received. T w o samples have been taken for AAR dating and seven for dating 
by means of ESR. 

- Banolas Area (Gerona): The f ieldwork has now been completed. Three hundred 
samples have been collected from one borehole (130,000 BP-present), one 
hundred of which have been sent for isotopic analysis. Three samples were 
taken for AAR dating and seven more for dating by means of ESR. Dr. David 
Brusi of the University of Tarragona has joined the project and has provided 
columns and samples of the area from his recently submitted Doctorate Thesis, 
from which twenty - two samples have been taken for isotopic analysis. 

- Other Areas: Several sites w i th remains of Ursidae have been visited to collect 
samples for ESR dating, (Troskaeta, Santa Isabel and La Pasada). One hundred 
samples have been sent for dentine carbon and oxygen isotope analysis. 

Task 4: Climatic reconstruction of the last thousand years in Spain on the basis 
of dendrochronological series. 

Figure 4 shows the spatial distribution and current situation of each of the 
available chronological series, and reflects the larger number of synchronized 
chronologies at both local and regional level. In total there are 13 series now ready 
for standardization and continuation of the reconstruction process. 

Up to date, the data collected indicates that the most significant variables as 
regards to the relationship between climate and growth are: in the North-Western 
area (Rogueira), the Summer temperatures (June to September) tend to be most 
significant, while in the central mountain chain (Navacerrada and Cuenca) the most 
significant variables are Spring and Summer rains. In the area of the Iberian massif 
(Soria) both variables are outstanding, w i th Summer rainfall and Autumn 
temperatures being those w i th the greatest influence. 
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Task 5: Paleoenvironmental reconstruction and construction of future evolution 
scenarios. 

One of the objectives of this task is the paleoenvironmental reconstruction of a 
paleosite during the last 120,000 years. The paleosite chosen is located in the 
Tajo River Basin, near the Jarama River (Figure 1). Expect, an expert system 
developed by BRGM, is being used for this purpose. 

The methodology used in the reconstitution is as fol lows: 1) Identification of the 
relevant geological phenomena that have acted at the paleosite during the last 
120,000 years. 2) Conceptual model. 3) System simulation. 4) Model calibration. 
Up to date, phases 1 and 2 are almost completed and phase 3 has just begun. 

The most relevant geological phenomena considered at the paleosite are: 

- On a large scale the phenomena considered are sea level f luctuations caused by 
freezing and melting of glaciers worldwide and annual mean temperature 
variations. 

- On a regional scale, the Jarama River, a Tajo River tr ibutary, appears to have 
had an important role in the morphogenesis and evolution of water courses. In 
addition, the Jarama River is a discharge zone. All these factors have weighed 
heavily in the consideration of the geologic phenomena at the paleosite, some 
of which are shown schematically in Figure 5. 

List of Publications. 
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Comunicacion presentada en la XV Sesion Cientffica de la Sociedad Geologica de 
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Sociedad Espafiola de Paleontologfa. 

Defaut, B. and Peaudecerf, P. (1993): "Paleoenvironmental evolution during the 
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REGUERILLO CAVE 
AND PALEOSITE 

♦ M O N T E S D E T O L E D O 

Areas de trabajo en el Valle del Rfo Tajo. LEYENDA. (1) Precambrico y Paleozoico, (2) Mesozoico, (3) Cenozoico, (4) Zonas Seleccionades, (5) Rfos Perennes, 
(8) Núcleos urbanos. 
LEGEND. (1) Precambrian and Paleozoic, |2| Mesozoic, (3) Cenozoic, (4) Areas of Quaternary fields works in Tajo River Valley, (5) Perennial Rivers, (6) 
Towns. 

Figure 1 . Field sites for Task 2. Paleosite and Reguerillo Cave locations 
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Figure 2 . Field sites for Task 3. 



Cross - Section 

CUEVA DEL REGUERILLO 
(Perspectiva) 

CROSS SECTION 

A: Karat development during tha lata Cenozoic, under "covered karst" conditions and phreatic functioning. B: First 
karat deactivation and almost immediate capture of "Poleo Lozoya River". Karst functioned under vadose 
conditions. Allochthonous deposits. Upper Pliocene. C: Sedimentation break (staiagmitic floor) containing Plio-
Pleistocene boundary (Matuyama inverse). D: Local reactivation of this part of the karst under vadose and 
autochthonous conditions. E: Thick staiagmitic floor (stalagmites too). F: Large fluviokarstic (allochthonous) 
reactivation, older stalagmites were eroded. G: Latest staiagmitic deposition after general retouching of preceding 
cava infill. 

Figure 3. Reguerillo Cave. Cross section. 
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Synchronized Chronologies Chronologies to be Synchronized 

1 . Invernadeiro. 2 . Ancares. 3 . Penahorcada. 4 . Riscopol 
5. La Penota-Molinos. 6 . Siatepicos. 7. Torretón. 
8 . Tierramuarta. 9 . Covaleda. 10. Vinuesa. 1 1 . Cazorla. 
17. Rogueira. 18 . Penarroya. 

12 . A l to Tajo. 13 . Boquerón. 14. Larra. 
15 . Aigues Tortes. 16 . Filabres. 19. Andrinal. 

Figure 4. Field sites for Task 4. 
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Figure 5. Conceptual model of Paleosite. 
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WATER FLOW AND SOLUTE CONVECTION THROUGH FRACTURED ROCK 

Contractor: United Kingdom Nirex Ltd 
Contract.No: F12W/0078 
Duration of Contract : February 92 - December 93 
Period covered January to December 1993 
rroject lcadci . Ms A k Liuleboy 

A. OBJECTIVES AND SCOPE 
The scope of this project is to show that the experimental and theoretical 

methods, which have been developed for field measurements at research sites in 
Cornwall and for long term prediction of water flow and radionuclide transport in 
fractured rocks, can be used at Sellafield to investigate the suitability of this site for 
waste disposal. 

The objectives are 
to quantify the extent to which water movements through the fractured 
basement rocks at Sellafield occur by flow through large numbers of small 
fractures amenable to statistical description, as opposed to permeation 
throughout the bulk of the rock and/or flow through only a few large faults; 
in the case of flow through many small fractures, to prove that the fracture data 
for both flow and transport required for site assessment can be obtained by the 
methods developed for Nirex at the Cornish research sites; 
to provide at an early stage in the work at Sellafield, experience and guidance 
in the use of these methods in the site investigation. 

B. WORK PROGRAMME 
1. Drill core and hole logs will be examined to determine the depths, orientations 

and average spacing of fractures expected to take flow. 
2. Double packers with a spacing less than this average will be used to make 

steady flow measurements contiguously down the hole. 
3. If only a few (< 1 in 3) tests give measurable flows, it will be assumed that 

most of the flows will have been into single fractures and the packer spacing 
will be accepted as suitable. If more tests give flows, the spacing will be 
reduced, if possible until the foregoing condition is satisfied. 

4. Assuming that most flows are in single fractures, tests to determine the 
distribution of fracture conductivities as accurately as practical will then be 
made. 

5. These data will be used in the stochastic, discrete fracture flow code NAPS AC 
to predict flows into long pressurised lengths of the hole with many fractures. 

6. Corresponding measurements with double packers will be made to prove these 
predictions. 

C. PROGRESS OF WORK AND OBTAINED RESULTS 
State of advancement 
A testing methodology for the transmissivity of fractures in the Sellafield 

basement rocks has been proposed and independently reviewed for suitability against 
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the requirements to provide input data for the NAPS AC fracture network code. It is 
anticipated that the necessary fieldwork will be carried out in 1994. 

Progress and results 
The first task has been to define a methodology for determining the 

transmissivity of individual fractures in the Borrowdale Volcanics Group basement 
rocks at Sellafield, with the objective of providing input hydrogeological data for the 
stochastic fracture network code NAPS AC, which is to be used in the long-term 
prediction of water flow and radionuclide transport. This will be an essential input to 
the assessment of the performance of a waste repository at Sellafield. The NAPSAC 
code has been under development for a number of years, and has been extensively 
tested at the Cornish research sites. 

A methodology considered appropriate to testing the Sellafield basement rocks 
has been proposed, and has been independently reviewed. Two possible packer 
systems have been proposed, one a development of the wireline double packer system 
used at the Cornish site, the other a basically similar commercially-available system. 
The review has compared these in terms of their likely suitability and costs, together 
with general operational factors including sheathing of cables and hydraulic lines, and 
the importance of commissioning the tool under appropriate conditions. The review 
has considered the choice of borehole in which the work might be carried out. 

Whichever system is chosen, the programme will involve isolating each fracture 
in the selected borehole individually by means of the double packer system. It is 
envisaged that the system will be configured with a constant length test zone 
throughout the programme. Based on currently-available data on fracture spacings, a 
test zone of approximately one metre is proposed, the packer system to be located such 
that the fracture to be tested is in the middle of the zone. 

The details of the test procedure are dependent on the design of packer system, 
not yet finalised, and on the actual transmissivities found. In general, the methodology 
for determining lower transmissivities, quantitatively down to 10"11 mV1, and 
qualitatively down to 10~12 mV1, is the pulse test, in which the pressure in the test zone 
is instantaneously raised or lowered, and the pressure decay then monitored as a 
function of time. At transmissivities greater than 10"9 mV1, where leakage to the 
formation would become significant during application of the pulse, a constant rate of 
injection or withdrawal technique is used. 

The major flowing fractures in the Sellafield BVG have transmissivities up to 
10"6 mV1, but for this programme the interest is in fractures carrying lower flows, 10"8 

mV1 and below. The prime purpose of the review has been to consider the suitability 
of the test techniques and procedures for the measurement of fractures of these 
transmissivities, in particular those at the low end of the range, down to 10"11 

m2s-1 and below. This will determine the strategy defining the borehole conditions and 
equipment that are required. 

The delay in initiating the fieldwork has arisen from the need for sufficient 
assurance that the equipment specification and choice of borehole would be appropriate 
to the task. An extension to the contract to the end of 1994 has been requested, which 
should allow a generous contingency against any further delays in conducting the 
fieldwork. 
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GEOCHEMICAL VALIDATION OF SOLUTE RESIDENCE TIMES: REVIEW AND 
COMPARISON FOR VARIOUS GEOLOGICAL ENVIRONMENTS 

Contractor United Kingdom Nirex Limited and NERC.BGS 
Contract N° : F12W/0092 
Duration of contract 
Period covered 
Project leader 

from 1 April 1992 to 31 March 1995 
January 93 - December 93 
Dr P J Hooker (UK Nirex - Coordinator) 
Dr R Metcalfe (NERC.BGS) 

A. OBJECTIVES AND SCOPE 
The scope of the project is to assess the uses of geochemical and isotopic 

techniques in the estimation of groundwater movements over the long time-scales 
appropriate to the disposal of radioactive waste in various and 'reference' 
hydrogeological environments. The objectives are: 

to compile relevant geochemical data for various European hydrogeological 
environments from different sources; 
to review the validity of these data under the various hydrogeological and 
geochemical conditions and their consistency with hydrodynamic information. 
The review will highlight the contrasts between the geological and hydrological 
histories of the various European locations (e.g. structure, tectonics, 
permeabilities, climate etc); 
to assess the concept of 'reference' hydrogeological environments to illustrate 
principles, features and limitations of groundwater residence time estimations; 
to identify specific data needs, 'gaps' and uncertainties. 

B. WORK PROGRAMME 
1. Review of the literature for methods and data for estimating solute and 

groundwater residence times in various hydrogeological environments. 
2. Discussions and collaboration with appropriate European research groups 

concerned with radioactive waste repository investigations and groundwater 
tracer techniques. 

3. Gaining new data from measurements in European laboratories on samples from 
(a) investigations being carried out by UK Nirex Ltd., if available, and (b) 
other appropriate groundwater systems. 

4. Reporting on the different stages of work as they are completed. The expected 
reports comprise two review reports, a progress report on new data and a final 
report. 

C. PROGRESS OF WORK AND OBTAINED RESULTS 

State of Advancement 
In 1993, the work programme has mainly been focused on completing the 

review of the scientific basis of each geochemical and isotope method used for 
estimating groundwater residence times. The first review report on methodologies has 
been submitted for approvals. It outlines for each method the systematics and 
assumptions, the sampling techniques and precautions, the analytical procedures, the 
applications and interpretation and limitations. The necessity for an integrated strategy 
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of estimating groundwater residence times for a hydrogeological system associated with 
a geological site for radioactive waste disposal is evident from the review. A library 
search for relevant papers in the literature produced about 350 references which have 
been entered into a database in Endnote™. A printout forms an appendix to the first 
review report. In 1994 a second review report will be produced on a selected number 
of hydrogeological case studies involving different rock types. This will include a 
review study of the Triassic clastic aquifers in the Paris Basin by BRGM. A study of 
sediment pore waters from Wast Water lake near Sellafiel' was initiated as a sub-
project. 

Progress and results 
1. Review of the literature for methods and data 

A report has been produced in draft, and is awaiting final approvals. It is the 
first in a series of reports which together are aimed at assessing the uses of 
geochemical and isotopic techniques in the estimation of groundwater movements over 
the long time scales appropriate to the disposal of radioactive wastes. The aim of this 
report is to begin this assessment by reviewing all the various methods which are 
available for estimating the residence times at a variety of temporal scales. The 
approach has been to evaluate the concept of 'solute residence times' and then to 
review published work on each of the chemical and isotopic systems which may be 
used in estimating such times. During this process a bibliographical database has been 
maintained and this is presented as an appendix to the report. It includes 350 
references entered into a database in Endnote™. 

The concept of solute residence time links the concentration of a solute in an 
aquifer to the rate of solute input to, and removal from, that aquifer. The duration of 
solute residence is dependent upon the nature of the solute, with conservative solutes 
such as chloride having longer relative residence times than the more reactive solutes 
which are sorbed or precipitated from the groundwater. Therefore, there is no 
'system' residence time and it is necessary to evaluate residence times for as many of 
the solutes present in a groundwater as possible in order to interpret the history of that 
water and ultimately to estimate a time since it entered the rock system of interest. 

The various methods available for estimating solute residence times may be 
divided into two groups: 1. those which allow estimates of absolute times; and 2. those 
which are of indirect value in estimating residence times and which allow estimations 
of relative residence times. The applicability of a given method is in turn dependent 
upon the nature of the solute, with methods of the first type being applicable only to 
solutes which have a known and invariant time-dependent property such as radioactive 
decay, associated with them. Methods of the second type are applicable where the 
general nature of the processes controlling addition or removal of a solute to or from a 
groundwater are known, but where the rates of these processes are not predictable. 
For example, in silicate aquifers CI is relatively unreactive and hence conservative, so 
that it will tend to have a longer residence time than Na, which may interact 
significantly with silicates during processes such as the albitisation of feldspars and 
cation exchange with clays. Additionally, there is a group of techniques which are of 
intermediate character, in that they allow limits to be placed on residence times but not 
absolute numerical values. For instance, the use of tritium falls into this category 
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since the presence of tritium abundances greater than c. 25 TR (tritium ratio) indicates 
a groundwater 'age' of less than c. 30 years. 

The report is divided into sections, each of which reviews the principles, 
applications and limitations associated with estimating the residence times of solute 
components in one chemical system. The techniques which may be used to estimate 
absolute residence times are considered first, followed by techniques which are more 
qualitative. Thus, radioactive isotopes are considered initially, with those which are 
produced predominantly in the atmosphere (3C,14C, 36C1, 129I) being considered before 
those which are produced predominantly in the subsurface (4He, 78Sr, U-series). 
Techniques which employ noble gases make use of isotopes which fall in both of these 
categories and are considered in between techniques which use atmosphere-generated 
and subsurface-generated isotopes. 

The qualitative techniques are divided into those which employ stable isotopes 
(160, 180, 'H, 2H, 10B, n B, 12C and 13C) and those which employ a solute property such 
as solubility (CI, CFCs etc). The use of oxygen and hydrogen isotopes is of special 
significance since the concentrations of these in a groundwater solution are dominated 
by their abundances in the solvent (water). Therefore, a study of these isotopes in 
addition to the various solute parameters often enables a relationship to be established 
between the origins of the water and the residence times of its solutes. 

The review concludes that an integrated interpretation of all available physical 
and chemical data for a given groundwater is necessary in order to estimate the 
residence times of solutes and the 'age' of a groundwater. Furthermore, there is no 
'best' method by which to estimate a groundwater 'age' and all available methods must 
be applied together. However, for any given study some methods will give more 
appropriate 'ages' than others, although the relative merits of the different dating 
techniques will depend upon the particular groundwater-rock system which is under 
investigation and the nature of the problem being addressed. For these reasons it is 
perhaps more appropriate to develop groundwater dating strategies rather than 
groundwater dating methods. 

In 1993, a second review task was initiated dealing with data from a selected 
number of hydrogeological case studies involving different rock types. Some case 
studies have already been described e.g. the Chalk system in southern England, the 
Lincolnshire Limestone of eastern England and the fractured crystalline hydrogeologies 
at Stripa, Sweden, and Carnmenellis granite in Cornwall, and sites in norther 
Switzerland, Canada and the USA. 

2. Collaboration with appropriate European groups. 
Dr J M Matray (BRGM Orleans) has been commissioned to produce a review 

of the Upper Triassic clastic aquifers of the Paris Basin. There are parallels with the 
Sherwood Sandstone aquifers in the UK. This complements the second UK review 
task referred to above. 

3. Gaining new data. 
The proposal to sample and analyse the pore waters of lake sediments from 

Wast Water, near Sellafield in England, in order to confirm the process of 
groundwater feed into the sediments from the underlying granite rocks has been 
approved and permissions have been granted for appropriate sediment cores to be 
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collected from Wast Water. New measurements on the pore waters in 1994 should 
illuminate the nature of the groundwaters from the granitic basement; these same 
waters may be present in the zone of the proposed deep repository nearby. 

4. Reporting. 
The first review has been submitted for approvals to print. The second review 

report on case histories in different and mainly European hydrogeologies is in 
preparation for submission in 1994. 

List of publications 
M B Crawford, W G Darling, P J Hooker and R Metcalfe (in press). Geochemical 
validation of solute residence times: a review of the scientific basis for dating 
groundwaters. British Geological Survey Technical Report WE/93/4. 
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Title: DECOVALEX project: modelling of thermo-hydro-mechanical behaviour 
for granite rocks 

Contractor: CEA/IPSN 
Contract n°: FI.2W-0111 
Duration of contract: 3 years (from January 1st, 1992 to December 31st, 1994) 
Period covered: 1993 (2nd year of contract) 
Project Leader: J.CI. GROS, CEA/IPSN 

A. OBJECTIVES AND SCOPE 

The objective of DECOVALEX project, (international co-operative project for the DEvelopment of 
COupled models and their VAIidation against Experiments in nuclear waste isolation), is to increase 
the understanding of the various coupled thermo-hydro-mechanical processes of importance for 
radionuclides release and transport, from a repository to the biosphere and how they can be described 
by mathematical models. 
This project has launched in 1991 by the Swedish Nuclear Power Inspectorate (SKI), and include nine 
funding organizations and one funding party, (CEC). 
The work presented in this report concerns the 1st phase and part of the 2nd phase of the 
international DECOVALEX project. 
The DECOVALEX project is composed in its first phase, (October, 1991 to September, 1992) of two 
bench mark-tests and one test-case. The first bench mark-test, (BMT.1) is a far-field study of a 
fractured rock mass, the second one is a near-field study of a reduced number of fractures, (BMT.2), 
and the test-case study the real behaviour of a single fracture, (TC.1). 
In its second phase, (October, 1992 to September, 1993), the project is composed of one bench 
mark-test and two test-cases. The bench mark-test is a near-field study of a very fractured rock mass, 
(BMT.3), the two test-cases respectively concern the behaviour of a single fracture, (continuation of 
TC.1) and the thermo-hydro-mechanical experiment of Fanay-Augeres, (TC.2, phases 2 and 3). 
Results presented in this report concern the first bench mark-test BMT.1 "Far-field model", the second 
test-case (TC.2) "Fanay-Augeres THM experiment", and a short exercise: "Booker & Savvidou's 
analytic solution" prepared by AECB, Canada. 

B. WORK PROGRAMME 

1- Bench mark-test n°1 (BMT.1) "Far-field THM model": 
This bench mark-test is proposed by M. Durin, (CEA/DMT, France) and by H. Baroudi, (INERIS, 
France). This two-dimensional bench mark test is designed to simulate the THM processes in a large 
jointed rock mass with a repository located at a depth of about 500 meters. The objective of this test 
is to examine the thermal, hydraulic and mechanical effects of the repository on its far-field 
environment. 
The model measures 3000mx1000m. The rock mass is made of an elastic rock cut into numerous 
blocks by two sets of orthogonal fractures, (figure n°1). A non uniform hydraulic head is imposed on 
the lateral boundaries and at the bottom. The heat flux from the repository is assumed to decrease 
exponentially with time. 
A constant initial temperature is specified within the model, including the top surface. 
The better approach to model the fractured rock mass is to represent each of the fractures: this is the 
discrete approach. One method has used within this approach: the Finite Element Method (FEM) in 
which the blocks are discretized by means of standard continuum finite elements, and the 
discontinuities by means of joint. A purely quasi-static version of the equilibrium equations is used for 
the mechanical aspects. 
Three computer codes based on the discrete approach, and developed by the Ecole Nationale 
Superieure des Mines de Paris, were tested: 

- CHEF, to thermal analysis, 
- HYDREF, to hydraulic analysis, 
- VIPLEF, (visco-plastic model), to mechanical analysis and couplings. 

- 4 1 8 -



These three codes were developed by the Ecole Nationale Sup6rieure des Mines de Paris. 
A joint-element taking into account both a thermo-hydraulic approach by a quadratic estimation of the 
density, the viscosity and the temperature of the fluid, and a hydro-mechanical approach by a 
quadratic estimation of the joint aperture, was added to the HYDREF code. 
The final report of the bench mark-test n° 1 was issued in June, 1993. 

2- Fanay-Augeres THM experiment, (TC.2) 
This experiment has been carried out by the CEA/IPSN, from 1985 to 1988, with the financial support 
of the CEC. This is the CEA/IPSN proposed test-case n°2 (TC.2) for phases 2 and 3 of the 
DECOVALEX project. 
The aim of this experiment was to study the effects of the heating on fractured and unsatured granite 
rock mass, and to validate and improve computer codes. The laboratory was located 100m below 
surface in the Fanay-Augeres uranium mine worked by COGEMA. 
Rock mass investigated for the experiment, comprised a volume of granite 10mx10mx5m thick 
serving as the base of the experimental laboratory, (figure n°2). 
The work programme of TC.2 is as follows: 

- development of tridimensional hydro-mechanical joint taking into account the thermal 
variations of the rock environment. The discontinuities are modeled using special joint finite 
elements, 

- determination of principal characteristics of fractures for joint modeling, 
- geometric definition of discontinuities allowing mesh of fractures by finite elements method: 

geometry, aperture, roughness, mechanical parameters of fractures, 
- hydraulic description of fractures: channelling and connecting, 
- thermo-hydrological coupling taking into account heat transfer by convection, 
- search of tension behaviour laws in compression and in shearing taking into account the 

displacement of the rock matrix, 
- search of the connection between stress-strain and mechanical aperture - hydraulic aperture 

for mechanical behaviour modeling. 

3- Modeling of thermo-hydro-mechanical coupled phenomenon in continuum medium: Booker & 
Savvidou's analytic solution. 

- Development of a new coupling methodology for modeling consolidation phenomenon, in 
saturated porous medium, 

- Validation of coupling between three codes, (CHEF, HYDREF, VIPLEF). 

C. PROGRESS OF WORK AND OBTAINED RESULTS 

• State of advancement 
1- Bench mark-test n°1 (BMT.1): "Far-field THM model" 
We chose to model the rock mass by a discrete approach, i.e. by representing all the blocks and the 
discontinuities. 
Three two-dimensional finite element codes were used by the Ecole Nationale SupSrieure des Mines 
de Paris, (ENSMP) for the BMT.1. 
The following hypothesis have been made: 

- the blocks are impervious (zero porosity and zero permeability), and the water is flowing 
only in the discontinuities of the rock, 

- convective heat transfer in the discontinuities is neglected, 
- the discontinuities are modeled using special finite elements joint, 
- for the mechanical behaviour, the joint opening can be positive or zero, but never negative. 

Blocks are not allowed to interpenetrate. 
This bench mark-test finished in 1993. Publication of the results, in the" International Journal of Rock 
Mechanics and Mining Sciences & Geomechanical abstract", is in progress. The aim of this paper is 
to compare the results obtained by two approaches in modeling the THM response of the fractured 
rock mass: the discrete approach and the continuum one. 

2- Fanay-Augeres T.H.M. experiment (TC.2) 
Most of the time used for this study was dedicated to the hydraulic description of fractures and to the 
development of tridimensional hydro-mechanical joint taking into account the thermal variations of 
the rock. This test-case will be carried out in 1994. 
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3- Modeling of thenmo-hydro-mechanical coupled phenomenon in continuum medium: Booker & 
Savvidou's analytic solution. 
The aim is to develop a coupling methodology for modeling consolidation phenomenon in infinite and 
elastic saturated porous medium, around heating cylinder. This exercise was carried on the second 
half-year 1993. 

- Progress and results 
1- Bench mark-test n°1 (BMT.1): "Far-field THM model" 
The study of the BMT.1, modeling by discrete medium allows to distinguish three zones: 

- above disposal: shearing along joint facing at 60°; normal aperture and sometimes 
important aperture of fractures facing at 150°, 

-near disposal: dilation of blocks and closing of joints during the first 100 years, then return to 
normal conditions with little fluid flow. 

- the other parts of the model have continuum medium behaviour with no influence on the 
water flows. 
The most important influence of the disposal on the host-rock takes place in the 430m between the 
disposal and the surface. Important perturbations are observed: displacements, stresses variations, 
increase of permeability between the storage and the surface. The influence of disposal on the rock 
brings about serious damage as far as 500 years. After 500 years, the heat anomaly will be smaller 
and also less localized. 
Figures n° 2, 3 and 4, show some results of this exercise. 
The thermo-hydro-mechanical coupling shows the critical influence of hydraulic effects which 
drastically increases strains and fluid flows, and the irreversible perturbations near the disposal zone. 
The bench mark-test n°1 (BMT.1) has shown the importance of joints on the rock mass behaviour, 
with regard to the mechanical effects, (rock blocks rotation, moving locking, important aperture of 
joints...), and with regard to the hydraulic effects, (flow perturbations around the disposal zone, flow 
cancelling in some joints by rotation and closing of blocks...). 
The introduction of a joint element in blocks finite elements calculations, was proved efficient 
Some restrictions for discrete approach appears: 

- the numerous joints induce a long time of calculations, 
- the joints hydraulic model where the flow is a fonction of cubic aperture induce a great 

variation of flow for a little aperture variation of fracture. 
- in the bidimensional model, the fractures system is prolonged indefinitely in the third 

dimension. It's necessary to use a three dimensional model to have a more realistic approach. 

2- Fanay-Augeres T.H.M. experiment, (TC.2) 
Most of the time used for this study was dedicated to the development of tridimensional hydraulic joint 
to take into account the connecting of fractures system and the initial shape of deforming blocks. 
The principal idea is to uncouple thermical calculations as in the BMT.1 exercise. 
The essential thermal phenomenon is the wastes disposal heating. Convection is neglected. 
The objective of the study is to resolve a tridimensional problem by hydro-mechanical coupling in 
joint, taking into account the temperature, with regard on mechanical phenomenon, (modification of 
rock characteristics, thermal behaviour), and with regard on hydraulic phenomenon, (modification of 
water characteristics). 
We mean to do calculations as follows: 

- temperature calculations, 
- displacements and stresses calculation to infer the hydraulic aperture of the fractures, 
- flows and pressures calculation, 
-stresses modifications caused by the introduction of pressure in the joints, 
- looping of the calculations as far as results stabilization. 

3- Modeling of thermo-hydro-mechanical coupled phenomenon in continuum medium: Booker & 
Savvidou's analytic solution. 
The three bidimensional codes, VIPLEF, HYDREF and CHEF, based on the finite elements method, 
can be associated for a thermo-hydro-mechanical calculation in a saturated porous medium. If the 
temperatures story is known, the hydro-mechanical coupling is completely carried out: effect of pore 
pressure on stresses and effect of stresses on water drainage out of the saturated medium. 
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This coupling is possible by an iterative process between HYDREF and VIPLEF. This process 
converge rapidly and give good results which are compared with an other well known analytic 
solution. 
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Figure 1: DECOVALEX - Far-field THM model (BMT.1): model geometry, fracture sets and boundary 
conditions 
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Figure 2: DECOVALEX - Far-field model - d = 100 m 
Isothermal contours - Time t = 50 years - T max. = 392 °K 
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Figure 3: DECOVALEX - Far-field model - d = 100 m 
Displacement vectors - Time t = 200 years - D max =141.03 mm 
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Figure 4: DECOVALEX - Far-field model - d = 100 m 
Flow velocity - Time t = 150 years - V max = 15563.42 m/y 
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Tit le: Participation to the International cooperative project for the 
DEvelopment of COupled models and their VALidation against 
Experiments in nuclear waste isolation  "DECOVALEX" 

Contractors : (1) Agence Nationale pour le gestion des Dechets RAdioactifs 
(ANDRA)  France 

(2) Commissariat a I'Energie Atomique (CEA) 
Direction des reacteurs Nucleases  Departement de Mecanique et 
Technologie 
 Service d'Etudes Mecaniques et Thermiques  France 

(3) INERIS 
Groupe Geotechnique et Atmosphere Industrielle  Laboratoire de 
Mecanique des Terrains  Ecole des Mines de Nancy  France 

(4) United Kingdom Atomic Energy Authority (AEA) 
Theorical Studies Department  AEA Decommissioning and Radwaste 
Harwell Laboratories  United Kingdom 

Contract n° : FI2WCT91 113 

Duration of contract : November 1991 to October 1994 

Period covered : 1993 

Project leaders : F. PLAS (ANDRA: Coordinator), M. DURIN (CEA), 
H. BAROUDI (INERIS), A.H. HERBERT (AEA D&R) 

A/OBJECTIVES AND SCOPE 

HydroThermoMechanical processes in jointed rock is very difficult task to treat but may 
be of importance in nuclear waste performance assessment. This called for an international 
cooperation in peer review for code developers, to develop a data base and to provide 
benchmark tests and test cases of HTM processes. So DECOVALEX was born as an 
international coordinated project for three years (19911994) dealing with the study of 
coupled hydrothermomechanical modelling processes in fracturated rock and associated 
computer codes /1//2/. The objectives of DECOVALEX are listed below. 

 To support the development of codes for THM modeling. 
 To investigate and apply suitable algorithmes for THM modeling. 
 To investigate the capabilities of different codes to describe recent laboratory experiments 

and to perform code verification. 
 To compare theory and model calculations with results recent field experiments. 

The aim of the CEC contract FI2WCT91113 is the participation of European research 
teams to the international DECOVALEX project. In order to increase the understanding of 
the various coupled THM processes in fractured hard rocks, three laboratories developing 
specific modeling concept are collaborating for this contract with the coordination of 
ANDRA: 

»• CEA/DMT using the equivalent porous media modeling concept with CASTEM/TRIO 
codes, 
► INERIS using the discrete block network modeling approach with UDEC code, 
►• AEA D&R using the discrete fracture network modeling approach with NAPSAC code. 
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B/WORK PROGRAM 

The DECOVALEX programme is composed for the following main phases: 

Phase I (October 1991 - # march 1993) 

Three exercices were defined: (1) Bench-Mark Test 1, called "Far field model" proposed by 
CEA/DMT and INERIS, (2) Bench-Mark Test 2, called "Multiple fracture model" proposed 
by AECL (Canada), and (3) Test Case 1, called "Coupled Stress-Flow model" proposed by 
NGI (Norway) 121. 

Phase II ( # march 1993 - October 1993) 

Two exercices were defined: (1) Test Case 2.1 as a revision of Test Case 1 of phase I and 
(2) Bench-Mark Test 3, called "Near field model" proposed by ANDRA, CEA, INERIS, AEA 
R&D and NGI /2//3//4A 

BMT3 is to simulate the processes in a fractured rock mass and improve the modelling 
approach to be applied to a tunnel above a heater in a repository. Three sequences are 
distinguished : Sequence 1 : Initial hydromechanical equilibrium, Sequence 2 : Excavation 
of a tunnel, back to a new hydromechanical equilibrium, Sequence 3 : Thermal loading 
while the tunnel is opened. The tunnel is located at 500 meters depth. The model measures 
50 m x 50 m around the tunnel. The initial fracture network comes from Stripa data and 
contains more than six thousand discontinuities (figures 1 and 2). 

Each research team involved may use any approach (continuum, discontinuum, other...) 
and make any simplification needed to solve the problem. But the modeling process must 
be clearly defined. 

Phase III ( # November 1993 - December 1994) 

C/ PROGRESS OF THE WORK AND OBTAINED RESULTS 

State of advancement 

Two DECOVALEX workshops were taking place in 1993 : 2nd workshop on march 1993 
at Laurence Berkeley Laboratory, Berkeley, United States /3//4/, and 3rd workshop on 
October 1993 at PNC Tokai works and Tokio, Japan /5//6/. 

The phase I of DECOVALEX is now closed and CEA/DMT treated the BMT1 while INERIS 
treated the BMT1 and the BMT2. The final report of phase I was available in June 1993 121, 
but all the results and the first comparisons were presented and discussed at Berkeley. At 
this occasion it was decided to produce synthesis of each exercice for a special issue of 
International Journal of Rock Mechanics. These synthesis will have to be done by the 
research teams who defined the exercice. CEA/DMT was designed as the responsable for 
the BMT1. 

The phase II of DECOVALEX started on march 1993. An officicial dead line is provided on 
October 1993 but some works will probably continue on 1994. For this phase CEA, INERIS 
and AEA R&D are only treating the BMT3. 
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Exercices for phase III were presented and discussed in Japan. They include: TC2 
(Fannay-Augere Field test) proposed by CEA/IPSN, TC3 (BIG-BEN experiment) proposed 
by PNC, TC4 (Triaxial Test of jointed rock cores) proposed by STUC, TC5 (Direct shear -
flow test) proposed by NRC and TC6 (Borehole injection test) proposed by KTH/SKI. 
INERIS, CEA/DMT and AEA R&D declared intentions to study respectively TC2 and TC6. 
No decision regarding CEA and INERIS was made in 1993. 

Progress and Results 

Phase I 

All the results obtained with the original reference boundary conditions were presented at 
Berkeley. First comparisons revealed that in fact it was difficult to compare properly the 
results because all the teams didn't use similar boundary conditions. In particularly School 
of Mines of Paris changed the hydraulical heads at the top of the model in order to avoid 
a effect of Archimede upward thrust on blocks. By the way basic comparison of models and 
codes (numerical methods) appeared insuffisant and had to be studied thoroughly. That's 
why it was decided to define new hydraulic boundary conditions that could be acceptable 
by all the modeling approach and then to make new computations, only for the case of 100 
meters fracture spacing. 

The new modeling results were presented in Japan. Except those of Hazama research 
team (Japan) all computations are consistent and already give same orders of magnitude 
for temperatures, stresses and displacements. The comparison of hydraulic heads and 
water fluxes is more difficult. Studies are still going on and a first synthesis is provided at 
the beginning of 1994. 

Phase II 

a- CEA/DMT /8/ 

As CEA has done previously for the BMT1 Benchmark test, this team used a continuum 
approach, but one that is based on a fully coupled set of hydromechanical equations, taking 
into account the mechanical effects of pressure variations and the hydraulic effects of stress 
variations, among other processes. The coupled continuum equations can be summarily 
described as a combination of Darcy's law, and Biot's poro-elasticity equations, and 
classical conservation equations. The constitutive laws are being cast in their most general 
anisotropic form. The continuum coefficients to be used in the constitutive laws are 
determined based on a homogenization approach specifically developped for fractured 
rocks, an adaptation from Oda 1986, and other works. 

CEA analysed the discrete fracture network data, and the resulting equivalent permeability 
tensor (scale dependence and spatial variability). As regards to teh REV scale, the 
'Representative Elementary Volume' may be a square no smaller than 15 x 15 m. At the 
scale of the domain, the equivalent hydro-mechanical coefficients are necessarly constant 
in space. Indeed the equivalent medium is mechanically non-orthotropic and hydraulically 
anisotropic. 

Then two basic simulations at the scale of the domain have been considered, both with 
spatially constant material properties: 

(1) The case of an isotropic material of reference, not formally homogenized; 
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(2) The case of a non-isotropic, non-orthotropic material, with equivalent tensorial 
coefficients calculated by homogeneization at the domain scale (50 m scale). 

When results of case (1) were compared with results of case (2) for the excavation phase, 
the effects of anisotropy of the rock-mass were clearly seen on the pore pressure 
distributions (figure 3). These effects are less pronounced on the displacements and still 
less on the stresses. The thermo-mechanical sequence, and the results themselves, are 
qualitatively similar to those for isotropic case, especially in terms of time evolution. 
However as in the excavation phase, the values of tunnel convergence obtained for the 
anisotropic case are significantly different from the isotropic case. 

The modeling results are qualitatively similar to those of the others teams except for the 
tunnel inflows witch are greater (figure 4). So the following main topics will be addressed 
in future work: 

- Correction of homogenization formulae for better representation of crack interaction ans 
crack connectivity, both hydraulically and mechanically. 

- Numerical modeling of a heterogeneous anisotropic elastic medium, choosing a 5 m 
homogenization scale, in particularly around the tunnel. 

- Comparison of the equivalent continuum properties with those obtained by other 
methods (UDEC...). 

b- INERIS /8/ 

Due to the large number of fractures, UDEC obliged to simplify the network. Two zones 
were defined: a first zone, A, near the tunnel (20 x 20 around the origine) with the real 
fracture network and a second zone, B, with a two arbitrary sets of perpendicular fractures. 
Indeed in order to have a transition zone between the simplified network and the reference 
network, zone B was divised in two parts B1 and B2 with different fracture spacing, 2.5 
metres and 5 meters (figure 5). 

However for the zone A, two options were considered following the case that all the 
fractures with an hydraulic aperture below 3 urn were included or not. 

For the zones B1 and B2 the Singh's relations has been used to determine the equivalent 
properties of the blocs (Young modulus, Poisson coefficient, fracture apertures). Some tests 
had been realized before with UDEC in order to evaluate the equivalent mechanical 
properties of the intact "fractured" rock-mass. It was found that the equivalent rock-mass 
could be considered as isotropic with a Young modulus reducing by a factor 3. 

Despite the decrease of the number of fractures, INERIS found numerical problems to reach 
the new hydro-mechanical equilibrium in the sequence n°2. This led to reduce the time step 
but the computation time exceeded fifteen days. Indeed computation is still going on and 
any results can't be presented in 1993. 

In order to avoid the numerical problems and obtain "short" computation times, INERIS 
would like later to use a new scheme developped by Cundall for the transient flow 
computation. 
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c- AEA R&D /8/ 

A discrete fracture network approach has been used by the AEA Technology team; The 
NAPSAC fracture network code has been used to model flow in the network after 
excavation of the tunnel up to equilibrium. 

First the equilibrium flow field was calculated. An analytical solution was then used to 
evaluate the change of stress field imposed by the excavation of the tunnel (The Kirsh 2D 
linear elastic solution), and two stress-aperture (transmitivity) couplings were applied 
resulting in fractures opening and closing around the tunnel. The effect of using these 
differents stress models or no stress model at all the fracture properties of the network was 
fully investigate by comparing histograms of aperture and network aperture plots. The 
subsequent effect this has on the flow field was studied comparing graphs of tunnel inflow 
against time. The mechanical effect of changes in pore pressure on the properties of the 
network and the thermal effects on the network were not modelled. 

The horizontal pressure profiles clearly showed that flow througth the two sides of the 
network was not symetric and that this was a feature of this particular realisation of the 
network (figure 6). The first coupling provided no great change in the flow field. The second 
coupling had a major impact on the network properties around the tunnel ans on the flow 
field. It resulted in the tunnel inflow decreasing by half. Despite the effect on the flow field, 
it was shown that for all the stress models used the timescales associated with the flow 
field were the same and these are in good agreement with those observed for experiments 
carried out at Stripa (figure 7). 

AEA also studied different approaches to simplify the fracture network without consideration 
of hydro-mechanical effects. Effect of aperture distribution, symetry assumption and cut-off 
length were studied. The results showed that simplification of the model by deleting all 
fractures less than 2 meters reduces the inflow to the tunnel by one order of magnitude due 
to less well connected fracture network. 

The works of AEA R&D on the BMT3 are now closed. 
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Figure 1 - The geometry, dimensions and coordinate system of the Near Field Repository 
model with a tunnel 
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Figure 2 - The reference network of the BMT3 
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Figure 3 - BMT3 CEA/DMT results : water pressure (MPa) at 1 year for sequence n°2 
with the anisotropic case 
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Figure 4 - BMT3 CEA/DMT results : Evolution of the water flux across the tunnel surface versus 
time for the sequence n°2 with the anisotropic case 
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Title : Underground laboratory at Tournemire : groundwater flow tests in clayish material 
Contractor : C.E.A. / IPSN 
Contract N°:F12W/0115 
Duration of contract : from ianuarv 1. 1992 to december 31, 1994 
Periode covered January - December 1993 
Project Leader : Andre Barbreau 

A. OBJECTIVE AND SCOPE 

The Institut de Protection et de Surete Nucleaire (Departement de Protection de 
rEnvironnement et des Installations) of the Commissariat a lTinergie Atomique is developing, 
in the framework of its R and D safety programs, in situ research concerning the confining 
properties of geological formations. 

In situ research work concerning argillaceous formations has been started at the end of 
1990. The selected site is a hundred years old given up railway tunnel, 1885 meters long, in the 
close vicinity of the village of TOURNEMIRE, in the South of France. This tunnel, crosses a 
200 m thick toarcian clay formation; the overlying limestone layers are 270 meters thick, so 
the geotechnical and hydrogeological conditions can be considered as representative of those 
of a deep repository. 

The research program concerns hydrogeological properties of clay in order to 
determine the characteristics of water flow through the clay formation, 
and more particularly, it intends also to develop new methods, apparatuses and devices, for 
the investigation of very low permeability medium and to perform modelling. 

B. WORK PROGRAM: 

The Tournemire program includes : 
General geological and hydrogeological investigation of the site 
Drilling operations in the tunnel 
Detailed structural study 
Preliminary modelling 
Isotopic studies 
Laboratory study of core samples 

C PROGRESS OF WORK AND OBTAINED RESULTS: 

1. General geological and hydrogeological investigations 
A general geological survey of the area has been carried out to precise the geological 

environment around the tunnel : it has mainly included a detailed geological mapping and the 
determination of the main hydrological et hydrogeological features of the area. 

The geological formations near the site are constituted by sub-tabular sedimentary 
layers of the lower and middle Jurassic period. The stratigraphic formations involved in the 
Tournemire environment are the following: 
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Hettangian: limestones and dolomites (200 m) 
Carixian: limestones with interbedded marls (45 m) 
Domerian: marls and clay (argilites) (40 m) 
Toarcian: marls and clay (argilites) (200 m) 
Aalenian: limestones (with interbedded clay) (60 m) 
Bajocian and Bathonian: massive limestones and, in upper Bathonian, dolomites 

(430 m). Above the tunnel, this serie is about 200 m thick. This formation constitutes the 
"Causses" table. 

The springs and draining lines connected with the different aquifers, in the region, 
have been investigated to precise the main hydrogeological features. 

The prevailing lower limestone formations of Hettangian and Carixian contain the 
general lower regional aquifer below the domerian and toarcian argilites of very low 
permeability. At the place of the tunnel, the aquifer of these limestones is in charge below the 
domerian and toarcian clay and its head is roughly located at mid-height inside the Toarcian 
formation. 

The limestone layers from Aalenian up to upper Bathonian are the reservoir for the 
upper regional aquifer. At Tournemire, this aquifer lies in the lower part of the Aalenian and 
should feed the toarcian clay just below. 

The water flow through the toarcian argilites, which could behave hydraulically as a 
semi-permeable medium, is supposed to be vertical downwards. 

The tunnel, in the longest part, is inside the Toarcian formation of which the dip is 
weak (5%). 

At 1700 m from the south entrance, the tunnel crosses a big fault that brings into 
contact Toarcian argilites and Hettangian limestone, producing a spring in the tunnel at this 
place. 

2. The 1990-1991 drilling operations 
After the first geological and hydrological survey, it has been decided to carry out 

boreholes to get additional and more precise information on the depth, lithology, statigraphy 
and hydrology of the geological layers around the LEMI. 

Six boreholes (5 vertical downwards and 1 vertical upwards) have been drilled, 
respectively 231 m (DC) 169 m (CD), 144 m (DI), 118 m (DM), 30 m (DS), and 65m (CA) 
long, with demineralized water to allow isotopic analysis. The most part of these boreholes has 
been cored. 

Four boreholes have been equipped with the ground water monitoring system, the 
B.A.T. filter tip, which is designed to allow pressure measurement and water sampling in low 
permeability rocks. One of the B A T . filter tips has been set at the top of the domerian 
formation (CD), constituted also of clay, which is just below the toarcian clay, and three other 
B.A.T. filter tips have been located at different levels of the toarcian clay (DI, DM, DS), to get 
information on the hydraulic gradient. 

The downwards 230 m long borehole (DC) had the aim to investigate the hydrology of 
the carixian limestone, underlying the domerian clay and the upwards 65 m long borehole (CA) 
had the aim to investigate the aquifer of the lower aalenian formation overlying the toarcian 
clay. These two boreholes are equipped with a pressure gauge respectively set in carixian and 
aalenian limestones. 
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Data provided by these different pressure measurement devices were permanently 
recorded and sent to IPSN by a computer teletransmission system. So, the aquifer head at 
different levels and its evolution in time can be continuously monitored. 

Many permeability tests at different levels have been performed ( mainly pulse tests) as 
well as geophysical loggings : natural gamma, gamma gamma, acoustic log, and neutron log. 
The results of the permeability tests show that the permeability of the two toarcian and 
domerian clay formations is very low, between 10-u and 10-13 m/s. The permeability of the 
calcareous carixian and aalenian formations is substantially higher : the Carixian has a 
permeability of about 10-8 m/s and the Aalenian of about 10-6 m/s. 

The aquifer heads, in the carixian and in the aalenian limestones tally with the values 
that could be deduced from the hydrogeological regional and local system data (springs, 
draining lines, e tc . ) . It has not been possible up to now to determine the actual head in the 
argilite formations because of the very long period to reach the steady state after the 
perturbation induced by the drilling operation resulting from the very low permeability of this 
kind of rock. Pressure data obtained from B.A.T. measurement look in discrepancy with the 
values that could be deduced from the flow model set up to give a first approach of the 
groundwater circulation in the Toarcian. 

Dilatometer tests have also been carried out in the Toarcian : the argilites look very 
stiff. 

3. Detailed structural study 
A detailed structural study has been performed, based on observations in quarries and 

on core samples. Three states of stress have been identified: a N-S Pyrenean compression 
(Eocene), an E-W extension (Oligocene), and an Alpine compression. Limestone formations 
are extensively fractured; in toarcian clay, some faults have been observed but are filled in by 
calcite. 

4. Preliminary modelling 
On the basis of the first available data, a first flow model into the clay has been 

performed at the beginning of 1992, to be used for the conception of the following programs 
and in particular for precising the characteristics of the new drift contemplated for carrying out 
the scale effect experiment. Its objectives were: 

- to get an opinion on the duration of the transient state after the excavation of 
the drift; 

- to evaluate the possible rate of discharge of water in the draft itself; 
- to get an order of magnitude of the transfer time in the geological formations 

to constitute a framework for the interpretation of the geochemical and isotopic studies. 
The two main results are: 

- the transient period to reach the steady state after a significant perturbation is 
very long (several years). This means that the different tests which will be performed in the 
argilites should be interpreted in transient state ; 

- the value of the ground water head at different levels in the Toarcian is close 
to the value of the topographic level at this point. Combined with the very low permeability of 
the rock, it means that the flow discharge rate by drainage that can be anticipated, even in a 
drift 100 m long, will be very low (below 10 cnvVh). 
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5. Isotopic study 
It is possible to get information on the age of the ground water by using natural radio

isotopes such as 14C, 36C1, 129I, and the ratio U/Th. In other respects, stable isotopes 13C, 180 
and 2H can provide information on the origin of water: for example, the presence of meteoric 
or connate water. 

Unfortunately, in the case of Tournemire argilites, the difficulty for extracting pore 
water from the cores has jeopardised up to now the possibility for performing an exhaustive 
research program regarding the natural isotopes. By the time being, it has been only possible to 
extract pore water by distillation, which has limited the investigations to 180 and 2H for the 
liquid. So, a valuable dating of pore water has not been possible nowadays. 

In these conditions, it is difficult to get a good representation of the groundwater 
transfer in the argilites. However, the first investigations on the liquid phase extracted by 
distillation from cores of CD and CA boreholes give some information (cf. Fig.(l)): 

- a peak in the concentration in igO and 2H (distillation) has been observed nearby the 
tunnel, produced probably by the influence of the tunnel on the saturation of the rock 
(evaporation) ; 

- an other peak has been observed in the fist analyses at -60 m; more recent analyses 
raise some controversy on this result: the peak at -60 m may be interpreted either as a mixing 
in meteoric and connate water resulting probably of diffusion phenomena or as an artefact. 

As far as the solid phase is concerned, the content of 13C and 180 in the fracture 
minerals shows that the "mixing" hypothesis is possible; the measurement of 14C content in 
fracture carbonate minerals indicates that no ground water significant circulation has occurred 
in the toarcian argilites since at least about 20,000 years. 

These preliminary results have of course to be precise and confirmed by other studies. 

6. Laboratory study of core samples 
Laboratory study has been performed on sixteen argilite samples coming from the CD 

borehole. Mineralogical and petrographical investigation by XR diffractometry has provided 
the mineralogical composition of the clay, which is mainly composed of 40-50 % of clay 
minerals (40-50 %) such as mica, kaolinite illite and interstratified clay mineral close to illite, 
about 10 to 30 % of carbonates (dolomite, and siderite and mainly calcite), 10 to 15 % of 
quartz, and in some samples, a few samples, a few amount of chlorite, and pyrite. 

The water content, very low, is from 1 to 3%. Porosity is referred to a diameter of 
pores lower to 0.02 urn. Hydraulic conductivity is between 1CH3 m/s and 10-n m/s. 

Geomechanical testing shows that the seismic wave velocity of toarcian argilites in 
laboratory samples is high (approximately from 3,000 m/s to 4,000 m/s for P waves and 1,500 
to 2,200 m/s for S waves. The Young's modulus (E) is between 10,000 and 15,000 MPa and 
the Poisson's ratio is between 0.15 and 0.20. 

7. Conclusion at the present stage of the program 
The geological and hydrogeological conditions of the environment of the LEMI are 

well known, by the time being, but the properties of the argilites as they have been described, 
are such that the determination of fluid pressure and fluid transfers through this type of rock, 
by in situ experiments, is very difficult. One of the most important point is the pore access 
diameter in clay which influence strongly the modalities of ground water flow. This means that 
it is now untimely to carry out a scale effect experiment by ventilation test in a drift as it was 
initially forecast for the second phase of the program. Additional laboratory studies and new in 
situ experiments of a more pertinent conception are needed for precising the actual fluid 
movement in the Toarcian. 
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DEVELOPMENT OF BOREHOLE SEALS FOR HIGH-LEVEL RADIOACTIVE WASTE 
(THE DEBORA-PROJECT) 

Contractors: GSF-Institut fur Tieflagerung (IfT), Braunschweig, Germany 
Stichting Energieonderzoek Centrum Nederland (ECN), Petten, 
The Netherlands 

Contract No.: FI2W-CT90-0048 
Duration of Contract: January 1991 - December 1994 
Period covered: January 1993 - December 1993 
Project Leaders: T. Rothfuchs, J. Prij 

A. OBJECTIVES AND SCOPE 

The overall objective of a nuclear repository is to protect man and 
his environment against ionizing radiation from radioactive waste emplaced 
in this underground repository. 

According to section 45 of the German Radiation Protection Ordinance 
the individual dose to man, caused by radionuclides passing out of the 
repository, is to be limited to 0.3 mSv/year. In order to achieve this 
objective within the multiple barrier system of the repository, suitable 
sealing systems like borehole seals, drift seals and shaft seals are to be 
developed. 

The objective of the DEBORA-project is the "Development of Borehole 
Seals for High-Level Radioactive Waste". 

The DEBORA-project consists of two phases. During the first phase 
(1991 - 1994) a test plan for a subsequent in situ verification test will 
be developed in form of a desk study. This study will include an evaluation 
of literature, a performance of model calculations, and discussions of 
experts to identify the requirements for and the tasks of HAW-borehole 
seals under normal repository conditions. Altered repository conditions 
will be considered at a later stage of the project. 

During the second phase, to be started in 1995, in situ tests will be 
performed and the sealing techniques elaborated during the first phase will 
be verified. 

B. WORK PROGRAMME 

B.l Compilation of the technical boundary conditions important for the 
design of HAW-borehole seals 

B.2 Definition of the tasks of HAW-borehole seals 
B.3 Analysis of events affecting the design of the borehole seal 
B.4 Performance of model calculations 
B.5 Elaboration of sealing techniques 
B.6 Development of an in situ test plan 
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C. PROGRESS OF WORK AND OBTAINED RESULTS 

State of advancement 

After the completion of items 1 and 2 of the work programme (see APR 
1991 and APR 1992) emphasis was given to the analysis of events affecting 
the design of HAW borehole seals. This work comprises the evaluation of 
literature and, as for as possible, the performance of model calculations 
in order to estimate the conditions of state in and around borehole seals. 
In this regard fluids which will be released into the borehole and their 
generation mechanisms have been summarized. Corrosion of steel as packaging 
material has been studied in the literature and the amount of hydrogen 
resulting from corrosion and from radiolysis of released fluids have been 
estimated in order to obtain input data for the calculation of the borehole 
gas pressure. 

Concerning the elaboration of sealing techniques (item 5) the 
literature studies were continued and the material data of bentonite were 
evaluated in regard of the suitability of bentonite as a sealing material. 

Progress and results 

1. Compilation of the technical boundary conditions important for the 
design of HAW-borehole seals 

A compilation of the technical boundary conditions was already 
reported in (GSF-ECN, 1992). According to the german disposal concept data 
about the geometrical arrangement of a HAW repository and about the waste 
canisters were compiled. 

2. Definition of the tasks of HAW-borehole seals 

The work performed in this regard consisted in a review and 
compilation of legal requirements to be considered inside and outside a 
nuclear repository. The respective information was reported in (GSF-ECN, 
1992). 

3. Analysis of events affecting the design of the borehole seal 

In the past years the importance of the waste emplacement tempo, the 
release of fluids from the rock mass and the generation of fluids by 
corrosion of the waste canisters and by radiolysis of fluids was analysed. 

During the report period most emphasis was given to the analysis of 
the thermomechanical load on the borehole seal and to the determination of 
the gas pressure inside a disposal borehole. 

3.1 Thermomechanical analysis 
The thermomechanical load consists of the stresses, deformations, and 

temperatures caused by the heat generation of the HAW disposed in the 
borehole and by the stress redistribution caused by the excavation of the 
gallery. The waste induced loads depend on the amount of waste, the tempo 
of the waste emplacement and the heat load. The gallery induced loading 
depends on the dimension and shape of the gallery, the rock pressure, and 
the creep properties of the rock salt. 

Numerical analyses have been performed to determine the significance 
of all relevant parameters with respect to the influence on the loading. 
Having identified the most sensitive aspects one can concentrate on these 
items for further research in this project. 
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3.1.1 Interaction of the gallery and the borehole 
A three-dimensional model has been made for the structural analyses of 

the upper part of the borehole drilled from the floor of a gallery 
(GSF-ECN, 1993a). The results show that the radial deformation of the upper 
20 m of the borehole are significantly disturbed by the presence of the 
gallery. This is elucidated in Fig. 1 where the radial deformation of the 
borehole wall, after 7 years of creep, is presented as a function of the 
distance from the gallery floor. The circumferential position along the 
perimeter of the borehole is given with the angle theta. Theta is zero in 
the plane normal to the gallery direction while theta is 90° in the plane 
in the gallery direction. Due to the actual stress state in this part of 
the model the borehole deformation slightly deviates from the rotational 
symmetry. It can be seen that due to the interaction the radial deformation 
deviates from the radial deformation in an undisturbed borehole. At the 
gallery floor the radial deformation is about half of the value for the 
undisturbed borehole. About 5 m below the floor the radial deformation 
reaches an extreme value, about twice the deformation in an undisturbed 
borehole. At a depth of 20 to 30 m below the gallery the distortion almost 
disappears. 

It must be concluded that due to the stress redistribution around the 
gallery the borehole convergence is significantly enlarged except in the 
upper meters below the gallery. This enlarged convergence has to be taken 
into account in an accurate analysis of the mechanical behaviour of the 
seal which will be located in this region. 

3.1.2 The thermomechanical behaviour of an entire borehole 
The analyses have been made for a borehole without any backfill to 

study the free convergence and for a borehole having backfill in the 
annulus between the containers and the borehole wall to study the 
compaction behaviour of the backfill. 

The main goal of the analyses of the entire borehole is to obtain a 
detailed description of the convergence behaviour of boreholes immediately 
after the radioactive waste has been placed. The convergence behaviour is 
needed to determine boundary conditions for filling strategies of the 
borehole and they also determine the period in which the gap between the 
containers and the borehole wall can be considered to be open. Another aim 
of the analysis is the compaction of the backfill which gives the necessary 
input for the permeability needed in the gas transport calculations. 

The models for the temperature and structural analyses have been 
described in the semi-annual progress reports. It must be noted that for 
the analyses an axisymmetric unit cell has been used with an external 
radius of 25 m. This model represents the extreme conditions in an 
infinetely extended field with boreholes. 

To evaluate the sensitivity the interim storage has been varied, three 
values have been used: 0 years, 31 years and 40 years. The interim storage 
period of 31 years has been determined in such a way that the maximum 
temperature to be reached in the salt does not exceed 200 °C. In the 
analyses it has been assumed that the boreholes are filled instantaneously. 

The maximum temperatures and the time after which these temperatures 
are reached are tabulated in Table 1 for each interim storage period. In 
all cases the maximum temperatures are reached at the centre of the heat 
sources. 

The maximum temperatures at the borehole wall during the entire 
loading history are presented in Fig. 2. It appears that the temperatures 
are only little rised the first 10 m beneath the gallery floor. In the 
heated area the curves are symmetric with respect to the centre of the heat 
source apart from a small effect due to the geothermal gradient. 

444-



40 60 
depth (m) 

80 100 

Fig. 1: Radial deformation of the borehole after 7 years of free 
convergence 
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Fig. 2: Maximum temperature along the borehole wall during the entire 
loading history for each interim storage period. 
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Table 1: Maximum salt temperatures for 
each interim storage period 

Interim storage Temperature Depth 
period (years) (°C) (m) 

0 379 160 
31 197 160 
40 169 160 

Another representative result of the analyses is given in Fig. 3 where 
the evolution of the temperature of the borehole wall is presented. The 
resulting free convergences are summarized in Fig. 4 where the time to fill 
the initial radial gap of 8.5 cm is presented as a function of the distance 
from the gallery floor. In the cold area, say the first 25 m beneath the 
gallery floor, the deformation rates are very small and the time needed to 
fill the gap exceeds the period for which calculation results are 
available. At distances more than 290 m below the gallery floor an edge 
effect is visible, which is caused by the presence of the borehole bottom. 
The numerical results correspond with the experiment with the Heated Free 
Convergence Probe in the 300 m borehole (Prij et al., 1986). 

To analyse the compaction behaviour of the backfill in the annulus, a 
model is used which was developed in the framework of the safety study 
PROSA (Prij et al., 1993a) for the nuclide transport calculations. In the 
model the borehole convergence and backfill compaction are coupled. Details 
of this convergence/compaction model are described by Prij et al., 1993b. 
The experimental basis for the convergence model is formed by the 
convergence measurements performed in the Asse. The experimental basis for 
the compaction is formed by the laboratory experiments in Utrecht (Spiers 
et al., 1989) where the effects of brine pressure Pbr, external pressure, 
temperature, volumetric strain, porosity, grain size and moisture content 
have been determined. The present model explicitly accounts for the 
constitutive parameters of the backfill. 

The interaction of the convergence and compaction is given by the fact 
that at each point in time the convergence rate K must be equal to the 
compaction rate /?. At each point in time the internal borehole pressure p^ 
has iteratively be derived from the equation: 

K(pr - Pi(t) = 0(Pi(t) - pbr(t)) 

with p r being the rock pressure. 
To assess the accuracy of the new model the results have been compared 

with finite element models of different repository relevant in-situ 
situations. It appears that a good correspondence exists between the finite 
element models and the convergence/compaction models used in the safety 
studv PROSA (Prii. J. et al.. 1993a!. 

The model has been applied to predict the compaction behaviour of the crushed salt in 
the annulus between the waste container and the borehole wall. Typical results are 
given in the Fig. 5 where the evolution of the porosity of the backfill is presented for 
various interim storage periods. An initial backfill porosity of 0.3 was selected. It 
appears that the porosity drops rather slow in the area close to the upper canister at a 
depth of 20 m below the gallery floor, as well as close to the bottom of the borehole. 
The differences in the area between 30 m and 287 m depth are limited and are mainly 
caused by the geothermal gradient and by the rock pressure. 
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Figure 5 Porosity of the crushed salt in the borehole at a depth of 196 m for various 
interim storage periods. 

3.2 Determination of the qas pressure inside a HAW disposal borehole 
In previous reports (e. g. GSF-ECN, 1993a) calculations of water 

release into the borehole and the resulting production of hydrogen have 
been presented. These are the most important fluids regarding the gas 
pressure inside the borehole. Results have been obtained for a reference 
borehole of 300 m depth but can be transferred to other borehole depths as 
well. The determined fluid production rates are important input parameters 
for the ongoing geohydraulic calculations. 

In a first step an analytical solution for a simplified case was used 
to determine the gas pressure inside the borehole. In this case the gas 
pressure in the borehole is estimated on the basis of the hydrogen 
production only. The contribution of the water vapour was neglected because 
the maximum value of which amounts to only 1.5 MPa. The results, however, 
are relevant in case of much higher permeability of the seal than that of 
the surrounding salt. Because of the neglection of the disturbed zones in 
the salt around the borehole and the gallery the results can be considered 
as upper estimations. 

Because of the simplifications described above and in order to 
consider the real geometry of the problem numerical calculations will be 
performed in the future. 

Figure 6 displays a sketch of the case considered. Inside the borehole 
the conditions of state are the unknown gas pressure P2 and the temperature 
T2, the mass production rate of hydrogen is denoted by j and the 
temperature dependent dynamic viscosity of hydrogen by q. The surrounding 
salt is considered to be impermeable and the flow of H2 through the seal 
will be taken into account using the ideal gas equation of state. The seal 
is characterized by its permeability k, its length 1 and the cross section 
a. In the gallery the fixed conditions of state are the pressure p^ and the 
temperature T^. In the isothermal case T^ and T2 are identical, in the non-
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Gallery: Pressure P1, Temperature T1 

Seal: Permeability K, Length L, Cross Section A 

|H, Borehole: Pressure P2 (unknown), Temperature T2 
Mass Production Rate of Hydrogen J 

Assumptions: Stationary Darcy-Flow, Ideal Gas, 
No Flow Into Rock Salt 

Fig. 6: Sketch of the simple model used for the estimation of gas pressure 
in the borehole. 

isothermal case a linear variation of temperature across the seal is 
assumed. 

For stationary conditions Darcy's law for compressible fluids relates 
the mass production rate and the pressures as following: 

p 2 = [1 (Ti + T2)/(k • a m) 
2 

+ Pll 
0.5 

R denotes the universal gas constant and m the molecular weight of 
hydrogen. 

A value of 10 kg/a H2 for Pollux-canisters and a value of 0.5 kg/a for 
HAW-canisters has been chosen for the mass production rate j. The 
difference arises from different surface rates of steel corrosion and 
different dose rates of the waste (compare GSF-ECN, 1993a). 

The temperature was varied in different ways. A value of 200 °C for T^ 
and T2 will be choosen as an upper value in the whole model and a value of 
50 °C as a lower value for isothermal conditions. The pressure in the 
gallery will be taken as 0.101 MPa. A summary of the input data is given in 
Table 2. 

Figure 7 displays as an example the results for the chosen range of 
production rates of hydrogen and isothermal conditions of 200 °C and 50 °C. 
The difference in temperature causes significant differences of about 50 % 
in gas pressure and, as expected, the different production rates cause even 
higher differences. For tight seals around l.E-18 m^ permeability, up to 
8 MPa are determined in case of the low production rate, up to 35 MPa in 
case of the high production rate. 

The simple model is relevant in case of a seal permeability which is 
significantly higher than that of the surrounding rock salt. The 
permeability around the gallery will be in the range from 1.0E-16 m^ to 
1.0E-20 rt>2 as indicated by measurements in the dam project in the Asse 
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Table 2: List of input data for calculation of gas pressure in the 
borehole 

Parameter, Quantity Value, Range Dimension 

Seal properties 
permeability k 
length 1 
cross sectional 
area a 

l.E-18 - l.E-14 
10, 20, 30, 40 

0.283 

m" 
m 

nr 
Gas properties Ho 

dynamic viscosity q 
molecular weight m 
gas constant R 
mass production rate j 

Conditions of state 
drift pressure p^ 
temperature T^,T2 

(0.03-T+8.)-l.E-6 
0.002 
8.314 

0.5, 10 

0.101 
200 (isothermal), 
50 (isothermal), 

T2 = 200 and Tx = 50 
(non-isothermal) 

Pa-s, T in 
kg/mol 
J/K/mol 
kg/year 

MPa 
°C 
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mine. Permeability of the intact rock salt is around 1.0E-21 m2. If the 
values of the disturbed zone around the gallery are transferred to the zone 
around the borehole, the results presented above can be considered as 
relevant up to around 1.0E-16 m2 for the permeability of the seal. In case 
of lower values of seal permeability the results are too high and have to 
be considered as upper estimates. In this regard 20 MPa borehole pressure 
or even higher does not seem to be realistic but maximum pressures from 
1 MPa up to 5 MPa may be reached (relating to the low and high production 
rate). 

3.3 Radionuclide release from HAW-boreholes under normal and altered 
repository conditions 
The release of radionuclides out of the HAW-borehole has been studied 

in literature. An evaluation of the results of the SAM-safety analysis 
(GSF-IfT, 1991) revealed that for normal repository conditions no release 
is to be expected. Evaluation of scenarios of altered repository conditions 
imply that the amount of brine inflow into the borehole from undetected 
brine pockets has a more important influence on the radionuclide release 
than the permeability of the borehole seal. From these studies it can be 
concluded that an initial seal permeability of 1.0E-13 m2 might be 
sufficient in regard of a radionuclide release. 

3.4 Evaluation of literature on the properties of candidate sealing 
materials 
The relevant properties of bentonite as a potential sealing material 

have been compiled after an intensive search in the literature and can be 
used for designing and modeling purposes. The material data are summarized 
in (GSF-ECN, 1993). 
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Title: The refinement of soil gas analysis as a geological investigative technique 
Contractor: Universita "La Sapienza", Rome (Italy) 
Contract N°: FI2W-CT91-0064 
Duration of contract: from April 1991 to March 1994 
Period covered: 1993 
Project Leader: S. Lombardi 

A. OBJECTIVES AND SCOPE 

The present research project consists of a multidisciplinary study aimed to refine a set of 
geological investigation methods for the assessment of the safety of sites for operation such as 
radioactive waste repositories, with high potential for environmental hazard. 
The studies are based on the integration of sampling and analyses of soil gases with other 
investigation techniques. Previous soil gas surveys performed by the participants have 
demonstrated that the soil gas method has great potential for tracing buried faults and fractures 
in clayey terrains and has a great flexibility. It is possible in fact to carry out surveys along 
profiles and/or according regular grids at different scales, i.e. with sampling densities in the 
range of one to a hundred samples per square kilometre. 
The main objectives of the research are: 
- the implementation of the analytical and sampling techniques of the soil gas method; 
- the study of soil gases as fault tracers and of gas migration within soil and fractured zones by 
means of in situ tests; 
-the comparison (and calibration) of the soil gas approach with other methods in order to test 
both the soil gas method and different lithotypes as natural barriers to gas migration; 
-the creation of a data base in order to give mathematical models on gas generation and 
migration. The co-participants in the research with Rome University are: ISMES, Italy; Exeter 
University, U.K., and INTERA Sciences, U.K., as subcontractor of Rome University. 

B. WORK PROGRAMME 

The present work has been subdivided into seven tasks: 

Task 1- Selecting areas in Italian subsiding sedimentary basins as test sites for the soil-gas and 
geophysical surveys. Laboratory equipment testing and setting up. 
Task 2 - Sampling and analysis of soil gas (Rome and Exeter Universities). 
Task 3 - Comparison between Rome and Exeter soil gas data. 
Task 4 - Study of soil gas variations with depth, using shallow boreholes ranging from 5 to 10 
meters (Rome University). 
Task 5 - Execution of in situ tests by injection of gases into the soil and subsequent sampling 
and analysis (Rome University). 
Task 6 - Geomorphological and structural research as support to the study of fracture and fault 
systems (Rome University). Geophysical, geotechnical and pedological studies in order to 
identify the main geological features and to characterise the soil and subsoil of the study areas 
(ISMES). 
Task 7 - Statistical and mathematical analysis of the distribution of soil gases upon the data 
collected in the surveys conducted by Rome and Exeter Universities. This task will be carried 
out with the help of Intera Sciences. 
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C. PROGRESS OF WORK AND OBTAINED RESULTS 

State of advancement 
In 1993 the research focused on a further development of tasks 2 and 6 and on starting task 5. 
The soil gas data-base has been furtherly amplified (1219 samples have been collected so far) 
and significant results have been obtained by the gas injection test. 
In particular the following works have been performed: 
- regional (Rome University) and detailed (Exeter University) soil-gas surveys, mesostructural 
and photogeologic studies (Rome University) in the Ofanto Basin; 
- a comparison between soil-gas results obtained by different scale sampling (Rome University): 
two detailed soil-gas surveys were performed in the Site 2 of the Siena Basin; 
- a gas injection test to study the gas movement through faulted clayey rocks (Rome and Exeter 
Universities); 
- a geophysical investigation to select the fault in clay for the gas injection test and geotechnical 
analyses to assess the main characteristics of the clayey rocks (ISMES). 

As experienced in all the areas surveyed so far, i.e. Piano d'Asco, Pisticci, S.Vittorino valley, 
Siena basin (1992 annual report), Ofanto basin and Siena basin (present report), the clay 
sequence, in spite of its great thickness, plasticity and low intrinsic permeability, if fractured, 
does not form an impermeable barrier to naturally occurring gases. The rapid ascent by 
advection of geogas through fractured rocks, i.e. carrier gas flowing in form of microbubbles 
(through ground water) or in form of free gas-phase flow (in dry conditions) and transporting 
trace elements (Rn, He), seems to be the most likely way in which the described soil-gas 
anomalies originate. Finally, the data obtained by the gas injection test provided new 
informations on the gas bearing properties of fractured clays. 

Progress and results 

UNIVERSITY OF ROME (S. Lombardi, G. Etiope, M.Guerra) 

Soil-gas, mesostructural and photogeologic studies in the Ofanto basin 
The Ofanto Valley is mainly filled with overconsolidated clayey sediments in which several 
sandy gravels horizons occur. The whole sequence shows a maximum outcropping thick of 
about 600 meters. The pre-pliocenic substratum is a complex flysch sequence of orogenic 
clayey rocks and limestones. Structural lineaments have been marked by recent geological 
surveys only on strathigraphic and morphological bases . In order to confirm the presence of 
such tectonic elements and to assess the fracturing status of the clays a regional soil-gas 
sampling, fracture field analysis and photogeologic study were performed. 110 soil-gas samples 
were collected using a sampling density of 1 sample per square kilometre (regional sampling). 
Photogeologic analysis was performed using 1:33000 scale photos and consisted of 
identification and selection of lineaments, genetically associated with structural discontinuities, 
on the basis of their morphological characteristics. All linear elements with topographical 
expression (such as scarps, valley-floors, water courses etc.) have been marked on the aerial 
photographs. The total range of lineaments that may be fracture-associated have been transferred 
from the photos to a small-scale map. The information thus obtained has been successively 
completed with a check in the field. 
Fracture field analysis was performed getting 18 stations including a total of 581 measured 
elements. Because the number of faults was not enough for a statistical analysis, only extension 
joints have been computed. Rocks potentially subjected to landslides or recognised as olistolites 
have not been considered. Structural data (azimuth and dip) have been grafically and statistically 
processed for each station using plane projection on the Schimdt net. All the surveys were 
carried out within an area of about 120 square km, from Andretta town at west and Fiumara di 
Atella at east, where pliocenic and pleistocenic clayey deposits outcrop. 
Helium and radon statistics are summarized in Table I. About 19% He, 27% Rn and 13% CO2 
values have concentrations above the mean value plus 1/2 standard deviation (i.e. 80 ppb of He, 
22 Bq/1 of Rn and 2.4 % of CO2). As usual such values are considered anomalous. Figure 1 
shows the distribution of He, Rn and CO2 concentrations. All three gases show an elongated 
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anomaly N45E oriented and placed in the central part of the valley, but greatest CO2 values 
occur south of Calitri town. Other sharp linear trends occur in the neighbourhood of Andretta 
and in the southeastern part of the surveyed area. Figures 2 and 3 show statistical distribution of 
brittle deformations and photolineaments respectively. In the last one only lineaments occurring 
within zones of soil-gas anomalies were considered: five areas are so marked and for each of 
them a ray diagram was plotted. In the same manner mesostructural stations within each soil-gas 
anomalous area are clustered so that the rose diagrams at the bottom of Figure 2 are obtained. A 
good congruence comes out from the comparison between soil-gas lineaments, photo-
lineaments and fracturing trends as follows: 
- Stations 1, 2 and 3 show a preferential fracturing trend N10W (about N-S) coinciding with the 
direction of the He and Rn contour lines (N5E). More precisely the anomaly pattern is 
represented by a flex, i.e. a sudden decrease of gas concentration from east to west. This 
decrease suggests an unexpected change of rock permeability, probably because of a N-S 
tectonic contact between two lithotypes having different rheologic behaviour, occurring in the 
area, i.e. arenaceous-conglomerate sequence (eastward) and clays (westward). Photolineament 
direction in the area n° 1 well agrees with both fracturing and isoanomaly direction. Field 
observations identified a system of N-S morphological stairs that may be fault linked. 
- The group including stations 5, 6, 7, 8 and 18 shows a sharp trend N50E coinciding with the 
He, Rn and CO2 linear anomalies (N45E) in the central part of the valley. In this area greatest 
values of helium (up to 402 ppb) and radon (up to 97.31 Bq/1) occur. Even in this case the 
photolineament direction (N40E) coincides with previous data as showed in diagram of the area 
n°2. In this sector stratigraphic evidence suggests the occurrence of two great antiapenninic 
faults. 
- The diagram referring to mesostructural stations n° 15, 16 and 17 shows a preferential 
fracturing trend N55E coinciding with the direction of Rn anomalies in the western area of 
Rapone. Such an antiapenninic component is also reported by the photolineament diagram of the 
area n°5 and it is also suggested by regional tectonic features occurring just south of the Ofanto 
basin (for example the "S.Fele-Vulture Line" reported by small-scale geological maps). 

The main conclusion is that the clayey sequence of Ofanto basin is affected by a great fracturing. 
Soil gas analyses indicate that vertical migration of deep seated gases occurs through fractured 
and/or faulted zones, whose presence is supported by both photogeological and fracture field 
data. Further surveys are planned using detailed samplings in order to develop the presented 
results. 

Soil-gas surveys at site 2 (Siena basin): comparison between results from 
different scale sampling 
To recognize the sensitivity of the soil gas method for tracing faults, a comparison between soil 
gas results obtained in the same area at different scales of sampling has been done. During 
summer 1993 two different scale surveys were performed in Siena Basin at Pieve di Pacina i.e. 
Site 2 (Figures 4a and 4b). Site 2 is placed 8 km north-easting respect Site 1, along the great 
fault system known as Arbia Line (see 3 rd progress report for details). 
At Site 2 gas sampling was executed in accordance with two different dimensioned regular grids 
with square meshes. The larger one (in the following referred to as Site 2) covers an area 4 km2 

wide and has meshes with side 200 m long. The closer grid (in the following referred to as Site 
2bis), placed in the core of the larger grid, covers an area of 0.16 km2 and has a point to point 
distance of 50 m. 

Descriptive statistics of soil-gas results are reported in Table II (data from Site 1 are shown for 
comparison as well). Values above the mean plus 1/2 standard deviation are considered 
anomalous. The distribution of the gases are plotted in Figures 5, 6 and 7. 

Results from Site 2 show that both higher Rn and CO2 concentrations (Figures 5 and 7) are 
linearly distributed in the central sector of the investigated area, corresponding with the Malena 
river valley. Furthermore such linear anomalies seem to follow the Malena river in its change of 
direction; this change is likely induced by tectonic as revealed by a photogeological analysis and 
field check. 

454-



On the contrary major helium concentrations were found in the south-east side of the scanned 
area (Figure 6). Few anomalous (positive) points occur in the valley. Everywhere in the central 
sector of site 2, crossed by the Malena river, helium values are negative except for few isolate 
and scattered points where values exceed atmospheric reference by 200 ppb. 

The excellent agreement between Rn and CO2 distribution is visible from both the results of Site 
2 and Site 2bis: major concentrations of both gases were found just in the talweg of the valley. 
The absence of helium anomalies in the central sector of the valley is confirmed by the more 
detailed sampling grid of Site 2bis, where no anomalous ridges or trends were detected. 

From these results three main conclusions can be drawn: 

a) Results from the two different scale sampling show an appreciable congruence; it can be 
observed for all three gases. In particular as Rn as CO2 anomalies show, from the comparison 
of the two scales, the same trends in the same locations, but a better resolution of the anomaly 
size and shape appears from the more detailed sampling (Site 2bis). Furthermore, also the 
absence of helium positive anomalies comes out from both maps. 

b) The excellent agreement (the spatial association) between Rn and CO2 distribution, which is 
shown in both different sampling surveys, suggests that CO2 may act as a carrier gas for Rn 
which, because of its very low concentration, cannot move by itself/l/. 

c) No sensible time-variations of soil-gas concentrations appeared during the time-gap between 
the two surveys (about two weeks); even if the variation of the climatic factors (mainly soil 
moisture, atmospheric pressure, soil and air temperature) affected punctually soil gas values, the 
statistically derived gas distributions was unchanged. 

UNIVERSITY OF EXETER (G.A. Duddridge, P. Grainger) 

Soil-gas traverses in the Ofanto basin 
The results of soil-gas traverses in the Ofanto valley have proved less discerning than earlier 
surveys such as that undertaken in the Siena Basin, where overall soil gas values were higher 
and anomalies more pronounced. In the Ofanto Basin concentrations were closer to background 
variations, that is changes due to soil moisture content/permeability, sampling and analitycal 
errors. Average AHe values from the area were only 21 ppb which is close to the ± error of 
readings from the helium analyser chart output. This coupled with a maximum AHe value of 
just 110 ppb left little that could be positively identified as fault or fracture related. Similarly 
average CO2 was only 0.49% whereas on moist grassland in Britain a value of 2% is typical. 
Radon was more informative with the average of total Rn being 102 cpm or about 20 BqA. The 
highest count was 519 cpm and each traverse showed a maximum above 200 cpm. 
The low soil gas values of He, Rn and CO2 were particularly a feature of the faulted area tested 
to the south of Andretta. A possible explanation of this is that at the topographic level tested the 
lithology consists of gravel/boulder horizons rather than clay. It is likely that they would permit 
lateral gas flow, so reducing and spreading the peaks of any anomalies. 
Nevertheless, for Rn there were isolated high values, for example the highest 220Rn recorded 
by the University of Exeter was 339 cpm (total Rn 519 cpm) and this was located 1km south 
west of Andretta. On the east-west traverse 4 (Figure 8b), half a kilometre south of Andretta, 
sample site -160 m, above average 75 ppb AHe was matched by 224 cpm of 222Rn and 3.45% 
of CO2. At site 380 m on traverse 4 220Rn was relatively high at 196 cpm, but AHe was only 25 
ppb. The traverse crossed a fault scarp, downthrow on the western side, at the 220 m point. 
However, there appears to be no evidence of enhanced soil gas concentrations at this point. 
Valleys in the neighbourhood of Calitri, believed to be fault guided, showed some evidence of 
anomalous soil gases. Traverse 2 from east of Calitri (Figure 8a) showed a broad 222Rn 
anomaly, peaking at 189 cpm, 140 m to the west of the river bed. A further test traverse, 500 m 
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up the valley to the north, showed AHe up to 110 ppb over a 150 m wide zone in the valley 
bottom. 

ROME AND EXETER UNIVERSITIES (G.A. Duddridge, G. Etiope, P. Grainger, M. 
Guerra, S. Lombardi) 

Gas injection experiment 
A gas injection test has been planned in order to examine the movement of a discrete gas phase 
(helium) within saturated, porous and faulted clayey rocks. An inclined borehole for gas 
injection was used; it was drilled close to a fault marked by geophysical data. 
The location of the test is shown in Figure 9 and the geometry of the borehole-fault system is 
shown in Figure 10. 
Prior to the helium injection, a He and CO2 soil gas survey was performed to establish 
background values in the field. Gas sampling and analysis were performed according to the 
procedure adopted by Exeter University (see previous reports). 
A sampling grid was pegged out and labelled. Its geometry and orientation are represented in 
Figure 9. Each grid point was 10 m apart. The greatest concentration of sampling and analyses 
was centered over the inferred position of the fault as established by the geophysics. The 
principal monitoring points established for the duration of the experiment were along two SSE 
to NNW traverses and along the fault. 
The results of background survey are reported in Figure 9 as contour plots. On the same figure, 
results from the network of grid points to the north of the Malena river, as surveyed in 1992, 
are also presented. 
The background survey showed that, except for one sample point where the AHe value was 
recorded at 458 ppb above atmospheric reference, the natural AHe values in soil gases ranged 
between 0 and 100 ppb. CO2 values reached a maximun of 4.88%. 
The gas injection procedure arrangements consisted of a 9000 litre capacity helium cylinder fed 
via a gauge panel to the gas injection point at the bottom of a packered borehole. A single type 
packer (1 m long, 63.3 mm diameter rubber sleeve) was used. The packer was lowered to a 20 
m below ground level, just above the screened borehole section. Repeated measurements 
assessed the water table at 7.1 m below ground surface 
The packer was inflated up to a pressure of 8 bars using an air compressor. A little over 3000 
litres of He were injected in 45 minutes, with an injection pressure of about 2.4 bars (see 5 th 

report for details). 
After the gas injection the same grid used for background survey was daily monitored, from 
June 18th (the injection day) to July 3 rd, by Exeter University and twice a week up to July 28th 
by Rome University. Each group was using its own but similar techniques (see previous 
reports). 
A graph concentration of the variation of AHe versus time during injection test is shown in 
Figure 11. It was position 4-4 (see Figure 9) that began to reveal high AHe starting with 161 
ppb, 2 days after the injection. Daily increases then took values to: 238, 391, 2795, 8159, 
15640, 22240, 36182, 47955 and 54584 by the 29th June. Up to this time it was thought that 
gas could be emitted at other points along the fault and possibly elsewhere. Surrounding 
positions within 10 m did not respond to the injected gas revealing only values considered to be 
background. Time was spent during the upward passage of gas at position 4-4 in checking all 
other points in the field plus other points to the north of the Malena river. From this date, the 
pattern of gases was explored in more detail, firstly by establishing sample points at 5 m and 
then when this gave higher He values at the 2.5 m distance. The highest value of recorded AHe 
was 477020 ppb at 3.5 m west of position 4-4, 92 times more than atmospheric level. Heavy 
rain then disrupted the daily monitoring for 24 hours and from 3 r d July 1993 sites around 4-4 
were monitored on selected days to 28th July by the University of Rome. 
In the ligth of such results the main observations can be summarized as follows: 
- The injection of gas at 2.4 bars, about 20 m below the ground, produced an advective 
movement of gas, mainly through saturated sediments, towards the surface, i.e. a gas migration 
in a two phase system occurred. This means that displacement of groundwater and/or a gas 
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micro-bubble stream took place. Considering a break through time of 36 hours ±12 hours (as 
suggested by the curve of Figure 11) the gas reached a velocity along the fault path of 0.015 
cm/sec (± 0.003 cm/sec). 
- The high soil gas values of He appeared over the fault at the minimum distance from the 
subsurface injection point and were confined to one small 200 sqm circular area. Beyond this 
area, even over the fault, no high values of AHe above background were recorded. 
- The concentration in the soil, in this small area, of injected He indicates transport to the surface 
via a channel. The contrast in values over distance of a few metres shows that the channel must 
have been similarly narrow. The pattern of decreasing soil gas AHe values around the centre of 
the highest concentration (3.5 m west of position 4,4) may be considered as an halo of 
dispersion occurring just in the soil which cause a funnel-shaped distribution in 3 dimensions. 

It is concluded that when a relatively high pressure occurs within fractured clayey rocks, gas 
can migrate quickly upwards following channels of enhanced permeability. Faults in clay are 
not totally gas tight, but at some points may yeld preferential paths, even if narrow, for gas 
escape. This has already been suggested from observations of naturally occurring soil gas 
anomalies over faults in clay. 

ISMES (F. Gera, V. Chiantore, R. Pensieri) 

Geophysical surveys in the Siena basin 
The study area is Site 2 (northern sector of the Siena basin) in the Malena River valley. The 
geophysical investigations have been located after an accurate topographic survey. 
During November 1992 ISMES carried out the following surveys: 

2 High Resolution Reflection Seismic Lines (SI-01-92, SI-02-92); 
3 Vertical Electrical Soundings (VES01, VES02, VES03); 
2 Horizontal Electrical Soundings (along SI-01-92, along SI-02-93). 

The high resolution reflection seismic survey has been aimed at evaluating the usefulness of the 
method to reveal the presence of small dislocations to be related with the results of soil gas 
measurements. 
The geoelectrical survey has been carried out to define the main characteristics of the geological 
formations: thickness, presence of main sedimentary discontinuities, etc.. 

Considerations about seismic sections 
On both lines SI-01-92 and SI-02-92 the presence of two marked horizons has been identified. 
The first horizon is located at the depth of 70-100 m from the field plane; the second horizon is 
located at the depth of 130-180 m from the field plane. 
On line SI-01-92 the presence of a fault is evident on the vertical of the geophone point 163. On 
line SI-02-92 a fault is evident on the vertical position of geophone point 174. Further inferred 
faults seem to be present on the seismic sections. 

Geoelectrical reconnaissance 
The resistivity values measured with the resistivity profiles are of the same order of those 
measured with VES; the values range between 25 Ohm/m and 40 Ohm/m. Further, there is a 
difference on the average resistance among the shallow sediments located in the northern side 
and those in the southern side of Malena river. They could indicate the presence of zones with 
different characteristics. 
VES02 and VES03 have pointed out the presence of a thick low resistance layer at the depth of 
about 180 m from the field plane (Figures 12 and 13). To date, VES01 has not been used for 
interpretation. 
In addition, during May-June 1993, a more detailed geophysical survey was performed in the 
same area (site 2) to achieve more precise information on the location of faults. On such 
informations the site for the gas injection test was selected. 
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Laboratory determinations 
Geotechnical, pedological, mineralogical determinations have been carried out on samples 
collected both in the Siena and Irpinia areas in order to define preliminarly the main 
characteristics of the superficial and (at Poggio Bonelli) deep sediments. 
The samples under investigation have been identified according to the area and the points of 
collection (and the date) as follows: 
a) SIENA 92, L01/L02: 5 shallow disturbed samples; 
b) IRPINIA 92, A1/A2/A3/A4/A5: 5 shallow disturbed samples; 
c) SIENA 93, drilling: 2 deep undisturbed samples. 
From the physico-mechanical and chemico-mineralogical points of view, the main obtained 
results are the following. 

Superficial samples 
- those collected in Irpinia (near Andretta viilage) are quite variable in granulometric composition 
but quite homogeneous as far as chemical and mineralogical characteristics are concerned (Tab. 
la); 
- those coming from the Siena area (Poggio Bonelli) are sandy-silty (or silty-sandy), showing 
only minor variations in granulometric composition. 

Deep samples from the poggio bonelli borehole 
SAMPLE 1 (depth 10.10 - 10.30) 
Sandy silt with clay (AGI classification); liquid limit 32%; plastic index 15%; classification 
(according to Casagrande) "inorganic clay, medium plasticity"; maximum preconsolidation 
strain: about 1.5 MPa. The determination of the overconsolidation ratio has not been possible in 
absence of information about the depth of the water table. 

SAMPLE 2 (depth 21.70 - 21.90) 
Silty sand with clay and a few of gravel; no Atterberg limits determination due to the limited 
amount of fine grain material; the oedometric curve, typical of a quite disturbed material, did not 
allow the definition of the maximum preconsolidation strain. 

It is worth to note that the bulk density of each sample has been determined by taking 
measurements of weight, height and diameter of the trimmed specimens prepared for the 
oedometric and permeability tests. The mean values of the determinations carried out on each 
sample are: 20.43 kN/m^ (sample 1) and 20.57 kN/m^ (sample 2). 
The specific gravity, related to water density (20°C) and expressed as a pure number, has been 
determined by using a pycnometer and an appropriate amount of overdried soil. Two 
independent tests have been performed for each sample and the results presented are the mean 
values: 2.73 (sample 1) and 2.71 (sample 2). 
In addition, the two samples coming from the borehole at Site 2 (depths about 10.20 m and 
21.80 m) show very similar composition of clay minerals even if the clay content of the deepest 
is subordinated. A triaxial permeability test (on the first sample, depth 10.20 m) indicates a very 
limited water conductivity of the silty formation (k=4E-10 m/s). 
The results of the pedological determinations are still under study; preliminarly, it is possible to 
anticipate that variations in both the characteristics and chemical contents are not negligible. 

REFERENCES 
l\l ETIOPE G., LOMBARDI S. (1993): Soil gases as fault tracers in clay basins: a case history 
in the Siena Basin (Cenral Italy)- Proceedings of 2nd C.I.G.G., Besancon 5/9 Jul. 1993, for 
conference papers 
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TABLES 

Table I Ofanto Basin (1 
GAS 
AHe (ppb) 
222Rn (Bq/1) 
CO2 (%) 

Mean 
19 

16.93 
1.33 

sample/km2) 
St.Dev. 

131 
17.24 
2.10 

Table II Siena Basin 
(Site n°l - Acqua Borra- 25 samp 
GAS 
AHe (ppb) 
222Rn (Bq/1) 
CO2 (%) 

Mean 
0 
14.17 
2.77 

St. Dev. 
126 
18.87 
4.72 

Max.Val. 
402 

97.31 
15.51 

Min.Val. 
-509 
0.74 
0.13 

Count 
110 
110 
106 

es/km2) 
Min. 
-460 
0 
0.30 

Max. 
626 
100.64 
58.25 

Count 
195 
195 
195 

(Site n°2 - Pieve di Pacina - 25 samples/km2) 
GAS 
AHe (ppb) 
222Rn (Bq/1) 
CO2 (%) 

Mean 
-21 
29 
3.04 

St. Dev. 
216 
23.91 
2.31 

Min. 
-772 
0 
0.03 

Max. 
998 
123.58 
10.15 

Count 
121 
121 
121 

(Site n°2bis - Pieve di Pacina - 400 samples/km2) 
GAS 
AHe (ppb) 
i22Rn (Bq/1) 
CO2 (%) 

Mean 
-62 
23.88 
2.58 

St. Dev. 
201 
16.63 
1.96 

Min. 
-688 
0 
0.13 

Max. 
998 
71.78 
9.8 

Count 
81 
81 
81 

CAPTIONS 
Figure 1 - Sketch-maps of soil gas distribution in the Ofanto Basin 
Figure 2 - Fracture field analisys in the Ofanto Basin 
Figure 3 - Photo-lineament map from the Ofanto Basin 
Figure 4a,b - Location and geometry of sampling grids in Siena Basin 
Figure 5a,b - Rn distribution in soil-gas from two different scale samplings 
Figure 6a,b - AHe distribution in soil-gas from two different scale samplings 
Figure 7a,b - CO2 distribution in soil-gas from two different scale samplings 
Figure 8a,b - He/Rn values from (a) traverse 2 - Calitri and (b) traverse 4a,b,c - Andretta 
Figure 9 - Location of gas injection test site and background helium values 
Figure 10 - Stratigraphic sequence and geometry of the borehole-fault system 
Figure 11 - Helium variations during injection test 
Figure 12 - Resistivity profiles SI-01-92 and SI-02-92, V.E.S. 02 and V.E.S. 03 
Figure 13 - Line SI-02-92: geological interpretative section 
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T i t l e : MEGAS : M o d e l l i n g and E x p e r i m e n t s on GAS m i g r a t i o n 
i n r e p o s i t o r y h o s t r o c k s 

C o n t r a c t o r s : SCK/CEN, INTERA, BGS, ISMES 
C o n t r a c t N° : FI2W-CT91-0076 
P 'Taf- ion of ' • " i t r a r t : from m .m p^ ^;- 28-02 94 
Period covered January to December 1993 
Project leader G. Volkaert (coordinator), M. Impey ( INTERA), 

P. Hooker (BGS), V. Fioravante (ISMES) 

A. OBJECTIVES AND SCOPE 

For the option of a deep geological disposal facility several potential 
sources of gases were identified : i.e. the anaerobic corrosion of iron, 
degradation of organic materials, the gas present as such in the waste 
packages. Of those gases hydrogen is certainly the gas which can be 
released in the potentially largest amount. For the safety evaluation of a 
repository, it is necessary to know the effects of gasses on the host rock. 

The primary objective of the MEGAS project is to understand the 
consequences of gas generation in a clay host rock. The final objective of 
this project will be to validate a gas migration model and to confirm our 
understanding using an in situ gas injection experiment. 

B. WORK PROGRAMME 

1. Chemical reaction and diffusion experiments 
The reaction capacity of hydrogen with Boom clay observed in previous 

experiments will be further investigated by determining the intrinsic 
reaction rate, the reaction capacity and the diffusion coefficient. 
2. Geotechnical experiments : uniaxial 

In these experiments the gas permeability (two-phase flow) and the gas 
breakthrough pressure will be determined. 
3. Geotechnical experiments : triaxial 

The goal of these experiments will be to define the conditions under 
which preferential pathways for gas migration might develop and to examine 
bubble growth and migration. Triaxial experiments will also be performed 
at elevated temperature. 
4. In situ experiments 

These will be performed in the HADES underground research facility 
(Mol, Belgium). 
5. Modelling 

The following approaches will be utilized : modelling the dynamics of 
bubble flow and modelling two phase flow. The laboratory experiments will 
be used to validate and, possibly, calibrate a basic two phase flow model. 

Within this project INTERA will perform the main modelling work. The 
SCK/CEN will be responsible for the gas reaction, diffusion, uniaxial flow 
and in situ experiments. BGS will perform geotechnically based triaxial gas 
flow experiments. ISMES will perform experiments at higher temperature. 
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PROGRESS OF WORK AND OBTAINED RESULTS 

State of advancement 

1. Chemical reaction and diffusion experiments 
The new improved reactor was tested and two reaction experiments were 

performed in it. 
An in-diffusion test was performed using copper seals. The diffusion 

leak was reduced but is still not negligible. Therefore two completely 
welded through-diffusion cells were developed. The first results obtained 
with this cell type are promising. 
2. Geotechnical experiments : uniaxial 

X-ray tomography was applied to measure in a non-destructive manner the 
saturation profile during gas breakthrough. The gas breakthrough experiments 
were continued and refined. A first gas breakthrough experiment on a clay 
core under controlled vertical stress was started. 
3. Geotechnical experiments : triaxial 

ID and radial (needle injection) gas flow experiments were performed 
on clay plugs under isostatic confinement conditions. Both constant gas flux 
as constant gas pressure conditions were applied. Needle gas injection 
experiments at higher temperature up to 80 °C have been performed on Pontida 
and Boom clay. 
4. In situ experiments 

Preliminary in situ gas injection experiments were performed using the 
multi screen piezometer installed in 1986 at the bottom of the shaft. 

The equilibration of the hydrostatic pressures on the four piezometers 
for the new in situ gas injection experiment was further followed. A 
hydraulic test was performed to measure the hydraulic conductivity and 
storage coefficient. Due to the slow pressure equilibration, the start of 
the gas injection was delayed until end January 1994. 
5. Modelling 

The two phase flow code TOPAZ was applied to simulate the results of 
two laboratory gas injection experiments. 

The TOPAZ code has been further refined to study the effect of gas 
pressure on the porosity, the hydraulic conductivity and the time needed to 
reach a steady state gas flux. 

Progress and results 

1 Chemical reaction and diffusion experiments 
The new reactor is now operational and was tested by performing two 

blank tests with pure water under a hydrogen atmosphere. No other 
significant phenomenon than the dissolution of H2 in water occurred. A H2-
clay slurry reaction was started in September 1993 and is still going on. 
The observed hydrogen reaction has a constant rate of about 10"8 mole 
H2/day.g clay. The total actual hydrogen consumption is 1.12 pjnol/g clay. 

The fifth in-diffusion experiment carried out with a soft copper ring 
placed at the bottom flange gave a better result regarding the hydrogen 
leak, which was reduced by a factor two compared to the former system. 
Nevertheless, hydrogen continues to escape by diffusion through the piston's 
Buna 0-rings. 

A first through-diffusion experiment was performed. In this experiment, 
at one side of the clay core a constant hydrogen pressure is applied while 
initially the pressure at the other side is equal to the equilibrium water 
vapour pressure. The quantity of hydrogen diffused through the core is 
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determined by measuring the pressure increase at the outlet side. This side 
is completely sealed by welding so that leaks can be excluded. The value of 
the diffusion coefficient D derived from the first through-experiment is in 
the same range as for the in-diffusion experiments, but T|R and thus tiRD are 
an order of magnitude lower. 
2 Geotechnical experiments: uniaxial 

The three gas breakthrough experiments installed at the University of 
Ghent have been finalised. The goal of these experiments is to measure non -
destructively the change in saturation of a clay core caused by gas flow. 
X-ray tomography was applied to determine density changes in the clay cores. 
By calibration we have shown that a change in radiological density of 10.1 
H.U. (Hounsfield units) corresponds to a change in water content of 1 volume 
1. This is equivalent to 2.5 X change in saturation. After gas injection 
through core 23B7K3 a decrease in mean radiological density of 19 H.U. 
corresponding to a 5 % decrease in saturation was observed. In the two 
other experiments the change in saturation was negligible. These results 
correspond well with those obtained by destructive analysis. 

Two experimental set-ups for the study of gas flow on clay cores under 
controlled vertical stress have been constructed. With this equipment the 
influence of the vertical stress on the gas flow parameters will be studied. 
Two experiments were started. The hydraulic conductivities before and after 
applying 4.4 MPa vertical stress were measured. Gas injection has been 
started and is still ongoing on the first experiment. End January 1994 gas 
injection on the second experiment will start. 

3 Geotechnical experiments: triaxial 
Figure 1 shows a simplified scheme of the "flow-through" apparatus 

developed by BGS for the MEGAS Project. The apparatus comprises 5 main 
components: (a) a sample assembly, (b) a pressure vessel rated at 35 MPa 
together with its associated pressure control equipment, (c) a fluid 
injection system, (d) a back pressure system and (e) a microcomputer-based 
data acquisition system. Total stress a has been shown to be an important 
parameter in determining the behaviour during gas injection. Therefore a key 
feature of the design is that the sample is subjected to an isotropic total 
stress CT, which is maintained constant during the course of a test. By 
applying a fixed back pressure Pw, the sample can be consolidated at the 
onset of testing under predetermined effective stress conditions (aeff = a -
Pw) so that the initial porosity is as close as possible to its in situ 

value. 
Control of the injection flux is achieved using a stepper-motor driven 

syringe pump. The fluid injected into the 49 mm diameter by 49 mm long 
cylindrical test sample can be either water-saturated helium or a synthetic 
ground water solution with chemistry matched to the "bulk interstitial pore 
water" of the clay. In normal use the injection pump is set up for constant 
flow-rate control, with flow-rates typically in the range 5-50 \il per hour. 
Back pressure Pw is controlled at the outgoing end of the sample using a 
second syringe pump which is also capable of continuously monitoring the 
volume of effluent. 

A typical test sequence for a sample of clay consists of the following 
stages: (a) resaturation and consolidation at in situ effective stress (aef£ 
•» 2.2 MPa), (b) intrinsic permeability determination at a number of 
(volumetric) water flow-rates, (c) re-equilibration, and (d) gas injection 
at a number of gas flow-rates. 

466 



Figure 2 shows a typical result of a gas injection test under constant 
inflow conditions and constant outlet pressure. The inlet pressure builds 
up until gas breakthrough occurs. At this point there is a small but sharp 
drop in the inlet pressure. The gas outflow is not continuous but seems to 
occur in small "bursts". When the inflow rate decreases, the inlet pressure 
decreases while the outflow continues be it at a lower flow rate. This means 
that after gas breakthrough, gas flow can occur at a lower pressure than the 
breakthrough pre s sure. 

The measured gas flow rates and breakthrough pressures are of the same 
magnitude as those obtained from the uniaxial experiments on Boom clay. 

ISMES has further modified the internals of the HITEP triaxial 
apparatus so that now gas can be injected through a hollow needle perforated 
over its whole length (see Fig. 3). Before gas injection the samples are 
consolidated at a given vertical stress. The consolidations were performed' 
under k0 conditions i.e. no radial deformations allowed. Experiments have 
been performed on Pontida and Boom clay. In total 44 experiments were 
performed with this experimental setup. In these experiments, different 
consolidation stresses, different degrees of saturation and temperatures 
between 20 °C and 80 °C were applied. 

For both clay types it was shown that with increasing consolidation 
stress and/or increasing degree of saturation, the gas breakthrough pressure 
increases and the gas flow rate decreases. As shown in Figure 4, an increase 
in temperature at constant consolidation stress leads to an increase in gas 
breakthrough pressure. 

4 In situ experiments 
Preliminary in situ gas injection experiments using helium were 

performed in a vertical piezonest installed under the shaft on the 18-12-
1986 (see Fig. 5). Since end 1986 the hydrostatic pressures on this 
piezonest were followed and have shown that there is no direct hydraulic 
connection between neighbouring filters. 

First gas was injected through filter 6 at 2.25 MPa. After only two 
days a sharp pressure rise in filter 7 occurred indicating gas breakthrough. 
Gas injection was stopped in filter 7 and was started again in filter 9. 
First gas was injected during 1 month at 2.17 MPa and no breakthrough 
occurred. Then the gas pressure was increased to 2.25 MPa and after about 
one week the gas created a connection with filter 8. Two weeks later a 
connection with filter 7 was created and then quickly with all the other 
filters. 

As the initial hydrostatic pressure in filter 9 was 1.6 MPa, gas 
breakthrough occurred at only 0.6 MPa overpressure which is much lower than 
in the laboratory experiments i.e. at least 1.2 MPa. The most probable 
explanation for the observed phenomena is the disturbance of the local 
geomechanical stress field due to the installation of the piezonest. 

Figure 6 shows the hydrostatic pressures measured on the new gas 
injection experiment installed last year. A hydraulic test was performed to 
measure the local hydraulic parameters around the four piezometers. In this 
test water was allowed to flow out of one of the filters of the central 
piezometer and the pressure drop in the other filters was determined. The 
following hydraulic parameters were obtained: 

storage coefficient =8.07 10"6 m"1 
horizontal hydraulic conductivity = 5.17 10"12 ms""1 
vertical hydraulic conductivity = 2.35 10"12 ms"1. 

These values are within the expected range for natural Boom clay. 
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5 Two-phase flow modelling 
A series of calculations were performed, using the TOPAZ two-phase flow 

code, for comparison with the results of gas injection experiments performed 
by SCK.CEN on cores 23B5.5k2 and 23B4.5. 

The results obtained with the TOPAZ code appear to be in reasonable 
agreement with the experimental measurements of saturation profile for core 
23B5.5K2. For core 23B4.5 however the calculated result is a few percent 
higher throughout the core. The error with experimental measurements may be 
1-2 Z. 

The correspondence between measured and calculated gas fluxes is also 
variable. Closest agreement is obtained for core 23B4.5, using the lower 
estimate capillary pressure curve. All flux results obtained with TOPAZ are 
lower than the measured values, suggesting that the measured hydraulic 
conductivity and relative permeability curves used in the calculations may 
have to be modified to more accurately reflect the flow of gas in the cores. 
The calculated times needed to reach steady state flow was much larger than 
the observed equilibration times. It should be noted that the calculated 
fluxes are in good agreement with the analytic prediction for gas flow 
through an unsaturated medium. Thus it may be that the order of magnitude 
difference in the gas flux for the core 23B5.5k2 is a result of flow 
conditions not matching the Darcy two-phase flow model assumed in TOPAZ : 
one possibility is the existence of preferential pathways for the gas in the 
core. 

The TOPAZ code has been further refined to include the effects of rock 
compressibility on the gas flow. It has been shown that these effects might 
explain the observed equilibration times. 

4. Conclusion 
At low gas pressures, hydrogen is only transported by diffusion. The 

reaction capacity of undisturbed Boom clay is negligible and even the 
reaction capacity of oxidized clay seems to be very limited. At higher 
pressures, two phase flow occurs. It was experimentally shown that only a 
small fraction of the pore water is displaced by the gas. An increase in 
temperature has the same result on gas flow as an increase in effective 
vertical stress i.e. an increase in breakthrough pressure and a reduction 
in flow rate. 

In case of two phase flow the TOPAZ code simulates rather well the gas 
flow rate and the saturation profile. Once the gas pressure annihilates the 
effective stress, preferential pathways are created and a much larger gas 
flow is observed. 

The MEGAS project will further be focused on the determination of the 
conditions under which two phase flow prevails and those under which 
preferential pathways are created. 
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Title: Gas Pressure Build-up in Radioactive Waste Disposal and Mechanical Effects 
Contractor: GEOSTOCK - France 
Contract number: FI2W/CT-91-0093 
Duration of contract: July 1991 - January 1995 
Period covered: January 1993 - December 1993 
Project leader: T. Manai 

A. OBJECTIVES AND SCOPES 

The specific aim of this study is to evaluate the consequence of gas generation from a radioactive 
waste repository. The evaluation will be carried out in terms of gas migration in the backfill and the 
host rock and in terms of mechanical effects. 

The phenomenology of physical process involved in gas transport will be reviewed; then some 
selected numerical codes taking into account two phase flow will be presented, the gas pressure 
build-up will be simulated for different designs of repositories, different host rock characteristics using 
numerical two phase flow models such as reservoir simulations used in the oil industry. 

The mechanical modelling using new theoretical development for fracture initiation and propagation 
through the bifurcation theories will be carried out with the cooperation of the French Institute of 
Petroleum (IFP). 

B. WORK PROGRAMME 

The work is divided into work packages (WP): 

WP1: is dedicated to the phenomenology review: 
inventory of two phase flow phenomenology applied to gas migration from a radioactive 
wastes repository. 

WP2: Laboratory experiment: limited number of investigations on some representative host rock 
core samples. 

WP3: Two phase flow modelling. 

WP4: Mechanical developments modelling: theoretical works for the elaboration of a new criterion 
for fracture initiation and propagation 

WP5: Risk of gas generation 

WP6: Final report and conclusions 
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C. PROGRESS OF WORK AND RESULTS OBTAINFD 

C.1. State of advancements 

The main activity of the last year (1993) is essentially dedicated to new developments of WP4, i.e. 
the implementation and the extension of the 3D model bifurcation, in the computer in order to achieve 
the criterion of fracture initiation and propagation and evaluation model parameter with experimental 
data. 

By the end of 1993, the situation is: 

WP1 completed in 1991 
WP2 to be completed (mid 1994) 
WP3 completed in 1991 (first part) 
WP4 2D Modelling completed 1992 

3D Modelling completed 1993 
WP5 to be completed (1994) 
WP6 to be completed (end of 1994) 

C.2. Progress and results 

C.2.1. Summary model description 

The equation of state which describes the relationship between strain and displacement is derived 
from the thermodynamic potential W (e, D) by: 

_ dW (e, D) 

The endamagement tensor D is derived from 

D = d (S ) n ® n 

where d(S) = -=? - ; 0 < d ( S ) < 1 
v 

ai is the radius of the microcrack 
V is the total volume 
n is the normal of surface crack 
d(S) is interpreted as the density of microcracks 

The initiation and propagation of the microcrack is described by the discontinuities of normal vector in 
the point detected and the initial criterion is: 

det(n.L.n) = 0 

The expression of the thermodynamic potential formula is: 

W (e, D) = g.tr (e.D) + - Xtr (e)2 + u.tr (e.e) + a.tr (e) .tr (eD) + 2 ptr (e.e.D) 
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v, u are the classical lame coefficient defining the strain energy for non damaged isotropic solid, a 
and p are elastic coefficients related to damage induced modification of the strain energy function and 
g is a constant relevant to damage induced residual stresses (fig. 1). 

C.2.2. Elastic damage response and damage growth 

The thermodynamic forces related to D are given by: 

pD = aw (ED) = pD2 

3D 

FD1 = residual stress term 
FD2 = reversible damage 

The damage growth is supposed to be time-independent and progressive one. 

The damage growth criterion is: 

F ( F D - F D 2 - F D 1 , D ) = 0 

This new criterion has been developed previously in 2D (in 1992), and now the whole model is 
working in 3D. 

C.2.3. Model parameters evaluation 

An example of experimental vs model stress-strain curve for Vosges sandstone under confining 
pressure of -50 MPa has been used to evaluate model parameters. 
The set of material parameters adopted further in the localization analyses is as follows (fig. 2): 

V 
M 
a 
P 
g 

= 
= 
= 
= 
= 

14141 MPa 
7954 MPa 
19000 MPa 
14280 MPa 
-179 MPa 

A global procedure of evaluating model parameters in 3D has been achieved and the comparison 
between the classical triaxial loading test has been accomplished and good agreement has been 
observed between the model result and the experiment. 

C.2.4. Tests 

Several tests have been done in the final version of the model (i.e. in 3D, fig. 3) and reveal the 
complexity of geometrical configurations of localization surfaces and completeness of related 
discontinuity modes when the three-dimensionality is admitted. 
At the same time, these tests analyses how the efficiency of this new criterion of initiation and 
propagation of microcrack in the solid. 

A specific algorithm has been written to implement this method because of the multiple solution found 
locally. 
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D. FURTHER ACTIONS 

The 1994 year will be dedicated to the achievement of WP2, end of WP3, WP5 and WP6. 

The experimental study on some representative rock samples will allow to evaluate: 

threshold pressure, 
capillary pressure, 
relative permeability. 

The result of this experimental testing will be used to achieve the calculation of two phases flow 
modelling and to evaluate the risk of gas migration in repository. 

The experiment will be done with the collaboration of BEICIP laboratory. 

Experimental set up and some results will be present at PEGASUS meeting. 

At the end of this year, a global report will be generated. 

E. COMMENTS 

The working programme modification leads to the difficulties for implementing the 2D and 3D of 
numerical codes because of the non standard techniques involved: 

modified finite element method taking into account discontinuities and anisotropic response, 
multiple solution involved in the detection criterion, 
testing procedure of the 2D and 3D bifurcation model. 

On the other hand, a representative host rock samples from radioactive repository was difficult to 
obtain. 

Now the work package No. 4 was achieved and the whole results is presented as a PhD work at the 
middle of this year. 

1992 has been dedicated to the model investigation in two dimensional and some tests. 

1993 has been dedicated to model implementation and extension in three dimensional localization, 
the implementation of the model is quite difficult but successful. No further theoretical work will be 
carried out in this year. 
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Fig. 1. Typical stress-strain behaviour according to the model 
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Title : Salt permeability in situ test (Amelie Mine France) 
Contractor : CEA/ANDRA - Fontenay aux Roses (F) 
Contract N° : F12W-CT91-0101 
Duration of contract 
Period covered 
Project leader 

January 92 - June 95 
January - December 1993 
J.F. Laurens 

A / OBJECTIVES AND SCOPE 

The purpose of the in situ test that will be performed in MDPA mines is to measure the 
gas permeability of a rock salt bed previously submitted to a brine percolation. 

This is of major importance for predicting the becoming of the gases present in the 
repository (gases coming from radiolysis, corrosion, bacteriological activity, trapped air...). 

The experiment is planed to include two tests in separate boreholes at Amelie 
underground facilities. 

As the measured quantities will be very low, the choice of experimental parameters will 
allow to eliminate or minimize or quantify all the underisable effects in order to facilitate 
the datas interpretation. 

The scientific interpretation of the results will be made by the G.3S. 

B/ WORK PROGRAM 

The initial work program was : 

1 - Prefeasability tests in order to validate the experimental device (tightness of the 
borehole system, accuracy of the measurements). 

2 - Pilot test in borehole n° 1, with brine, increasing the pressure up to fracture the 
rocksalt. 
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3 - Test in borehole n° 2 including : 

- measurement of gas permeability ; 

- injection of brine and measurement of brine permeability ; 

- emptying of the borehole and measurement of gas permeability. 

Due to the result of the cost evaluation and of the prefeasability tests, it has been decided 
in 93 to reduce the work program in order to stay within the financial limits of the contract. 

The second part of this program consisting in a pilot test with the aim of fracturing the 
rocksalt is cancelled. Only one borehole will be used for all the test including fracturing 
of the rocksalt. 

C / PROGRESS OF WORK AND OBTAINED RESULTS 

the specifications of the test site and of the experimental device have been defined, 

the technical procedures of the test have been written, 

the test site and the borehole have been done in Amelie mine, 

all the parts of the experimental device have been ordered. 

1 - SPECIFICATIONS OF THE TEST SITE 

1.1 Dimension of the test site 

The test site is located in an existing gallery "voie au mur JOSEPH". Its dimensions are : 

length 
width 
height 

4.0 m 
2.0 m 
3.35 m. 

It will include all the experimental devices and the borehole. 

GALERIE EXISTAHTE 
VOIE AU MUR JOSEPH 
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1.2 Borehole specifications 

The borehole length is 17.5 m. Its diameter 146 mm in the lower part. Only the last 
6 meters are cored. 

At the top of the borehole a casing is sealed to the rock. The quality of the borehole wall 
must be very good in order to ensure a perfect gas and brine tightness of the packers 
system. This finality will be controlled by endoscopy. 

PHASE 1 
3 . 0 M 

1 3 . 0 

17 .5 

PHASE 2 ?#S 
8 . 5 It 

1.5 

PHASE 3 v\v; 
6 . 0 H 

3 . 0 

PLAQUE DE 
PROTECTION 
GOO X GOO mm 
T o l e a c i e r 
e p . m i n i = 8mn 

TUBAGE OH 200 
CIHEHTE AU JOUR 

D1 
D2 
03 

= 250 
= 1»46 
= 1^6 

mm 
mm 
mm 

SPECIFICATIONS OF THE EXPERIMENTAL DEVICE 

2.1 Shutter system 

The length of the experimental chamber will be defined after the endoscopy of the 
borehole (- 0.85 m). The tightness of the chamber will be realised by two double packers 
systems. 
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Each system will be 1 m long including to inflatable packers 0.2 m long separated by a 
0.6 m long chamber that will be injected with a special polymeric resin. 

Eight injection or control pipes will connect this system to the top of the borehole. 

Ensemble 
d'obturaieur 
superieur 
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2.2 Gas injection system 

A reference pressure will be given by a device using a dead weight. The difference 
between the pressure of the chamber and the reference pressure will allow gas injection 
until equilibrium is found. The amount of injected gas will be calculated knowing the loss 
of pressure of a buffer bottle. The precision of the pressure will be 0.01 MPa. 
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2.3 Brine injection system 

The injector is a piston whose movement is driven continuously by the difference of 
pressure between the reference and the chamber. The maximum brine flux will be 
500 mm

3 / mn, the minimum 0.1 mm
3
/ mn. 
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2.4 Thermal regulation system 

All the injection system (surface, borehole) will work at the temperature of the chamber 
( - 36°C) in order to prevent all the undesirable effects (cristallization, creeping...). 

For that purpose, a ventilation system with two fans and electric heaters will be built. 

A l imen ta t ions 1 
e l e c t r i q u e s 8 -y,s 

l i a i s o n s 
nesures 

2.5 Data aquisition system 

All the datas of the test will be collected by a data logger connected to the SELTICA 
system (already used for the "SEL BROYE" and "CPPS" test) that will send them daily 
to Palaiseau near Paris. 

WORKS DONE 

The test site has been dug in September. The borehole has been cored in December. 
Two endoscopies had to be done in order to be sure of the quality of the wall and of the 
position of the marnoanhydritic layers limiting the length of the shutters. 
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Title: Continuation of the migration experiments in Boom clay (laboratoy and in situ) 

Contractor : ONDRAF/NIRAS, Brussels, Belgium 

Contract N° : FI2W/0039 

Duration of contract : September 1991 - Augustus 1995 

Period covered : January 1993 - December 1993 

Project leader : J. Van Miegroet. 

A. OBJECTIVES AND SCOPE. 

As the PAGIS / I / and PACOMA 111 safety studies have indicated, 
the migration of the critical radionuclides in the Boom clay is one of the key 
factors in the overall HLW disposal concept in Belgium. For this reason this 
programme aims at identifying the relevant migration mechanisms and at 
quantifying the migration parameters for these radionuclides. 
The programme, a continuation of ongoing research, involves both percolation 
and diffusion experiments in the laboratory and in situ (underground lab). 
The experimental work is performed by CEN/SCK. 

B. WORK PROGRAMME. 

1. Migration experiments in the lab. 
For a selected list of critical (14C, "Tc, 129I, ,35Cs, 237Np) and possibly 
critical radionuclides (79Se, 93Zr, ,07Pd, U-, Am- and Cm-isotopes) as well 
as for dissolved organic molecules migration experiments in clay cores will 
be executed. 

2. In situ migration experiments. 
In situ migration tests with HTO (tritiated water) and 134Cs were started 
previously and are regularly monitored. 
Additional tests with Am, Tc and HTO are planned. 
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C. PROGRESS OF WORK AND OBTAINED RESULTS. 

STATE OF ADVANCEMENT 

1. Lab-experiments. 

One flow-through experiment, in which the simultaneous migration of 
HTO, HC03" and I" was followed, confirmed earlier results. 
The experimental data of 4 migration tests with selenium have been 
analysed and interpreted. Also, new experimental results were obtained for 
uranium (2 tests) and europium (4 tests). 

2. In-situ experiments. 

New experimental results have become available for the three large scale 
in situ tests: two with I and one with HTO. For the HTO migration 
experiment, which is running since January 1988, the results encompass a 
migration distance of 2 meters. All the experimental data are compared to 
model calculations. 

PROGRESS AND RESULTS. 

1. Lab-experiments. 

The obtained results for the flow-through experiment in which the 
simultaneous migration of HTO, I" and HC03" was followed are given in 
Table 1. The results of the earlier reported mixed HC037T flow-through 
tests are also given for comparison. 

Mean 17R and D values for HC03" derived from these data are : 

ijR = 0.12 (±0.04) 

D = 1.9 1010 (±0.8) nvV 

TJRD = 1.9 1011 (±0.4) rn'.s"1 

The obvious conclusion is that, just as I", HC03" is not retarded by sorption 
and that as a result of anion exclusion the diffusion accessible porosity t] 
is ± 3 times less than for HTO . 

The experimental data of the four Se migration experiments (two diffusion 
and two percolation tests) have been interpreted. In these tests a 75Se 
labelled clay slice or filter was contacted with non-labelled clay cores. A 
solubility limited 75Se source term had to be assumed in order to be able 
to accurately describe the obtained migration profiles. The calculated 
parameter values are summarized in Table 2. Cb refers to the calculated 
Se bulk concentration in the source at the end of the experiment. 
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As the pore solution concentration C = Cb/TjR and as we know the specific 
activity of the 7SSe label, we can calculate the Se solubility in the Boom 
clay slice, yielding the range 6.10 9-6.10 10M. Values for the retardation 
factor R, and consequently for the distribution coefficient Kd, could be 
derived from the migration experiments making use of the semi-empirical 
Bruggeman equation TJRD (nr.s1) = 6.84 10""' x (T/)1 s /3 / Kd values of 
0.032 and 0.13 m3.kg"' have been derived, which tend to be slightly lower 
than Kd values obtained in batch sorption experiments (0.1-1.0 m\kg"'). 

The results of two U percolation experiments are given in Table 3. Similar 
to the Se migration tests a solubility limited source term had to be 
assumed. The calculated U-solubilities range between 10 6 and 10 7M. 

Four migration experiments with E!u have been terminated. These diffusion 
experiments only yielded D values (Table 4). 

A pronounced influence of the reconsolidation pressure can be observed, 
in contrast to earlier observations for Sr /4/ It is evident that this 
decreasing apparent diffusion coefficient D for increasing reconsolidation 
pressures cannot solely be ascribed to a decreasing diffusion accessible 
porosity. Pore geometrical changes (tortuosity, constrictivity) seem to be 
at least equally important. 

In-situ experiments. 

The updated experimental results and the calculated predictions for the 
large scale HTO migration experiment in the CP1 piezometer are given in 
Figure 1. As can be seen form this figure, the first experimental data for 
the filters at a 2m distance from the injection filter are available. The 
agreement between experimental measurements and model predictions 
remains excellent. This figure also shows that this experiment can still 
be followed for several years. 

A second large scale in-situ migration experiment studies the ,25I migration 
in one vertically and one horizontally oriented piezometer. The results for 
the vertical and the horizontal piezometer are given in Figures 2 and 3 
respectively. The migration parameter values used in the predictive 
calculations are given in Table 5. The observed difference between the 
experimental and calculated values for filters nr. 7 are probably due to a 
mass balance disturbance as a result of the pore water sampling. This will 
be checked. 
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Table Results of the flow-through diffusion tests with HCO,, I and 
HTO on reconsolidated clay plugs 

Test 
no. 

1 

2 

3 

4 

5 

Species 

HC0 3 

HCO3 
T 

HC0 3 
I 

HCO3 
I 

HCO, 
I 
HTO 

p 
consolidation 

(MPa) 

4.41 

2.00 
2.00 

2.00 
2.00 

1.98 
1.98 

2.00 
2.00 
2.00 

(-) 

0.18 

0.12 
0.10 

0.10 
0.12 

0.11 
0.11 

0.07 
0.08 
0.29 

D 
( n r s 1 ) 

7 . 5 x 1 0 " 

1.5x10'" 
3 .7x10 '° 

1.8x10'° 
3 .5x10 '" 

2 .2x10 ' " 
4.3x10-'° 

3 .0x10 '" 
5 .3x10 '" 
6 .2x10 '" 

TJRD 

( n r . s 1 ) 

1.4x10" 

1.8x10" 
3 . 7 x 1 0 " 

1 .8x10" 
4 . 2 x 1 0 " 

2 . 4 x 1 0 " 
4 . 7 x 1 0 " 

2 . 2 x 1 0 " 
4 . 2 x 1 0 " 
1.8x10'" 

Table 2 Results of the 75Se migration experiments 

Test 

1 

2 

3 

4 

7?R 

(-) 

-

-

54 

215 

D 
(m 2 . s ' ) 

1.2 x 10 1 3 

2.1 x 10"'3 

1.9 x 10 1 3 

1.3 x 10 '3 

77RD 
(m 2 . s ' ) 

-

-

1.0 x 1 0 " 

2.8 x 10 " 

cb 
(Bq.mr1) 

1610 

122 

849 

11.300 

Table 3 Results of the two 233U percolation experiments 

Test 

1 

2 

(-) 

14.4 

155 

D 
(m2.s-') 

4.3 x 10 ' 3 

5.8 x 10 ' 4 

ryRD 
(m2.s') 

6.1 x 10'2 

8.9 x 1 0 , : 

cb 
(Bq.mr1) 

1200 

2200 
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Table 4 : Results of the diffusion experiments with 152Eu 

Test 

1 

2 

3 

4 

Run time (y) 

4.15 

4.36 

4.49 

4.39 

p 
consolidation 
(MPa) 

0.8 

4.5 

4.5 

4.5 

D 
(mis 1 ) 

1.6 1015 

6.2 1016 

6.3 1016 

2.6 1016 

Table 5 I" parameter values used in the predictive calculations 

Parameter 

Dhor (m 2 . s ' ) 

Dvert (m'.s1) 

* ( - ) 

R ( - ) 

( V d ) v e r t ( m . s ' ) « 

(Vd) horiz (m.s-1) (+) 

Value 

2.65xl0"10 

1.4xl010 

0.15 

1 

1.6x10-" 

7.6x10'11 

m Darcy velocity for the vertical piezonest ; water flow towards the gallery. 
(+) Darcy velocity for the horizontal piezonest ; water flow towards the gallery. 
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Figure 1 : HTO concentration evolution in the Boom clay 
interstitial liquid for the filters 3 to 7. Symbols 
refer to experimental measurements and curves 
to model predictions. Results are given for the 
injection filter nr. 5 and for the filters at 
distance of 1 m (nr. 4 and 6) and 2 m (nr. 3 
and 7) from the injection filter. 
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Figure 2 : 125I concentration evolution for the filters 8 
(injection filter) and 7 (at 0.35 m) of the 
vertically oriented piezonest. Symbols refer to 
experimental measurements and curves to 
model predictions. 
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Figure 3 125I concentration evolution for the filters 8 (injection 
filter) and 7 (at 0.35 m) of the horizontally oriented 
piezonest. Symbols refer to experimental measurements 
and curves to model predictions. 
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CHEMVAL2: A COORDINATED RESEARCH INITIATIVE FOR EVALUATING 
AND ENHANCING CHEMICAL MODELS USED IN RADIOLOGICAL 

RISK ASSESSMENT 

Contractor/Coordinator: WS Atkins Environment, Epsom, UK 

Contract No: F12W/0065 

Duration of Contract: May 1991 - October 1994 

Period Covered: January 1993 - December 1993 

Project Leader: D Read 

A. OBJECTIVES AND SCOPE 
The international CHEMVAL Project, initiated in 1987, has been assessing the 

validity of computer-based models used to describe the geochemistry of radioactive waste 
disposal systems. The original project /1/2/3/ was concerned, primarily, with the 
verification of equilibrium models though a number of attempts were made at a priori 
predictive validation. CHEMVAL2 aims to build on this earlier study by targeting 
specific areas shown to be of particular concern in radiological assessment. Eighteen 
organisations in nine countries currently participate in CHEMVAL and, of these, seven 
have direct responsibility for technical coordination, as outlined below: 
a) Temperature Effects: BRGM/ANDRA, France (R Fabriol, T Merceron) 
b) Ionic Strength Effects: GSF-IfH, Germany (H Lang) 
c) Organic Complexation: LUT/WS Atkins, UK (P Warwick, D Read) 
d) Sorption Processes: AEA Harwell/BGS, UK (C Tweed, M Crawford) 
e) Co-precipitation: MBT/ENRESA, Spain (J Bruno) 
f) Coupled Modelling: EMP/CEA, France (Ph Jamet, D Stammose) 

B. WORK PROGRAMME 
1. Definition and initiation of programme, production of status reviews. 
2. Execution of research programmes for each technical area encompassing data 

review, model development, code verification and model validation. 
3. Comparison with experimental studies and reporting. 
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C. PROGRESS OF WORK AND RESULTS OBTAINED 

State of advancement 

During 1993, the tasks identified in the CHEMVAL2 status review 141 have been 
undertaken and a programme of experimental and numerical investigations is in progress. 
Results presented at the 3rd Plenary Meeting (Stockholm) and 4th Plenary Meeting 
(OberschleiBheim) have been analysed and subsequently issued as progress reports 15161. 

In addition the need for continued development and maintenance of a standardised 
thermodynamic database, both within this project, and for studies of radioactive waste 
management in general, has been recognised and is being undertaken in parallel with the 
CHEMVAL2 programme under the related CEC Contract F12W/CT92/0122. 

Progress and Results 

The structure of the CHEMVAL2 Project is shown in Figure 1. WS Atkins 
together with the two main funding organisations, CEC and HMIP, provide a secretariat 
acting as a contact point for the technical coordinators. The role of WS Atkins 
encompasses organisation of meetings, preparation of reports and dissemination of data 
in addition to modelling and review activities. Progress within each research area is 
summarised below. 

a) Temperature Effects 

Owing to the imcompleteness of data describing the heat capacity of many species 
as a function of temperature, a modified form of the classic Van't Hoff relationship has 
been adopted to account for temperature induced changes in equilibrium stability 
constants. The activity coefficient of ions in solution also varies with temperature and 
a modification of the Davies equation has been proposed by BRGM/ANDRA. This 
incorporates a fourth order polynomial expression for the Davies 'A' parameter enabling 
calculations to be made in the range 0-200°C. In order to implement and test these 
ideas, modifications were made to existing codes and comparisons made against a set of 
verification tests performed by participants using alternative numerical methods. The 
results of these tests are in close agreement. As expected, the results depart from reality 
where the change in heat capacity is significant over the temperature range studied, 
pointing the way for future experimental work. 

A set of "validation" tests has been issued based on the "Dogger" limestone 
reservoir of the Paris Basin and involves the prediction of saturation indices for named 
minerals and the precipitation-dissolution of iron over a range of temperatures. The 
results of these tests will be analysed early in 1994. 

b) Ionic Strength Effects 

The CHEMVAL thermodynamic database developed in Phase 1 of this project 
(1987-1990), accounts for the activity coefficient (7) using a modified form of the Davies 
equation 111 intended for applications where the total salinity does not exceed 0.3 mol 
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dm"3. A review of alternative methods, conducted by GSF-IfH, demonstrates that 
specific interaction methods (SIT) including the Pitzer approach /8/ extend the prediction 
of 7 well above the maximum salinity of 1 mol dm3 intended for this work. The SIT 
approach as recommended by the OECD/NEA 191 is favoured over the Pitzer method due 
to its relative simplicity and the paucity of data from which Pitzer coefficients can be 
obtained. 

The relative capability of the different approaches to predicting experimental 
activity data was illustrated using modelling results obtained at WS Atkins. The 
calculated activity correction coefficients in 1:1 (Na, CI) and 2:1 (Ca, Cl2) electrolytes 
compare well with experimental data published by Robinson and Stokes /10/ Figure 2. 
Compilation of SIT coefficients for incorporation into the CHEMVAL database is in 
progress. Where no published data are available, recourse will be made to estimated 
values, based on chemical analogy (ie ionic radius and charge) for the purposes of model 
testing. 

c) Organic Complexation 

The problems associated with quantifying complexation of trace elements by high 
molecular weight organic matter were highlighted during the original CHEMVAL Project 
121. The theoretical basis for most extant models is weak and few if any have a real 
predictive capability. Essentially, CHEMVAL2 is aiming to develop a practical 
modelling approach which can be independently tested and, further, be used in 
conjunction with conventional inorganic speciation models. The work is being 
coordinated jointly by LUT and WS Atkins. Following a review of the literature /4/, 
three approaches have been advanced as meriting more detailed consideration; the simple 
ligand-binding model of Sposito and Mattigod / l l / , as incorporated in the GEOCHEM 
code, the continuous distribution (statistical) approach of Perdue and Lytle /12/, and the 
electrostatic site-binding models of Tipping and Falck/13/14/. Both of these electrostatic 
models have been incorporated within the PHREEQE code /15/. 

In order to identify which modelling approach, if any, possesses advantages over 
the remainder, experimental data obtained at LUT, using High Performance Size 
Exclusion Chromatography (HPSEC) for the binding of Ni on humic material, have been 
used to test the four models. Each modelling approach predicted greater Ni binding than 
was observed experimentally and considerable variability existed in the predictions. This 
is thought to be due in part to the HPSEC method resulting in lower measured 
concentrations than those obtained by ion exchange. The results of this work are still 
being assessed. 

d) Sorption Processes 

The objectives of work on sorption processes within CHEMVAL2 are to compare 
the various models which have been incorporated into geochemical speciation codes and 
to assess their usefulness for simulating observed behaviour in the laboratory and in the 
field. 
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Following analysis of the results of the verification and validation test cases 
completed earlier in the project, it is evident that two conventions exist for the treatment 
of the activity coefficient (7) for sorbed species. In the first, the activity of surface 
species is set to unity, whereas for the latter the activity coefficient section of the 
equation is omitted and the correction for chemical potential is incorporated into the 
electrostatic term. This accounts, in part, for variations between the wide range of 
models which were used to fit the experimental data. 

Model validation concentrates on two systems; the sorption of uranium onto 
Clashach sandstone (based on experimental data from UKAEA Winfrith) and the sorption 
of nickel onto silica (experiments at BGS). Nickel was chosen as this work is 
complementary to the organic complexation studies at LUT. 

e) Co-precipitation 

Solubility limits based on equilibrium precipitation - dissolution are used to 
establish source term concentrations for radiological assessment and also to estimate 
maximum concentrations of radioelements in geological media. Calculations based on 
pure solid phases may be grossly in error, however, as trace elements in nature tend to 
occur as substituted "impurities" in mineral phases. The aim of work within 
CHEMVAL2, coordinated by MBT/ENRESA is to develop viable models of trace 
element coprecipitation with ubiquitous minerals such as calcite and amorphous iron 
oxides IAI. 

Experimental work at the Polytechnical University of Catalonia (UPC) has 
demonstrated that in the coprecipitation of uranium and iron hydroxides from solution, 
the distribution of uranium is uniform in the solid phase. This strongly suggests 
incorporation of uranium in these solids is the result of co-precipitation as opposed to 
surface adsorption. Further examination by x-ray diffraction shows that they do not 
experience any structural changes over ageing periods of 1 year. Modelling of this 
system has yielded results in close agreement with the experimental findings at low 
aqueous uranium concentrations, but shows increasing discrepancies as concentrations 
increase. Further test cases involving the solubility of Sr in seawater and the co
precipitation of Np, Pu and Am with iron hydroxide are currently under review. 

f) Coupled Chemical-Transport Processes 

The results of six verification test cases proposed by the coordinators, CEA/EMP, 
have been analysed 161 and show close agreement between the participants in the 
overwhelming majority of cases. 

Validation of the coupled chemical transport models has concentrated on 
laboratory studies commissioned at AEA Winfrith and CEA Grenoble. These are column 
experiments, the former examining uranium transport through intact sandstone cores 
whilst the latter is an ion exchange study of Cs and Sr migration through columns of 
packed sediments. Results have been received from a number of participants although 
in most cases this work is still on-going. A second validation phase is currently under 
development based on experimental data from BGS, which investigates the dissolution 

497-



of anorthite/quartz and precipitation of lanmonite. This will be discussed at the 5th 
Plenary Meeting in Barcelona, March 1994. 

g) Database Activities 

The majority of the unreviewed data in version 4.0 of the CHEMVAL Database 
for aqueous species have now been traced to source literature and reviewed. Redox 
couples were not reviewed previously owing to uncertainties that exist in measurement, 
although review work will be completed before the release of version 5.0. 
Thermodynamic data has been collated for Cu, Ni, Co, As, Cd and REE. So far, 
additional data for approximately 250 aqueous reactions and the dissolution of 
approximately 70 solids have been identified. Data for As are to be released with 
version 5.0 of the CHEMVAL Database. It is intended that another version will be 
released prior to the end of the project containing enthalpy data collected at BRGM. 
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Title : Oklo, natural analogue for transfer processes in a geological repository 

Contractor: C.E.A./I.P.S.N. 

Contract: FI2 W CT 0071 

Duration of contract: 4 years (January 1st, 1991 to December 31st, 1994) 

Period : 1993 (3rd year of contract) 

Project leader & General: P.-L. Blanc, 
task-coordinators: Source term : Ph. Holliger, 

Ancient migrations : F. Gauthier-Lafaye, 
Recent migrations : E. Ledoux, P. Toulhoat, 
Integrated modelling : E. Ledoux. 

A.- OBJECTIVE AND SCOPE 

The nuclear phenomenon of Oklo (Gabon) is the only natural case of fission 
products being stored in a geologic environment for a significant period of time (two billion 
years). Therefore, the Oklo uranium deposit is a good example for the study of natural analogy 
with deep radioactive waste disposal, specially radionuclide mass transfer processes to the 
surface. However the peculiarities of this uranium ore deposit imply a thorough assessment of 
the radionuclides and daughters as well as ancient and recent geochemistry and 
hydrodynamics. 

R- WORK PROGRAM 

This program involves several different tasks : 

1°- In situ sampling, in close collaboration with the mining company (C.O.M.U.F., 
COMPAGNIE DES MINES D' URANIUM DE FRANCEVTLLE, Mounana, Gabon). To this part 
of the program can be added the collecting of new data on the general setting of the 
Oklo mining area and deposits. 

2°- Study and characterisation of the source term (mostly in CEA laboratories). 

3°- Studies on the geochemical systems ruling the migrations can in turn be divided into : 
studies on the ancient migrations, contemporaneous to the rock diagenesis, to the 
nuclear reactions and to the general geological history of the basin, and on the recent to 
present migrations (tertiary to present?). 

3.A.- The studies of the ancient migrations will encompass several subjects, and imply 
collaboration between CEA laboratories and other institutions : 
3.A.a.- CEA laboratories (DCC/DSD/SECTION DE GEOCHIMIE) cooperate with all 

other institutions in the program to assess the petrography and elemental chemistry 
of the deposits. 

3.A.b.- The retention properties of the clays towards radionuclides is the main topic 
of the investigations of the CENTRE DE GEOCHIMIE DE LA SURFACE (CNRS, 
Strasbourg). 
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3.A.C.- The contribution of CREGU (CENTRE DE RECHERCHES SUR LA GEOLOGIE 
DES MATIERES PREMIERES MINERALES ET ENERGETIQUES, formerly "DE 
LTJRANIUMH, Nancy) is to investigate the thermal history of the deposits in and 
around the reactor zones. The CRPG (CENTRE DE RECHERCHE EN PETROGRAPHIE 
ET GEOCHIMIE, CNRS, Nancy) collaborates with them to the modelling of heat 
transfer. 

3.A.d.- Reconstructing the chemical characteristics of the hydrothermal fluids which 
left their chemical imprint in tracer mineral when they were circulated through the 
deposits has been undertaken by the CENTRE DE GEOLOGIE GENERALE ET MINERE 
of the ECOLE NATIONALE SUPERIEURE DES MINES DE PARIS (ENSMP, 
Fontainebleau). 

3.B.- The study of the recent migrations also imply collaborations between CEA 
laboratories and other institutions : 
3.B.a.- The CENTRE D'INFORMATIQUE GEOLOGIQUE (ENSMP, Fontainebleau) is 

responsible for the understanding of the hydrogeological conditions. 

3.B.b.- The SECTION DE GEOCHIMIE of CEA/DCC/DSD is in charge of the 
hydrochemistry. 
(Conterra A.B. on behalf of SKB from Sweden collaborates to part 3.B., 
particularly on the Bangombe area.) 

4°- Modelling : Part of the modelling will take place in each laboratory involved, but the 
final integrated hydrodynamical-geochemical models will be the responsibility of 
ENSMP and CEA/IPSN. 

C- PROGRESS OF WORK AND RESULTS OBTAINED 

State of advancement 

At the close of the analytical period of this program, we can summarise the advancement of 
work as follows: 

Task 1, field sampling, is now finished : the only opportunities for solid rock sampling 
during 1993 were provided by the hydrogeology & hydrochemistry field missions. 

Task 2, source term studies : the analytical phase is finished for R.Z. 10 and 13. The next 
step for these R.Z. is to obtain a general balance offissiogenic materials. The analyses 
of the more recent samples from the BA 145 R.Z. have been completed and will provide 
the necessary source term to the hydrochemistry part of the program there. 

Task 3.A, Ancient migrations : a wealth of data has already been obtained on the general 
petrography and geochemistry of the reactor zones, on the reactor-clay and on the 
reconstruction of the fluids. New results have been obtained on fluid inclusions. The 
results of the fission tracks studies are still lacking, and so are the environmental 
isotopes analyses on clay minerals. 

Task 3.B, Recent migrations, is very much linked to task 4, Integrated modelling. The water 
samples needed for the hydrochemical and isotopic analyses have been collected late 
February and March 1993. A complete description and understanding of groundwater 
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chemical evolution in Okelobondo and Bangombe" concerning major elements 
behaviour, redox control and uranium behaviour has been obtained The next step of 
these tasks is the integration of hydrology and hydrochemistry in a general model. 

Progress and results 

1°- FIELD SURVEY, SAMPLING, AND GEOLOGICAL SETTING 

The Oklo uranium ore body lies on the south-western margin of the precambrian 
sedimentary basin of Franceville. 

The uranium deposits are sedimentary, in a sandstone layer 3 to 6 meters thick, at 
the top of the conglomerate and sandstone basal formation (FA) of the Francevillian series 
(Palaeoproterozoic). They are overlain by the mudstones, shales, dolomites and organic-rich 
shales ("ampelites") of the FB formation : the early diagenesis of the clays in these levels has 
been dated at 2.065 Ga by the Sm/Nd radiochronometer. 

The uranium originates from erosion of the Chaillu granitic basement to the South
west, the age of which was already known from Ru/Sr and K/Ar dating and ranges from 2.680 
to 2.696 Ga., and maybe also from the leaching of overlying volcanic ashes interbedded in the 
FB levels. The uranium precipitated in hydraulic fracturation corridors, at a reduction front 
determined by the presence of mature organic matter, probably at the same time as the early 
diagenesis of the clay minerals took place. 

There is at present no specific mining of the remaining reactors, as there is no 
market for depleted uranium. The accessibility to the reactors has thus decreased during the 
course of our program as follows : 

- Reactor 10, is situated in the center of the bearing, 70 to 80 m North of the 
dolerite dyke, downhill from the quarry, between the 120 and 150 m elevations (slices D65 to 
D81). It has been estimated to about 300 tonnes of depleted uranium, of which 40 % have 
already been taken. In February 1992, a new circulation drift has been mined into the lower 
levels of this reactor (D81). The trace of borehole SF 29 and the lower closure of the reactor 
have been directly observed and extensively sampled. Unfortunately, owing to the structural 
conditions, it has been necessary to wall out this drift soon afterwards. 

- Reactor 13 was also situated downhill from the quarry, but about 35 m to the 
South of the dolerite dyke, at an elevation of 230 to 218 m. Very little of this reactor, if any at 
all, may remain at level SD 38. 

- Reactor 16 was discovered in may 1991, in slice D75N, i.e. at mid-level of 
reactor n°10, but about 150 m to the North. No indication of the presence of a reactor was 
known there previously. As drift D75N was intended for ventilation, an easy access to the 
reactor was kept for some times, but this is not the case any longer. 

- The "OK 84" reactor lies 500 m to the South-east of the quarry, at an elevation 
of about 60 m. Several drifts come close to it, but none did actually cut through it up to now. 
The hydrology drilling campaign has provided a new opportunity for sampling anew this zone 
during the autumn of 1992. 

- The "Bangombe" (rather than "Bagombe") reactor is located a few kilometres to 
the South-east of the town of Moanda, itself 20 kilometres South of Mounana and the Oklo 
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deposit. This reactor is very shallow, as the "reactor fades" lies less than 12 meters from 
surface. The hydrology campaign there also provided new cores through this zone. 

2°- THE SOURCE-TERM 

The main characteristics of reactor zones 10 and 13 from the time of the reactions 
to the present have been investigated in 1991-1992 : 

- the age of the nuclear reactions in R.Z 10 has been measured accurately to 1970 
Mega-annum (Ma). This age fits perfectly to the one derived from the fission products ; it 
makes it possible to recalculate an uranium-235 enrichment ratio at the time of divergency of 
3.68 %, i.e. five times the present value ; 

- the uranium grains in the so-called "sandstone reactor" in R.Z. 10 have 
remarkably preserved their fission products and original isotopic composition. The same 
applies to the uraninite grains in R.Z. 13, despite complete loss of their radiogenic lead 750 
Ma ago. In these samples we find an excellent in situ correlation between the uranium 
depletion and the neodymium, samarium, zirconium and thorium amount. 

- Metallic aggregates containing fission platinoid elements (gold, rhodium and 
palladium) to which lead, bismuth, antimony, tellurium, arsenic and sulphur are associated, 
have been observed in the silica and in the joints of some uranium oxide grains. 

New results have been obtained on the Ba 145 reactor zone : In the core of the 
reactor, uranium oxide corresponds mainly to very large grains of cubic uraninite, with 
crenated edges evidencing secondary alteration. Galena is not present in the reactor core. 
Despite the weathering of the site, it has been possible to put into evidence the rather weak 
uranium isotopic depletion for this isolated reactor (235TJ/23»U = 0.005902 ; x = 0.488 10 21 

n/cm2). In the reactor core, the ages obtained from the uranium to neodymium, uranium to 
samarium and uranium to thorium ratios are consistent, and point to the same age as in the 
reactor zones Oklo proper : 1.97 ± 0.05 billion years. The present thickness of the uranium 
enriched layer (only 5 cm) cannot justify criticality, and despite the fact that uranium isotopic 
ratios appeared normal in shales and sandstones within contact from the reactor, one 
anomalous value has been recorded in the weathering profile, 5.5 m above the reactor, thus 
evidencing present migration of depleted U from the reactor core. 

3.A.- THE GEOCHEMICAL SYSTEMS : ANCIENT MIGRATIONS 

3 .A.a.- PETROGRAPHY AND ELEMENTAL CHEMISTRY 

The rock facies observed in and around the deep reactor zones are similar to those 
known from the previously studied reactor zones. However they exhibit some peculiar 
features, such as a high mechanical coherency, related to the absence of supergene weathering. 
The same differences are now found with the shallow Bangombe "Ba 145" zone. 

The sandstones surrounding the reactors are made up of detrital mineral grains 
(quartz, biotite little feldspar and accessory minerals, mainly zircon, uranium oxides, sphene 
and organic matter). These sandstones were deposited as layers (or lenses) with thickness 
ranging from a few centimetres to the meter, and the grains ranges from fine sand to 
conglomerate. The clay fraction is made of ferrous chlorite and illite, and calcite may be 
present as fissure infillings. In Bangombe, chlorite disappears from the levels closest to the 
surface (6.52 to 10.25 m) while low amounts of kaolinite and metahalloysite are found. The 
levels above circa 8 m. show goethite accumulation, marking the major redox front , above 
which the local brown to rubefied pelites result from supergene weathering. 

The "reactor-clay" facies generally surrounds the reactor proper. In this facies, 
magnesian chlorite is interspersed with corroded quartz grains and less-soluble primary 
minerals (zircon, sphene, uranium oxides). Some secondary minerals develop at the expense of 
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primary accessory minerals : coffinite, cryptocristalline zircon, sphene and variable amount of 
apatite. Organic matter is generally present in close vicinity of the reactor-clay and reactor-
core facies. In Bangombe, where ferralitic alteration is superimposed, red (ferrous) oxydes are 
present at every level. 

In the "reactor-core" facies, the main mineral phases are uraninite and magnesian 
chlorite. In the shallow Ba 145 reactor, hematite and iron hydroxides are present together with 
titanium oxides, separated from uraninite by a rim of illite. 

All these facies can be run through by fissures, with a width ranging from 
micrometers to a few millimetres. They are generally filled with fibrous calcite (probably 
dissolved at Bangombe). 

Silica accounts for 95 % of the total rock in the sandstones, and decreases 
drastically towards the reactor-core facies. This is interpreted as the result of silica dissolution 
by the intense hydrothermal circulation triggered by the heat from the nuclear reactions. The 
other major elements, A1203, F e ^ , MgO, Na20, K20, MnO, and Ti02, clearly increase from 
the sandstone to the reactor. These elements are clearly linked to the phyllitic component of 
the different facies, either primary or secondary. A good correlation between CaO and C02 
shows that they are linked together as carbonate. 

The trace elements can have two origins : some come from the initial sandstones 
(accessory phase and clay fraction) : apart from uranium, the sandstone contain Ba, Sc, Ga, 
Sr, V, Zn, and Zr. The second possible origin is the formation of trace elements in the course 
of the nuclear reactions and radioactive decay. This is the case not only for Zr, Nb, Ba, Nd, 
Sm, Eu and Gd, but also for Pb, Ru, Ag, Cd and Te. All trace elements have much higher 
concentrations in the reactors than in the surroundings. 

3.A.b.- RETENTION BY CLAYS 

The finding of a sample enriched in uranium-235 in reactor zone 10 has 
demonstrated the existence of two different processes of nuclide retention by clay minerals : 

the first one is subcontemporaneous to the nuclear reactions , and involves the 
direct trapping of the radioelement (plutonium) into the crystal lattice of hydrothermal 
chlorite. A very low amount of total uranium seems to be the determinant factor to make it 
possible to detect the uranium-235 enrichment resulting from the decay of the plutonium.; 

The second of these processes is sorbtion of depleted uranium removed from the 
reactor zone onto the surface of clay particles, and can have taken place during any 
hydrothermal phase, later than the nuclear reaction. The amount of uranium trapped by the 
second process is much the highest, but it remains by far more mobile. 

New observations in Bangombe seemed at first to indicate that no remobilisation 
of depleted uranium had taken place from the reactor, as the isotopic composition of the 
uranium in the over- and underlying shales and sandstones is normal. 

However as the thickness of the uranium rich layer and the total uranium amount 
are unsufficient to explain criticity at any time, and as depleted uranium has been found in the 
farthest sample to the reactor in borehole BAX03 (6.52m from surface, 5.5m above the 
reactor) we have to assume that the normal or subnormal ratios in most argillaceous samples 
reflect large removal and secondary input of normal uranium from the ore surrounding the 
reactor zone. 

The minimum distance for Rare Earth Elements displacement is the same as for 
depleted uranium, though the evolution curves of neodymium, samarium and europium 
contents are not correlated, indicating chemical fractionnation of the REE during 
displacement. 
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3. A.c- THERMAL HISTORY OF THE REACTOR ZONES 

Mineralogical and petrologic observations on samples from the Oklo natural 
fission zones show that the secondary mineral paragenesis is different at the border and the 
core of reactors. At the border, the presence of minium (Pb304) and hematite indicates that 
their formation took place under oxidising conditions. The existence of free oxygen and 
hydrogen in the gas bubble of fluid inclusions trapped in nearby quartz crystals also suggests 
oxidising conditions because hydrogen is inert at low temperatures whereas oxygen is very 
reactive. In the core of the reactor, native lead, galena and coffinite indicate a reducing 
environment during their formation. This zonation can reasonably be attributed to oxidising 
and reducing species produced by the radiolysis of water and organic matter. 

In order to better understand the hydrothermal circulations around reaction zones, 
a microthermometric study on fluid inclusions from authigenic quartz, apatite and calcite 
crystals is presented. The fluids so investigated are distributed into three types : 

- The regional diagenetic fluids yelded melting temperatures of-2 to -6° C, (3 to 8 
% NaCl wt equ.), and temperature of homogenisation of 160 to 200° C. 

- The fluids associated to circulation around the reactors (fissures infillings) gave 
melting temperatures of -10 to -15° C (14 to 24 % NaCl wt equ.) and homogenisation 
temperatures of 110 to 150 °C in calcite or 190 to 270 °C in apatite grains. 

- Nearest to reactor 10, in the nourishment zone of quartz grains within contact of 
the reactor-clay, melting temperatures of -6 to -10 °C (9 to 14 % NaCl wt equ.) and 
homogenisation temperatures from 280 °C up to 480 °C have been observed. 

In addition, low salinity fluid at temperatures 200-250°C occurs at 50 meters from 
the dolerite. For the first time, it is possible that the fluid related to the dolerite intrusion is 
observed. 

The meaning of this evolution is as such : in quartz, the reactor fluid of low 
salinity has been heated to more than 400°C. In apatite, the temperature is lower but the 
salinity has increased and finally in calcite, the temperature is about 120°C and the salinity is 
high. 

3. A.d.- RECONSTRUCTION OF ANCIENT FLUIDS 

During hydrothermal circulation, mineral precipitation occurs either at the walls of 
open cracks, as vein lining, or as isolated crystals within percolated rocks. Authigenic minerals 
act as traps for trace elements in solution, thus supplying efficient concentration mechanism 
for elements specific to the mineral species considered. Apatite [Ca5(P04)3F], and sulphides 
[galena (PbS) and pyrite (FeS2)] are efficient geochemical traps for REE, and for Ag, As, Sb 
and Mo, respectively. 

Several fluids or fluid stages have been identified, and mixing processes between 
some of these have been argumented, on the basis of heterogeneous mineral populations in 
some samples. By contrast, some samples, though close from each other, have shown quite 
different mineral populations, and have thus been in contact with quite different fluids, without 
any evidence for interaction : this suggest a rather large time-span between the circulation of 
these fluids, and may help in assessing the relative time of sealing of the permeability/porosity 
of the different fades or levels under investigation. 

However the correspondance between the thermal and chemical observations is 
good, as four hydrothermal circulation stages have also been inferred : 

an initial stage (or fluid), related to the reworking of the sedimentary metal stock 
present in the FA sandstone formation, and showing no relation to the reactor zones, has been 
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recognised ; 
one fluid at least appears directly related to the nuclear reactions 1.97 Ga ago : 

this fluid seems to have had a very low content in most elements, except in fission products, as 
shown by the light rare earth elements (L.R.E.E.) content of the associated apatites.; 

Another fluid apparently contributed to the dilution of the fluids escaping from the 
reactor zones; 

At least one stage is very late in the history of the deposit, and is related to the 
dolerite intrusion around 750 Ma ago. 

3.B.- THE PRESENT MASS-TRANSFERS 

3 .B. a. - HYDROGEOLOGY 

An extensive drilling program, set down in 1991 and during the first half of 1992, 
has been mainly conducted during field missions from September 1992 to September 1993. 
Two sites are being investigated : 

- a deep reactor zone at Okelobondo, allowing study of elemental transfers at a 
500 m scale, through a highly heterogeneous sedimentary sequence ; preliminary modelling 
indicated that the zone is submitted to an upward (discharging) groundwater flow from deep 
geological formations, increasing the odds to sample waters having been in contact with a 
reactor zone. 

- a shallow reactor zone at Bangombe, in a well defined flow system in a less 
heterogeneous geological situation, featuring supergene alteration. 

At Okelobondo, the piezometric levels (hydraulic heads are around 375-380 m in 
the discharge area, and around 435 m in the recharge area. The data in the surficial 
piezometers are in accordance with the preliminary modelling, while the deeper ones show the 
influence of the mining activities. 

At Bangombe, piezometric observations show that, upstream from the 
experimental trench, the free water table is about 15 m below ground surface, while it is just 
level with the surface below this trench. The change in heads from the dry to the rainy season 
have remained minor during the observation period. 

On both sites hydraulic tests have been performed in order to assess the hydraulic 
conductivity of the stratigraphic units of concern. 

The preliminary modelling had shown the need to complete the drilling program to 
collect new data to constrain the conceptual models. The next step will be a successive 
integration of the new data : physical and chemical parameters, and will be followed by the 
radionuclide transport modelling. 

3.B.b.- HYDROGEOCHEMISTRY 

During the previous years, the use of depleted uranium as a natural tracer of the 
reaction zones in the present groundwaters has been investigated, as uranium is soluble in 
oxidising environment and as the 235U/238U ratio is the clearest and most conservative tracer 
of nuclear reactions. Two preliminary groundwaters samples from Okelobondo and from 
borehole Ba 145, the initial borehole by which a reactor zone was discovered at Bangombe, 
have shown significant deviation from natural uranium isotopic composition. 

The samples needed for the hydrochemical and isotopic analyses of the waters, 
necessary to the validation of the hydrogeological diagrammatic model proposed and to the 
development of the hydrodynamical model, have been collected late February and March 
1993. 
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The groundwaters evolution can be evaluated with reference to two major 
phenomena, which are : 

- the progressive acquisition of solutes by water-rock interaction, and the 
following reequilibration with secondary minerals ; 

- the lithological redox conditions, which are generally controlled by an 
equilibrium between Fe II (dissolved) and Fe HI. 

On these ground the waters in the Oklo-Okelobondo area can be split into three 
type, as follows: 

- shallow waters from the alterites have a low pH and a low bicarbonate content, 
low total dissolved sulphur, but a high C02 content caused by biological activity, and a high 
tritium content. 

- intermediate waters from the upper pelites and complexes show intermediate pH 
and alkalinity, together with a high silica content due to intense leaching, an increasing total 
dissolved sulphur content with pH, intermediate tritium content, and a tendency to equilibrium 
with carbonate minerals, in carbonate rich aquifers (dolomitic complexes) ; 

- confined waters as found in the deep pelites and Okelobondo mine have high 
pH, high alkalinity, high total dissolved sulphur, low tritium content and a tendency towards 
equilibrium with secondary alumino-silicate minerals and are in equlibrium with carbonates, 
however the waters from the OK 84 reactor zone show a very high tritium content, so high 
that the possibility of in situ tritium production is now under investigation, rather than any 
recent water contamination. 

The redox control in the areas under investigation is anomalous, the Eh values are 
not correlated to depth and confinment: the most reducing waters are found in the aquifers in 
organic matter bearing aquifers. 

Preliminary results on the stable environmental isotopes allow a similar splitting of 
the Okelobondo groundwaters into three sets : 

- surface waters have the higest heavy isotopes content and their main recharge is 
of local origin, at present time, 

- the deeper and more eastern waters are depleted, indicating either recharge under 
cooler climatic conditions or recharge from an area at a higher altitude and a longer transit 
time, 

- sample from the "complexes" and from the western part of the area show 
isotopic compositions close to the global meteoric water line, and may represent either shorter 
aquifer pathways from lower altitude recharge areas, or mixing of the two end-members 
already defined. 

In Bangombe it is also possible to discriminate between waters recharged high 
above on the Bangombe plateau and shallow waters with local recharge. The calculated (from 
total inorganic dissolved carbon 14C data) mean transit time for the COMTLOG plateau waters 
is 5000 ± 300 years. The buffering of the redox conditions by organic matter appears intense 
in the reactor zone there, preventing uranium migration. 

Thus, a complete description and understanding of groundwater chemical 
evolution in Okelobondo and Bangombe concerning major elements behaviour, redox control 
and uranium behaviour has been obtained. The good agreement between hydrology and 
hydrochemistry has to be noted. The next step of the task is the integration of hydrology and 
hydrochemistry in a general model. 
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DEVELOPMENT OF A MODEL FOR RADIONUCLIDE TRANSPORT BY COLLOIDS IN GEOSPHERE. 

Contractors ARMINES / INTAKTA / RIVM / CNRS-LSGC / ENRESA 
Contract n° FI2W - CT91 - 0079 
Duration of the contract from 01/10/91 to 30/09/95 
Period covered 01/10/93-31/12/93 
Project leader E. LEDOUX 

A. OBJECTIVES AND SCOPE 

The objective is the development of mathematical models for radionuclide migration from 
underground repositories for radioactive waste to the accessible environment by colloids in 
groundwater. The model development is to be supported by migration experiments in labo
ratory, its validity will be evaluated against field data. 

The model must be able to interprete laboratory and field experiments, and also to be inclu
ded in geosphere transport code for safety assessment. For this reason a serie of codes, from 
detailed to simplified, must be developed and validated successively, at different scales. 

B. WORK PROGRAMME 

1 Literature survey. 

2 Formulation of a first conceptual model. Screening of phenomena to be included in the 
model by performing simple calculations of test cases. 

3 Planning of laboratory migration experiments with a simplified fixed solid phase. 
Research of optimal experimental conditions with the help of task2. 

4 Laboratory migration experiments focusing on the study of mechanisms for advection-
dispersion of particles, on the interaction between particles and fixed solid phase, and 
agglomeration and sedimentation of particles. 

5 Formulation of a second conceptual model, computer programming, numerical verifica
tion of the computer code and tests against the laboratory experiments (task 4 and 6). 

6 Planning and performing laboratory experiments using field material as fixed solid 
phase. Verification of the relevance of the second conceptual model. Compilation of a 
field data base for model verification. 

7 Development of a model for simulating field experiments. Application of this computer 
code to field experiments and to the compiled data base. 

8 Development of a colloid migration model for performance assessment. Application of 
the code to some relevant performance assessment scenarios. 

9 Project management. 
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C. PROGRESS OF WORK AND OBTAINED RESULTS 

STATE OF ADVANCEMENT 

The scientific work carried out during year 1993 is based on experiments : definition, 
execution of experiments to be used to validate the codes. This also leaded to improvment of 
the models developed during the previous work periods, and to first tests of these codes 
against laboratory experiments (task 5). Within this frame, the activities of the partners have 
been the following : 

- Partner 01 (ARMINES [F]) introduced the concepts of a microscopic approach, 
focusing on the colloid-medium interface. 

- Partner 02 (INTAKTA [F]) tested the accuracy of the code TRUMP to describe the 
colloidal behaviour within the case of fractured media. The parameters involved have been 
listed. 

- Partner 03 (RIVM [NL]) focused on the kinetics of colloid metal interaction, based 
on literature. The colloid transport module of COLTRAP had been tested against laboratory 
experiments. 

- Partner 04 (LSGC/CNRS, [F]) worked with batch and column experiments, using 
natural porous media (Entraigues sand). 

- Partner 05 (ENRESA - CIEMAT, [SP]) provided information about columns 
experiments performed with El Berrocal granite and groundwater. 

More details about this work can be found in the third and fourth progress reports of the 
project. 
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1. LABORATORY EXPERIMENTS - POROUS MEDIA 

During the first period of this project, laboratory experiments involved porous medium 
modeled with glass bead packs; it has been extended to a natural porous media (Entraigues 
sand). Latex particles are used as colloids and strontium as an analogue for radionuclides. 
The usual experimental set-up has been used for column experiments. 

Injection flow rate has been chosen as low as possible (velocity close to 2 mm/mn). The 
diameter of the colloidal particles was 0.21|im to avoid mechanical retention at the inlet and 
outlet of the column. The concentration of the latex solution was 100 mg/1 ; columns were 
conditioned in pure water and particles introduced as a step input until the signal at the 
outlet was constant and equal to the optical density of the inlet signal. The column was then 
washed with pure water. The influence of three parameters on the transport of colloids was 
tested: pH at low velocity, flow rate at the inlet, and ionic strength. The characteristics of the 
column and the chromatographic conditions are given in the following tables. 

length 
diameter 
volume 
mass of sand 
outer volume 

7.35 cm 
0.9 cm 
4.676 cm3 
6.521 g 
0.3134 cm3 

pore volume Vp 
number of mixing cells 
porosity e 
Cationic Exchange Capacity 

2.156 cm3 

200 
0.461 
0.2 fieq/g of sand 

characteristics of the column chromatographic conditions 

Some of the main results are presented in this section. 

Effect of pH 

The effect of pH related to the ionic strength has been studied at a low flow rate (0.064 
ml/mn = 2.18 mm/mn). First a solution at pH 8.8 was injected, then after washing up the 
column, a solution of pH 6 was injected. Breakthrough curves are given on figure 1. 

It can be seen that the curves are symmetrical and that the value C/Q) = 1 is reached at 1.1 
V/Vp. In fact, the phenomenon usually observed is a filtration of latex particles through 
natural or artificial porous medium [Rodier, 1993], it means that the initial latex concen
tration value (Co) is reached after a very long time. In our experiment no filtration occurs. 
The values of the "outlet" time of latex particles in pore volume units are 0.794 at pH 6 and 
0.87 at pH 8.8. We observe that the velocity of the colloids passing through the porous 
medium is greater than that of the molecular tracer NaCl. This is probably due to the 
hydrodynamic chromatographic effect. Due to their size, the particles are excluded from the 
slow flow components of the velocity profile in the pores of the bed and pass through the 
system more rapidly than the carrier fluid which has access to all the pore space. We may 
conclude that at low flow rates an increase of pH related to an increase of ionic strength does 
cause any retention of latex in the porous medium. 

514-



SJ 
u 

1 j 
0,9 .. 
0,8 ■

0,7 .

0,6 ■

0,5 

0,4 

0,3 ■■ 
0,2 ■■ 
0,1 ■

0 ^ ■^^^—^^p^^ ■ ■ > i 

— ■ ■ " 

- • pH = 8.8 

-a pH = 6 

I . . . . I . . . . I ■ . 

0 0,2 0,4 0,6 0,8 1 1,2 1,4 1,6 
V/Vp 

Figure 1 Breakthrough curves of latex particles (0.21 (Jm) under different pH 
and ionic strengths : ionic strength=10~4 MforpH =6 and 3.10'^ M 
forpH = 8.8 -flow rate =0.064 mllmn . 

Effect of the ionic strength 

The solutions are injected at a low velocity: 0.064 ml/mn at 10"4 M and 10~2 M of NaCl; 
0.0726 ml/mn for 10"3 M of NaCl. A pH of 6 is used for all the three solutions. Figure 2 
shows that the retention of the colloids increases with the ionic strength: 0.795 Vp at 10"4 M, 
1.9 Vp at 10~3 M and 2.85 Vp at 10'2 M. The breakthrough curves are not so symmetrical 
and the two last injections show a more marked dispersion. The observed retardation could 
be explained by the D.L.V.O. theory. The thickness of the double layer around the particles 
of sand and around the latex particles decreases with an increase of the ionic strength, in this 
case the latex will be "caught" in the secondary minimum in the interaction profile between 
the particles and the sand surface. This sort of retention would be a function of the distance 
between the latex particle and the surface of sand at a specific ionic strength. The fact that 
the phenomenon is reversible and that we can recover the latex by washing the column tends 
to support this explanation. 

In conclusion, the main results concerning the behaviour of the latex can be resumed as fol

lows: in column experiments, even in repulsive conditions it is possible to obtain a retention 
of the latex at specific values of ionic strength. In these experimental conditions, the reten

tion time of latex can be predicted if the ionic strength in the medium is known. The 
experiments presented here will have to be completed by preconditioning the column and 
washing after the injection of latex with a solution at the same ionic strength as the latex 
solution. 
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Figure 2 Breakthrough curves of latex particles (0.21 fJm) - pH-6 --flow rate 
0.064 mllmnfor 1Q-4 M and 10'2 M; 0.0726 mllmnfor 10'3 M . 

2. COLUMN EXPERIMENTS - GRANITIC MATERIALS 

The aim of these experiences has been to determine the hydrodynamic characteristics of the 
two columns selected to perform migration studies of colloidal particles through a fractured 
rock system. The choice of columns of fractured granite instead of weathered or compacted 
granite columns is due to the fact that for granitic rocks at high depths, the most significant 
component of groundwater flow transpasses a network of interconnected open fractures. The 
flow through whole rock or cemented fractures would be almost negligible when compared 
with this fracture flow. The experiments were performed with fresh granitic rock from the 
"El Berrocal" Experimental Station. It presents an important fracture that will be the most 
significant feature that will control the groundwater flow through the columns. 

Both columns present a subparallel fracture dipping with an angle ~ 85°. The fracture is 
closed, meaning with this that there is no evidence of actual groundwater flow through it. It 
presents a fracture coating consisting mainly of weathering products, such as phyllosilicates 
like chlorite or smectite and carbonated coatings. In all cases the coatings are very scarce 
and the fracture can be considered as a clean surface for the water flows that have been used 
in the experiments, always in the range of about 1 fracture volume (10 ml) per hour. 
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Some of the main features observed after analysing the breakthrough curves of both columns 
for the tracers used are the following : Column 1 presents a higher fracture volume of about 
17 ml while in the case of Column 2 this volume is much smaller, about 8 ml. For both 
columns it is observed that an increase in the flow velocity through the columns means a 
sharper peak, with a tail dispersion decreasing as it increases the flow rate. In the case of 
Column 2 there are only data available for two velocities, 0.1 and 0.2 ml/min, but other 
experiences with higher flow rates have been recently performed. 

The work in progress does not yet allow to obtain the true image of what it is happening 
inside this two fractured columns. What is observed is that the flow along the fracture path is 
of the laminar type and that an increase in flow rate results in a decrease of the diffusion of 
the tracer species. In all cases the recovery measured is not of 100% but this is probably due 
to counting errors. 

3. MICROSCOPIC APPROACH : CHESS 

The code CHESS [Van der Lee J, 1993] is devoted to microscopical scale. It has been 
developed to calculate CHemical Equilibrium Speciation with Surfaces, using an approach 
which is applicable to inorganic and organic colloids and surfaces in general, and has been 
refined during the last work period. Its major characteristics are : 

- speciation according to a thermodynamic database 
- precipitation/dissolution 
- surface complexation 
- electrostatic correction (double layer assumption) 
- different site-affinities per surface 
- different surfaces per system 

This code is used to calculate the speciation spectrum (e.g. it provides the predominant spe
cies of the radionuclides under investigation for a given background chemistry) and the 
colloidal electrical charge and surface potential, which appears to be a dominant parameter 
in colloid-medium interaction processes. 

In order to develop this code, existing modelling studies have been carefully examined [van 
der Lee J. et al. 1992, 1993], and three possible approaches have been identified. Then, a 
partly deterministic, partly probabilistic attachment model has been built. It is first 
applicable to a one-dimensional transport equation which can be used easily to test labo
ratory column experiments. 

During this work period, this code has been validated against laboratory experiments which 
have been performed either within our project or within linked projects (MIRAGE -
CoCoClub); batch experiments and column experiments have been satisfactorily simulated. 
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4. MACROSCOPIC APPROACHES 

4.1 COLTRAP 

The one-dimensional model developed during the last period of work, describing the 
transport radionuclide through a "saturated porous medium - groundwater - colloid system" 
with stationary groundwater flow has been tested against experimental results coming from 
either literature or experiments performed within the project. Furthermore the kinetics of 
colloid-metal interaction has been surveyed. 

Four experiments performed at LSGC in Nancy with a given diameter of latex particles, two 
ionic strengths and two flow velocities were selected to test the code. The results used were 
the breakthrough curves corresponding to an inlet of a latex step through a column of glass 
beads. 

The interaction between colloids and solid phase is described by a kinetic associa
tion/dissociation expression. The mass balance equations for the respective mobile and 
immobile colloids are the following : 

dt nc dt dx dx\ dx J dt (l-«)p, 

where Cc is the number of mobile colloids per unit volume of water available for colloids, 
Dc the diffusion/dispersion coefficient of colloids, KA the association rate of colloids with 
solid surface, Kjy the dissociation rate of colloids from solid surface, n the porosity, nc the 
porosity available for colloids, Sc the number of immobile colloids per unit mass of solid 
phase, v the mean interstitial velocity of water, vc the mean interstitial velocity of water, 
available for colloids, and ps the density of solid phase. 

Three fitting parameters considered were dispersivity, association and dissociation rate 
constants (fitting is done by trial and error). Experimental and model simulation results have 
been found to be correct for two velocities (the effect of changing velocity is accounted for 
by the kinetic association/dissociation expression),and two ionic strength values. 

For the cases tested, it can be concluded that the experimental data can be fitted reasonably 
well using COLTRAP. At both ionic strengths, the value of the association rate of colloids 
with solid surface remained, as expected, constant with decreasing velocity. However, the 
value of dissociation rate of colloids from solid surface had to be changed. Consequently, 
the results seem to indicate that colloid association is a kinetic process. The experimental 
data could not be fitted without considering dissociation. 
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4.2 TRUMP 

The code TRUMP, developed by the Lawrence Berkeley Laboratory and Department of 
Mineral Sciences and Mineral Engineering within the University of California [Narashiman 
et al. 1986] is our basis for the implementation of a module to represent the colloid 
migration within fractured or porous medium. Last year, the case of a porous medium was 
studied, this year, we worked onto a fractured medium model. 

The code TRUMP allows different configuration to describe different levels of complexity 
for the considered system. The case of the transport of both solute and colloid-bound 
radionuclides in a monodimensional fracture has been studied, considering two configu
rations : 

• A single column configuration : solute and colloids-bound radionuclides are in the 
same node net. This kind of configuration has already been described and tested with an 
other code by Grindrod and Worth [1990]. A limit of this approach is that it only allows to 
calculate instantaneous equilibrium between solutes and colloids. 

• A double column configuration which aims to overtake the limit mentioned above. 
Therefore, the fracture is represented by two columns, that is two parallel node nets : one 
describing the mobile fluid (and the dissolved radionuclides) in the fracture; the other 
describing the mobile colloids (and the colloid-bound radionuclides). A term of flux of 
radionuclides is considered between the two node nets; it depends on a "kinetic" constant 
and on the concentrations of both solute and colloid-bound radionuclides; this term describes 
the kinetics of the sorption and desorption reactions of radionuclides to and from colloids. 

Dimensions = 200 m x 2.5 cm x 2 cm 

Flow 
Fracture radionuclides dissolved and sorbed on colloids 

Figure 3 Single column configuration. 

Dimensions = 200 m x 3 cm x 2 cm 

Colloid column" radionuclides sorbed on colloids 

Figure 4 Double column configuration. 
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The phenomena taken into account for radionuclides are transport by convection dispersion 
and diffusion, matrix diffusion, reversible sorption on fracture wall, reversible sorption on 
mobile colloids, and transport by colloids, and the phenomena taken into account for 
colloids are transport of mobile colloids by convection dispersion and diffusion. 

The first hypothesis made for simple tests are the following : constant concentration and 
constant velocity of colloids in time and space and no retention of colloids on fracture walls; 
these hypothesis can be modified without changing the code TRUMP. The specific hypo
thesis made are instantaneous equilibrium between solute and colloids for the single column 
configuration and delayed equilibrium between solute and colloids for the double column 
configuration. 

It has then been demonstrated that, using specific parameters, the simulation of migration of 
radionuclides by colloids is possible with TRUMP using configuration either where solutes 
and colloids are in the same node net or where there is one column of nodes representing the 
dissolved radionuclides and an other one representing the radionuclides sorbed on colloids. 

The specific interest of the two columns configuration is that it allows to simulate delayed 
sorption equilibrium between radionuclide and colloids. It has been verified to give the same 
results as the single column configuration when instantaneous equilibrium is assumed. 
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Title: CHARACTERIZATION AND VALIDATION OF NATURAL RADIONUCLIDE 
MIGRATION PROCESSES UNDER REAL CONDITIONS ON A FISSURED GRANITIC 
ENVIRONMENT. 
Contractor: ENRESA (Coordinator)/CIEMAT, CIMNE, AEA, BGS and CEA/IPSN 
Contract n°: FI2W-CT91 -0080 
Duration of contract: March 1991 - February 1995 

Period covered: January 1993 to December 1993 
Project leader: Pedro Hernan (ENRESA) Task leaders: Carmen Mann (CIEMAT), 
Luis Perez del Villar (CIEMAT), Jordi Guimera. (CIMNE/UPC). 

A. OBJECTIVES AND SCOPE 

The objective of the project is the characterisation of natural radionuclide (U, Th, and 
their decay products) migration processes in a fractured granitic environment and validation 
of models describing these processes. 

In situ studies are being developed at the "El Berrocal" site, a post-tectonic batholith, 
taking into account: 

The characteristics of the rock fissures and discontinuities 
The hydrodynamic and hydrogeological conditions, and 
The variation of the physico-chemical characteristics with depth. 

In parallel to these in situ activities, a series of laboratory experiments are underway 
to study the same phenomena under controlled conditions. 

Finally, the identified processes are being modelled and the models validated. 

The project is managed and co-ordinated by ENRESA (Spain), with the technical 
assistance of Intera Environmental Division (United Kingdom). Participating organisations 
include CIEMAT (Spain), CIMNE (Spain), CEA/IPSN-Cadarache (France), AEA 
Technology (United Kingdom) and BGS (United Kingdom). Partial funding is provided by 
the CEC-Brussels. JRC/CEC-Ispra co-operates with the Project participants. The Project 
is scheduled to run for four years, in two-year phases. Phase 1 was initiated on 1st March 
1991 and finished the 28th February 1993. Phase 2 begun the 1st of March 1993 and will 
run up to the 28th of February 1995, this second Phase is the subject of this contract. 

B. WORK PROGRAMME 

I. Characterization of the physical environment: Geotectonic characterisation 
from the surface. Underground characterisation from boreholes. Geochemical and 
petrographic fissural filling studies. Litho-structural model of the site. These last two, 
are comprised from the beginning of Phase 2, in the following section. 

II. Geochemical characterisation: Hydrogeochemistry (physicochemical and ionic 
phases). Groundwater colloidal phases studies (sampling, characterisation and 
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transport). Groundwater mixing and circulation patterns. Fissure filling 
characterization. Hydrothermal and weathering transformations. 

HI. Migration studies: Natural radionuclide distribution. Mobilization/retention 
processes (laboratory). In situ migration experiments 

IV. Hydrogeological characterisation: Assessment of borehole conditions. Design 
and construct wireline straddle packer testing system. Transmissivity and head 
measurements. Define numerical models. Design and perform cross-hole interference 
tests in selected fractured zones. 

V. Modelling studies: Development of a computer code (flow and transport, 2-D 
fractures in 3-D medium). Prediction of uncertainties caused by spatial heterogeneity. ' 
Flow and solute transport in a single fracture. 

C. PROGRESS OF WORK AND OBTAINED RESULTS 

State of advancement 

It is intended to provide here a global and updated overview of the current Project 
status.To give, in the first place, a general idea of the variety of the work in progress, we 
refer to Table I in which all activities are shown indicating the participants involvement. 
Regarding original planning and subsequent modifications, it is relevant to indicate that 
Phase 2, formerly conceived as a confirmation of preliminary geochemical and 
hydrogeological modelling intended to be performed in Phase 1, resulted, due to 
administrative constraints, in a continuum with Phase 1. Another modification to previously 
stated work has been the creation of four task groups, namely; structural, hydrogeology, 
geochemistry and tracer test, which have aided the work progress.The creation of these task 
groups coincided with the commencement of Phase 2. 

Abstracted highlights about the current status, include the construction of a detailed 
geological frame for the El Berrocal batholite that has allowed the formation of a quite 
complete 3-D Structural Model, to which hydrogeological and geochemical features of the 
site can be related. Regarding work progress, hydrogeology has experienced more 
difficulties than others in obtaining reliable data, partially due to the fact of being somehow 
subordinate to hydrogeochemistry, in terms of Project priorities given on site. Nevertheless 
a consistent amount of data it is already available and a final interpretation will be soon 
realised. 

Geochemistry is in an advanced state of development regarding both solid phase and 
water chemistry.An extensive study has been performed on the mineralogy and 
geochemistry of the rock matrix and fissure fillings with an accent on the U behaviour for 
each of the magmatic and alteration events of El Berrocal batholite. As regards 
Hydrogeochemistry more than 200 samples have already been taken and analyzed. Data 
were sufficient to establish a classification of El Berrocal groundwaters into seven types 
Notwithstanding this, data from depths below 300 m. are still missing. Geochemical and 
hydrogeological data are being incorporated in a Database specifically designed and 
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constructed for the Project. Currently information from a range of study areas is gathered 
to define conditions for an in situ tracer test which is planned to begin by the first of June 
1994. 

Progress and Results 

Within this section, a more detailed description of the work in progress is given 
according to the subjects included in section B, which largely coincides with the working 
groups division. Before considering the updated thematic information it is convenient to 
indicate that the global objective indicated in section A is intended to be fulfilled by means 
of the working groups whose specific sub-objectives are: 

Structural WG. Development of the 3-D Structural Model of the site. 

Geochemistry WG. To establish the Geochemical Model integrating litho and 
hydrogeochemistry of the Site. Modelling the minor and trace elements behaviour according 
to the geochemical conditions of the Site. 

Hydrogeology WG. To develop the Groundwater Flow Model of the site. 

Tracer Test WG. To study the radionuclide behaviour in the granitic media (at laboratory 
scale), and to design, perform and model, the mass transport in the fractured granite (at a 
real scale between boreholes). 

It is also important to present here, as a foreword for the whole series of activities, 
the status of the boreholes performed both in Phase 1, and in the previous Phase 0. In this 
Preliminary study (1988-1990), two 60-m-deep boreholes were drilled in the gallery at 
distances of 13 m (borehole S-l) and 20 m (borehole S-7) from the quartz dyke, and a 30-
m-long subhorizontal borehole (S-2) was drilled at the end of the gallery. Seven further 
shallow boreholes were drilled in the gallery (S-3, S-6, S-8, S-10) and two deeper 
boreholes (S-l 1 and S-12) 150 m to the south of the gallery. During Phase One seven more 
boreholes were drilled (S-l3 to S-l9), all of them considerably deeper than those of the 
preliminary phase and all sited to the north (uphill) of the entrance to the gallery. Borehole 
location can be seen in Figure 1. 

Finally it is convenient to indicate that some of the activities referred to here that 
were initiated at the beginning of Phase 2, constitute extensions in addition to the work 
covered in the scope of the EC Project. These are basically the three following themes: (i) 
The use and interpretation of Isotopic data (other than U/Th series disequilibrium), (ii) the 
Blind Predictive Modelling Exercise and (iii) the implementation of a Hydrogeochemical 
and Hydrogeological Database. 
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I. Characterisation of the Physical Environment. 

A detailed structural mapping exercise have been performed with the aim of 
integrating local structures within a regional context. This has allowed a better 
interpretation of the fracturing significance mainly regarding hydraulic behaviour. 

Up to now a series of fracture sets have been defined according to their relative 
age, /23/: 

N 50-60 N 110 N 75-80 N-S N 35 N15 N 150 

Those in black, are considered to be the most important directions regarding 
development and probable influence in the hydrogeological system. 

The kinematic interpretation has been carried out combining different scales, 
going from the regional scale to the local one. The characterisation of the single faults 
has been based on their geometry and presence or absence of kinematic indications 
such us grooves, steps, associated veins, and internal structures of the quartz veins. 
The fracture families identified at El Berrocal consistently fit with an offset, or 
extensional zone, developed between two large regional faults in the Sistema Central. 
The extensional regime is identified in the field by banded and orbicular structures, 
fillings of cavities and quartz growth perpendicular to the walls of the quartz veins. 
The regional tectonic model considers El Berrocal to be a pluton situated in a tension 
megafracture. 

Preliminary extrapolation of surface data to boreholes (core visual observations 
and televiewer data), has allowed a preliminary 3-D structural model to be 
established. Although this model is continuously being updated it already shows the 
main structural features and being in an advanced state of construction by the end of 
1993. It is intended to incorporate the structural model into the hydrogeological 
interpretation. The detailed work has centred on three different locations that 
constitute candidate sites for the tracer tests performance. 

II. Geochemical Characterisation. 

II. 1 Introduction 

This area of activity as a whole, is a basic one within the Project. Three main 
inter-related fields integrate geochemistry: Lithogeochemistry, Hydrogeochemistry 
and Geochemical modelling. 

The topics considered by lithogeochemistry are the reconstruction of the 
geochemical episodes of the El Berrocal Granite, with a special emphasis on 
hydrothermal and weathering processes, and the characterisation of fissure infillings. 
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As regards hydrogeochemistry, the main parts of the work performed have been: 

(i) sampling, in which a great effort has been made to gain a maximum degree of 
representativity and quality of the samples. 

(ii) the chemistry of the water components (physicochemical, ionic and colloidal 
phases). 

(iii) the definition and distribution of the hydrogeochemical facies. 

(iv) the study of the waterrock interaction processes. 

(v) the identification of origins, sinks and pathways for Useries transport and 

(vi) a contribution in defining fracture zones for deep crosshole migration test. 

There are two areas of geochemical modelling, the first is the construction of 
a geochemical model (as a further integration of the lithogeochemical and 
hydrogeochemical models, both already in an advanced state of realization), and 
second a blind predictive geochemical modelling exercise which is being carried out 
in parallel by four different teams. 

II.2 Lithogeochemistry. 

The end of Phase 1, has meant a turning point regarding geochemistry of the 
solid phase, since a model was established, 1211, that incorporates a global 
understanding of the petrogenesis which in a very concise fashion can be summarised 
as: 

The El Berrocal facies is Si02 rich (74-75%), peraluminous (13-14%), 
hypocalcic (+ 0.5%), and P0 2 rich, regarding major chemistry. As regards trace 
elements the low Ba and Sr, and high Rb, confirm this granite as being highly 
evolved and enriched in incompatible elements such us U, Li and Sn. The U/Th 
higher than 2 and regarding [U], a 60% of the total, as Uraninite. 

Schematically the main geochemical features linked to the petrogenesis are: 

1. Intrusion: A radiometric RbSr age (bulk rock) of 300 ± 1 m.y. and regarding 
uranium, the granite is clearly U fertile and it is the primary source for U. 

2. Deuteric alteration: An age for this phase of 289 + 1 m.y. (also RbSr dated 
but in mineral separates). Partial oxidation of U minerals -» 1" U 
mobilization. 

3. Hydrothermal alteration: Contemporary with late Hercynian fracturing, 
produced a destabilization of accessory minerals =♦ 2nd U mobilization. 

 5 2 6 



4. Quartz vein tectonics and U mineralization: Evolution of U-rich solutions 
precipitating in pitchblende N-110-E fractures -» 3rd and most important U 
mobilization. 

5. Weathering: Current water-rock system. The mobilized U is adsorbed onto 
Fe-Mn oxy-hydroxides and precipitated as Autunite and Torbernite. =* 
Latest period of U-mobilization. 

II.3 Fracture fillings 

Also within the period contemplated in this summary, the fracture mineralogy 
has been studied in detail 1261. To this respect it can be said that the mineralogical 
associations are very constant, and they appear to be independent of the orientation 
of fractures. Kaolinite seems to be the best indicator of currently hydraulically active 
fractures. These studies have recently been focused on the U mineralogy 111, IY1I. 
The amount and detail of data regarding this item will help to the final water-rock 
interaction studies that should continue with U disequilibrium studies on bulk samples 
and on sequential leachates and separated U minerals in spite of the difficulties 
associated with the very fine grained mineral assemblages. Nevertheless some 
observations lead to preliminary statements in the sense that Uranium in the system 
has limited mobility, being readily retained by precipitation and adsorption. 

n.4 Hydrogeochemistry 

Up to now, seven types of waters have been distinguished 1141, that correspond 
to seven different stages of evolution of recently percolated waters (Figure 1). No 
information is available, from S-16 below 300 mbgl, but it is intended to be obtained 
from February to June 1994. The differences in water composition are mainly due to 
the geological features (relative position to the dyke) and depth of percolation. These 
factors give rise to variations in: 

major chemistry: calcic-sulphated in shallow waters to calcic-bicarbonated in 
deeper ones. A neutralizing effect, with depth, of the shallow oxidizing waters 
of recent meteoric origin. 

U contents: much lower concentration in waters percolating the rock to the 
South of the dyke. 

pH and Eh: Apart from local anomalies, that can be found very close to the 
mineralisation, generally the conditions tend to be more basic and reducing with 
depth. 

The main chemical and physico-chemical characteristics of the seven types of 
waters, are given in table II. 
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11.5 U series disequilibrium 

A component of the geochemical work already mentioned refers to Uranium 
series disequilibrium studies /3 / , which acts as a direct method for understanding 
water-rock interaction. These studies are in progress and definitive conclusions cannot 
yet be established. Nevertheless the latest water analysis indicate that waters are in 
disequilibrium in favour of 234U, with respect to 238U. Something which is coherent 
with the nature of the El Berrocal groundwaters. To this respect 234U/238U activity 
ratios range from 1.1 corresponding to surface/near-surface waters, to 1.7-2.8 
corresponding to more mature deeper ones. Earlier studies performed in solid samples 
(4 different kinds of fracture infillings) had given a variety of results (close to unity 
in most of the samples, higher than 1, in some others and finally below 1 in the rest). 
These results may reflect the fact that it was not always possible to obtain paired solid 
and groundwater samples from the same hydraulically active fracture. Paired samples 
have now been obtained and analyzed from (from S-13 and S-16 boreholes) but their 
application to the one-dimensional mass-balance model under development is so far 
limited, further groundwater and solid samples must be analyzed in order to obtain 
solid and liquid data into consistent pairs to feed the SUDDEN code being developed 
at AEA, and thus to model the rock/water interaction involving U series 
radionuclides. This model should lead to the calculation of: 

The sorption-desorption and precipitation rate constants. 
Effective retardation factors for U and Th, and 
The evaluation of the time scales involved. (Some preliminary calculations 
indicate that the rock water interaction time, ranges from 28 years in S-7 to 800 
years in S-15 at ~ 110 mbgl). 

11.6 Colloids 

Only sampling has been covered within this period. An important part of the 
work will be completed during 1994, provided by the samples obtained during 1993; 
(S-13, between 64-78 m., S-14 93-96 m and 213-218 m, S-l/S-7 39-42 m.) and some 
others which are currently in progress. The main contributions of the former work, 
are the following, /17/: The concentration of colloids is in the order of 1010 particles 
per litre in oxidizing waters, decreasing to 108 in reducing ones. The size varies 
between 208 and 342 nm. Regarding composition they are mainly inorganic (clay 
minerals, silica, Fe and Al oxy-hydroxides). Finally with respect to U, 88% of the 
total Uranium is associated with true solution and the remaining 12% with the 
particulate phase. It can be said that colloids are not an important vehicle for U 
transport at El Berrocal. 

11.7 Testing of Down-hole Probes 

A parallel study but one that will be integrated within the whole frame of the 
Project is the Testing of downhole lab-probes /24/. The conceptual basis for their 
application resides on the uncertainties associated with conventional groundwater 
sampling methods, regarding perturbation of local flows, introduction of allocthony 
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from intensive pumping, etc. Use of the downhole probes would limit these problems 
by means of "in situ" measurements. All the tests have been performed in borehole 
S-17 entirely devoted, during the first phase of the Project, to the probe tests. It is 
foreseen to apply the same techniques in borehole S-19, both boreholes will be also 
sampled by the standard methods.used elsewhere at El Berrocal, enabling a 
comparison and mutual validation of conventional procedures (sampling and analyses) 
and the use of downhole probes. 

The lab-probes utilized at El Berrocal have been: 

Autolab: for diffusion tests on site. 
Chromatolab: to concentrate and analyze trace elements using resina adsorbers. 
Foralab: for performance of very small scale migration tests. 

The global results are satisfactory regarding implementation and validation of 
the equipment. Thematic results are too detailed for this report, and only recently 
published and will now be discussed and integrated in the global context of the 
Project. 

II.8 Blind Predictive Geochemical Modelling 

The objective of the exercise, is twofold: 

To contribute to the understanding of the system, and 
To try and predict the behaviour of some trace elements, given the major 

elements concentrations. 

The trace elements, considered in the blind predictive exercise, are: 

As Ba Cr Cu Mo Ni Pb Se Th U V Zn and Mn 
The exercise integrates two consecutive stages of blind modelling and a final 

phase of interpretation and integration within the global frame of activities. The first 
stage of blind predictive modelling will takes place early next year with a meeting to 
integrate the participants results. 

Ill Migration Studies 

Within this field there are two areas of study: Laboratory sorption and 
diffusion studies and in situ Tracer Tests. 

m. l Laboratory studies. 

The objective is to deduce and quantify Retention Mechanisms. Five series of 
experiments (batch and column) have been performed, based on five different kinds 
of samples from El Berrocal; ground granite (125 ^m mesh), mineral separates, 

529 



fracture coating minerals, ground granite (<lmm) and granite columns. I\l, /10/, 
/15/. 

The radionuclides employed have been: 75Se, 137Cs and ^Co. Different 
experimental conditions have been obtained through variations in size fraction, 
concentration and pH. 

Some results of the work in progress indicate that smaller size fractions give 
higher Kj values, being relatively little affected by concentration. On the contrary pH 
effects are significant, generally the higher pH, the higher K,,. 

III.2 In situ Tracer tests. 

These have been carried out with the aim of identifying those mechanisms 
controlling radionuclide migration at El Berrocal. Two tracer tests were completed 
during Phase 1 of the Project both sited in the same location (between S-l and S-7 
boreholes). The major involvement has been that of JRC/Ispra team. 

Tracer test One: 

After laboratory tests, 79Br was selected as the most suitable tracer. The 
experiment was carried out between boreholes S-l and S-7 sited at the access gallery. 
The physico-chemical environment was characterised with the IDRONAUT probe and 
the major fractures intersections located by means of; visual televiewer, pumping and 
IDRONAUT records. The final configuration for the test was: injection through 
borehole S-7 between packers sited at 35 and 40 mbgl and inlet of the sampling pump 
at 37 m, the recovery in borehole S-l with the main pump at 51 mbgl. A difficulty 
was the impossibility of maintaining a constant hydraulic gradient due to the 
unavoidable cuts of electric power overnight. Results: /17/ The tracer arrived at the 
three sampling points at 25 to 28 hours after injection, the concentration peak 
occurring some 50 hours after injection. A tentative interpretation of the breakthrough 
data suggest, a storage coefficient of 1.5. 10"3 and a transmissivity of 2. 10"6 m2/s. 

Tracer Test two: 

The main differences compared to Tracer Test One, were the following:/19/ 

both, injection and recovery were performed in packed-off sections. 
Tracers: 79Br plus KI (allowing monitoring in real time). 
Preliminary pumping tests were performed in order to adjust the pumping rate 
so as to attain a steady state regime. 
Transducers to monitor heads were incorporated between packers. 
Recirculation pumps connected to surface equipment allowing: 

Injection and recovery of the tracer 
Homogenization of the tracer-groundwater mixture 
measurement of tracer concentration, and 
Access to the packed-off sections. 
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The results attained during Phase I, were different to expected. The duration of 
the test was 118 hours, nearly twice than foreseen. At the end of the sampling 85% 
of the tracer (IK) had disappeared from the injection point, but only half of the tracer 
had arrived at the recovery point. The work to be performed during Phase 2 
envisages the completion of this second tracer test, regarding the mass spectrometric 
analyses of the 79Br tracer breakthrough and calculation of the hydrological 
parameters. 

Future Work 

It is foreseen the fulfilment of two more tracer tests: One between boreholes S-l 1 and 
S-12 and the other, either in (S-2, S-13, S-15) or in (S-14, S-16, S-18) sets. 
Information of different kind is getting together for defining the performance of both 
experiments. The first one of these two tracer tests will be carried out between 
February and May 1994, and the second is intended to be initiated by the 1st of June. 

IV Hydrogeological Characterisation 

IV.l Introduction 

The main areas of activity regarding this area of study have been: 

The determination of transmissivity and head measurements. 
Monitoring of the water level evolution in boreholes. 
Construction of conceptual and numerical models. 
Designing and performance of cross-hole interference tests in selected fracture 
zones. 
A hydroclimatic study and a Water Sites Inventory, both currently in progress. 

It is convenient to indicate that when trying to make compatible the obtaining 
of hydrogeological data with hydrogeochemical sampling, some difficulties arise that 
can influence the yield of work on site. 

IV.2 Current Progress 

Regarding the hydroclimatic study, the current situation shows that there is a 
clear response between rainfall and discharges within periods of a few weeks both for 
the gallery and some springs. The water Sites Inventory has been extended to cover 
information of regional scale, by the end of the reported period it is about to be 
finished. 

Recently hydrogeological testing in boreholes has been centred in two sets 
preselected for further performance of tracer tests. A first set of vertical boreholes 
(S-14, S-16, S-18) and a second one, conformed by the horizontal borehole S-2 and 
the inclined ones S-13 and S-15. 
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In the first set. Single hole testing has been completed only in borehole S-14. 
A large flowing feature was identified in this borehole at a depth of 92 to 96 mbgl. 
This was used as an input to test for cross-hole responses in the other boreholes. A 
clear cross-hole response was noted in borehole S-18 but the depth has not yet been 
established. The responses in borehole S-16 are difficult to determine because of the 
low water level in this borehole. 

Single hole testing of borehole S-16 has been partially completed in the lower 
part of the borehole. Initial hydraulic conductivity measurements are: 

Zone K 

150-194 mbgl < 1 x 10" m/s. 
223-267 mbgl 2 x 10"8 m/s. 
455-499 mbgl 4 x 1010 m/s. 

These zones will be retested when hydrogeological work resumes in borehole 
S-16. 

In the second one. Modelling work been done on the cross-hole data obtained 
from performing a slug test in borehole S-2. The use of an homogeneous model 
appeared to show that there were scale effects, i.e. that there was an apparent 
increase in hydraulic conductivity with increasing volume of water used in the test. 
Testing of S-2 showed clearly that most of the water flow from this borehole comes 
from one fracture located at its end. For the cross-hole test, borehole S-2 was divided 
into three sections using packers and sections of boreholes S-13 and S-15 were also 
packed-off. It was found that the response in borehole S-15 was from above the 
packed-off section (above 67 mgbl) while in borehole S-13 similar responses were 
obtained in the bottom of the borehole and in a packed-off section at 62 to 66 mbgl. 
This suggests some hydraulic connection around the packer. 

In global terms the results obtained till now from the hydrogeological work can 
be expressed as follows: There is a predominance of a low permeability sections, the 
flow being constrained to a few major pathways. The most important control for the 
local hydrogeology at the site is the mineralised quartz vein. Finally regarding cross 
hole connections, their existence has been proved but they have not yet been 
quantified. 

IV.3 Conceptual Model 

El Berrocal is clearly sited in a recharge area, and the flow is topographically 
controlled with a main downwards vertical component 121. At a regional scale can be 
considered as homogeneous but at the local scale groundwater flow is heterogeneous. 
In fact at this scale, flow is strongly perturbed by geological features, namely 
fractures and the vein, making 3-D modelling necessary. Complementary alternative 
conceptual models have been proposed regarding the quartz vein's hydrogeological 
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role, taking into account the relative hydraulic conductivities of the dyke itself and 
the enclosing rock, together with the possibility of a downwards connection to a 
discharge zone. 

V. Code development 

This is a further activity which is connected to the previous four, whose 
objectives are: 1) developing a stochastic formulation for flow and transport in 
fractured media by superimposing a two-dimensional medium (high permeability 
fracture zones) onto a three-dimensional continuum and 2) implementing the 
formulation in a computer code able to analyze real cases. To meet these objectives 
four different tasks have been defined: flow and solute transport inversion, flow and 
solute transport through isolated fractures, flow and solute transport through a 
network of fractures and finally hydrogeological modelling. While the three first are 
essentially development work the last is mainly the application of the codes to El 
Berrocal site. 

The work performed during 1993, in the different tasks has been: 

Modelling flow and transport inversion. The selection of a tridimensional network 
generator suitable for the Project needs. Input data pre-processor and output data 
post-processor of TRANSIN-III results. Finally the strength of theoretical basis for 
the TRANSIN-II code, has been the object of a Thesis which covered the analysis of 
the basic theory, including the problems of the direct solver, the inverse solver and 
the stability and identiafibility problems. It was also studied its possibilities in a broad 
spectrum of real and synthetic cases. 

Flow and transport through isolated fractures. New formulations (discretization 
of flow domain into blocks and upscaling). Scale effects in transmissivity. Several 
simulations with different types of correlation structures, results are compared to give 
insight on the kind of structures that can lead to important scale effects in nature, 
connectivity turning out to be a very important factor.In the same context, part of the 
work has been devoted to find fields with a better representation of the real 
connectivity. It has been finished and tested a simulation algorithm (CONECTIV) 
capable of generating transmissivity fields with enhancement of high regional 
connectivity, in such a way that high values have a different correlation structure that 
low ones. Directional effects in convergent flow. The work done to this respect has 
been focused on directional effects in porosity and dispersivity in an heterogeneous 
medium with anisotropic correlation structure. 
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1) SO«*, Ca*. U < 1ppb, pH « 5.1  53, Eh ■ 500 
2)HCOi, Ca", U = 5ppb,pH = 6.66.8, Eh = 300 
3)804*; Ca", U = 50ppb, pH = 5.6, Eh = 450 
4)HCO, , Ca", U = 30100ppb, pH=7, Eh«150 
5) SO* , Ca*, U>100ppb, pH=3, Eh = 500 
6)HCO> , Ca

9
*, U = 310ppb, pH = 8.57, Eh = 180 

6)HCOi , Ca", U>100ppb, pH = 8, Eh = 140/2O0 

500 mV 
1 

S13 S1S 
S16 

Figure 1. HYDROGEOCHEMICAL ZONES. 
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Title: 
Contractor: 
Contract N°: 
Duration: 
Period covered: 
Project Leader: 

Fundamental studies on the interaction of humic substances 
National Environmental Research Institute 
FI2W/0081 
from 01-06-1991 to 30-05-1994 
01-01-1993 - 31-12-1993 
Lars Carlsen 

A OBJECTIVES AND SCOPE 

The overall objective of the project is to covalently label humic materials with a 
radionuclide (eg C-14, H-3,1-125) in order to use the labelled material during in
vestigations of their interactions in 

(a) complexation reactions with cations (eg Eu, Sn, Co, Ni) and cation competit
ion reactions (eg with Na,.Ca) 

(b) sorption of humic and humic complexes onto solid surfaces and 

(c) precipitation/dissolution behaviour of humic material. 

The radionuclidic labelled humic material will provide information on the 
presence of the complexed radionuclide as well as information on the "free" 
humic material. 

The project is carried out by a collaborate effort of the National Environmental 
Research Institute (DK) and Loughborough University of Technology (UK). 

B WORK PROGRAMME 

The project is subdivided into three phases: 

Phase 1: Preparation of labelled humic materials: 
a) Preparation of C-14-labelled humic material from C-14-labelled 
phenol or C-14-labelled methylamine. 
b) Preparation of iodine-labelled humic materials. 

Phase 2: Characterisation of the labelled humic material: 
a) Determination of the acidity, functional group capacity and size 
distribution of the non-labelled and labelled humic materials. 
b) Determination of the europium binding capacity of the non-labelled 
and labelled humic materials. 

Phase 3: Studies on the aqueous and solid surface chemistry of the labelled 
humic material 
a) Investigation and determination of the associating capacities of the 
labelled humic material with radionuclides of interest (eg Ni, Sn, Co). 
b) Investigation of solid surface sorption using columns filled with 
sand. 
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C PROGRESS OF WORK AND OBTAINED RESULTS 

State of advancement 

Humic and fulvic acids are present in nearly all environmental waters and be
cause they are known to form water soluble complexes with metals and some 
anthropogenic organics materials they may be important transport agents for 
environmental pollutants. Studies of the interactions of humic materials with 
these pollutants and their transport behaviour is more easily facilitated if the 
humic material is covalently labelled with a suitable radionuclide. During the 
year 1993 successful radiolabelling of humic materials with 125I, a gamma emitter 
and with 14C, a beta emitter and the characterisation of the radiolabeled humic 
material have been accomplished. 

The project is sub-divided into three phases: 

Phase 1: Preparation of labelled humic materials: 

Phase 2: Characterisation of the labelled humic material: 

Phase 3: Studies on the aqueous and solid surface chemistry of the labelled 
humic material: 

Phases 1 and 2 are completed and Phase 3 is ongoing. 

Progress and results 

L Phase 1 

Experimental details can be found in references 1, 2,4 and 5. 

Radioiodination of humic materials is readily achieved by reacting the 
humic material with 125I~ in the presence of the mild oxidising agent chlorami-
ne-T. An apparent 100% incorporation of the label is achieved but the resulting 
radiolabeled material is not very stable and the 125I readily dissociates from the 
humic material producing free 125I. Stability of the labelled material is achieved 
by addition of a reducing agent, such as sodium metabisulphate which elimi
nates the non-covalently bonded iodine from the humic material. The yield of 
the radioiodinated product is generally found to be of the order of 20%. In early 
preparations, separation of free 125I from the humic bound 125I was achieved 
using size exclusion chromatography but the use of this technique restricts the 
volume of reaction mixture that can be separated to a few mis. Later prepara
tions used dialysis for separations. The stability of the radioiodinated humic was 
determined by passing the radioiodinated humic through columns of sand and 
faction collecting the eluant. The percentage of free125! and humic bound 125I in 
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each eluant fraction can then be determined using size exclusion chromatogra
phy. The stability of the radioiodinated humic material was found to be excellent. 

14C incorporation into humic material is achieved by reacting l-ethyl-3-
dimethylaminopropyl carbodiimide with humic material in the presence of 14C-
methylamine. Separation of the radiolabeled humic material from the reaction 
mixture is not necessary because of the small quantities of reactants used in the 
reaction mixture which ensures that free reactant is not present at the end of the 
reaction. The yield of radiolabeled material is therefore 100%. The stability of 
the radiolabeled humic material was found to be excellent after passage through 
a column packed with sand. 

14C can also be incorporated into humic materials by reacting the material 
with 14C labelled phenol in the presence of horseradish peroxidase and hydrogen 
peroxide. Separation of the enzyme from the reaction mixture is easily achieved 
if insoluble enzyme is used in the reaction mixture. Although it was found that 
14C-phenol was incorporated into humic material, the production of 14C-poly-
phenol, and the consequent difficulty of separating this from the labelled humic 
material, means that 14C-phenol labelling was abandoned. 

Table 1 Results from Phase 1 of the project 

Labelling 

% Yield 
Radiochemical 

Stability 
(Gel and Sand) 

Specific Activity 
(not maximum) 

Separation 

125l-Ha 
(Gamma) 

Successful 

-20% 

Good 

50 kBq mg-1 

Size Excl Chr 

14C-Methyl-Ha 
(Beta) 

Successful 

-100% 

Good 

50 kBq mg-1 
(0.5% COO Occpn.) 

Not necessary 

14C-Phenol-Ha 
(Beta) 

Problems 
polyphenol 

? 

Good 

50kBq mg-1 

Insoluble 
Enzyme 
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2, Phase 2 

If radiolabeled humic materials are to be used in investigations of their 
properties, their reactions with metal and organic pollutants and in their trans
port properties, radiolabelling must not significantly change the inherent charac
teristics of the humic material. Experimental details can be found in reference 3. 

2.1 Ultrafiltration 

14C labelled humic material, in 0.05 M NaCl, pH 6.5, was prepared to give 
0.5% COOH occupancy (3). The 14C labelled humic material was filtered through 
AMICON filters of nominal cut-off 100000, 30000, 10000, 5000, 1000 and 500 
daltons using an AMICON 8050 Ultrafiltration system. The 14C activity of each 
filtrate was determined by liquid scintillation counting in a LKB 1215 rackbeta 
using Ecoscint A scintillator cocktail. The percentage of humic material in the 
filtrates could then be calculated from the 14C activity. A similar solution con
taining unlabelled sodium humate was filtered and the uv absorption at 254 nm 
determined for each filtrate. The percentage of humate in each filtrate was then 
calculated from the absorbances of each solution (assuming that the absorptivity 
of the humic material is independent of size of humic material). The results of 
the characterisation of the humic material before and after radiolabelling are 
shown in the following table 2. 

Table 2 Size distribution of Sodium Humate before and after radiolabelling 

Unlabelled Sodium Humate Labelled Sodium Humate 
% in filtrate % in filtrate 

65.5 
46.8 
27.5 
18.1 
6.2 
2.4 

From the above results it can be seen that although the percentage of sodi
um humate smaller than 100 000 daltons has decreased after labelling, probably 
due to some cross linking of humate producing a higher proportion of humate 
above 100 000 daltons, the percentage of humate < 30 000, < 10 000 etc remain 
fairly constant. Similar results were obtained when the humic material was la
belled with 125I. 

<100 000 
<30 000 
<10 000 
<5000 
<1000 
<500 

89.6 
47.2 
21.6 
18.4 
5.1 
2.3 
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2.2 Metal Uptake 

Radioiodinated humate was prepared and samples of the solution were 
spiked with ^Ni and 152Eu. The reaction mixture was separated by size exclu
sion chromatography and 91% of the ^Ni and 81% of the 152Eu was found to be 
associated with the humic material. The reactions were repeated using unlabel
e d sodium humate and 78% of Ni and 58% of Eu were found to be associated 
with the humate material. Thus an increase of 13% bound Ni and 23% bound 
Eu was found after radiolabelling the humic material. An increase of 8% bound 
Eu was found after labelling the humic material with 14C- methylamine. 

2.3 Metal Recovery From Sand Columns 

The recovery of the labelled material that had been reacted with europium 
was investigated by passing the metal-labelled complex through 15cm columns 
packed with sand and eluting the columns with synthetic groundwater. When 
radioiodinated humic-Eu complex was passed through the column, 17.8 % of the 
Eu and 60% of the 125I was recovered from the column. These values compare 
with 66% of recovered 125I when radioiodinated humate was injected into the 
column by itself and 62% of 152Eu when a complex of 152Eu-humate was injected 
into the column by itself. Similarly, 25% of 152Eu was recovered when 14C-Ha-
152Eu was injected onto the column and 43% of 152Eu-Ha and 60% of 14C-Ha was 
recovered when 14C-Ha-152Eu and 14C-Ha were separately injected into the 
column. These results show that metal recovery from the sand column is de
creased after radiolabelling the humate. It is therefore recommended that in 
future experiments, a mixture of radiolabeled humate and radioactive metal-
humate complex is injected into columns in order to study the transport beha
viour of the humic material and the metal. 

2.4 UV Studies 

The absorbances of solutions of sodium humate, 14C labelled humate and 
1251 labelled humate were measured at 265nm, 365nm, 465nm and 665nm and 
the E2/E3 and E4/E6 ratios calculated. The results showed that the ratios 
calculated from the 14C labelled humate and 125I labelled humate were the same 
as those calculated for the unlabelled sodium humate solution. 

2.5 Fluorescence 

Fluorescence measurements on solutions of sodium humate, 14C labelled 
humate and 125I labelled humate were made on an Hitachi F-4000 fluorescence 
spectrophotometer set at an excitation wavelength of 355 nm and an emission 
wavelength of 460 nm. The results showed that the fluorescence intensity of the 
radiolabeled humate solutions were not significantly different to the fluores
cence intensity of an unlabelled humate solution. 
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2.6 DEAE Cellulose Extraction 

DEAE cellulose was prepared by stirring 10 g of the cellulose in 0.5 M HC1 
for one hour. The cellulose was then washed with water until the washings 
were neutral. The cellulose was then placed into 0.5 M NaOH and stirred for one 
hour. The cellulose was again washed with water until neutral the washings 
were neutral. The cellulose was then stored in 0.05 M NaCl. 

The absorbance of a solution of sodium humate was measured at 254nm. 
DEAE cellulose was then added to the solution and the mixture allowed to stand. 
The mixture was then filtered and the absorption at 254nm of the filtrate was 
measured. The percentage of sodium humate removed by the DEAE cellulose 
was then calculated form the absorbance measurements. The investigation was 
repeated using 1251 labelled humate and 14C labelled humate. The results 
showed that there was no significant difference between the percentages of 
radiolabeled humic extracted and non-labelled humic extracted. 

The results of the characterisation are shown in table 3. 

Table 3 Results of characterisation study 

Ultrafiltration 

Metal Uptake 

Metal Recovery 
(Sand) 

UV E2/E3 
UV E4/E6 

Fluorescence 

DEAE Extraction 
Control 
Sample 

125I-Ha 

No Change 

63Ni No change 
152Eu No change 

63Ni No Change 
152Eu Change 

No Change 
No Change 

No Change 

65% 
62% 

14C-M-HA 

No Change 

No Change 
152Eu No change 

63Ni No Change 
152Eu Change 

No Change 
No Change 

No Change 

59% 
51% 
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3. Phase 3 

The transport of radiolabeled humate, and complexes of metal-radiola-
belled humate, have been investigated using 15cm long glass columns packed 
with sand taken from the Drigg site in Cumbria, UK. The columns were eluted 
with synthetic groundwater of similar chemical composition to that found at the 
Drigg site. Two types of investigations were conducted; flooding experiments in 
which the column was continually eluted with synthetic groundwater con
taining either radiolabeled humate or metal-radiolabelled humate complex or, 
injection experiments, in which a solution containing the radiolabeled humate 
or metal-radiolabelled humate complex was injected onto the column from a 
lml injection loop. For the flooding experiments a flowrate of 10 mL h-1 was 
used whereas for the injection experiments a flowrate of 40 mL h-1 was used. In 
each set of experiments, the eluant was fraction collected in order to determine 
the activity in each fraction and therefore permit the calculation of the 
percentage of radioactivity recovered from the column. The speciation of the 
radioactivity in each the fraction could also be determined by using size exclu
sion chromatography. 
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ROCK MATRIX DIFFUSION AS A MECHANISM FOR RADIONUCLIDE 
RETARDATION: NATURAL RADIOELEMENT MIGRATION IN RELATION TO 
THE MICROFRACTOGRAPHY AND PETROPHYSICS OF FRACTURED 
CRYSTALLINE ROCK 

Contractors: University of Exeter (UK), University of Oviedo (E) , 
Commissariat al 'Energie Atomique, Fontenay-aux-Roses 
(F ) , University of Liverpool (UK), University of 
Franche-Comte, Besancon (F) , University of Oxford 
(UK). 

Contract No. : FI2W-CT91-0082. 
Duration of contract: 01 .03 .91-31 .12 .94 . 
Period covered: 01 .01 .93-31 .12 .93 . 
Project Leaders: M. J . Heath (Exeter) , M. Montoto (Oviedo). 

A. OBJECTIVES AND SCOPE. 

Rock matrix diffusion is an important element in radionuclide migration 
models: diffusion from water-conducting fractures into the rock matrix provides 
a potentially important mechanism for the retardation of nuclides migrating from 
a repository. Recent studies of crystalline rocks have shown, however, that free 
diffusion of nuclides from fractures into the rock matrix does not always take 
place and that very little of the rock adjacent to fractures may be available for 
diffusion. 

Although mathematical models describing diffusion have been developed in 
the past , they have never been furnished with complete physical and chemical 
data from actual s i tes . The aims of the s tudy a re : (1) to observe evidence of past 
diffusion of uranium and i ts daughters from fractures into the rock adjacent to 
fractures; (2) to relate observed diffusion phenomena to the physical properties 
of the rock; (3) to construct physicochemical profiles across fractures and into 
the adjacent rock to allow complete characterisation of past diffusion and assess 
the potential for future diffusion; and (4) to develop a mathematical diffusion 
model that can be validated by reference to geological evidence and be 
incorporated reliably into overall radionuclide migration models. 

B. WORK PROGRAMME. 

(1) Determination of rock properties and examination of evidence for past 
diffusion in a series of rock slices at distance of up to 50 cm from 
hydrogeologically-active fractures; 

(2) Quantitative petrophysical analysis and the determination of key 
physical properties (accessible porosity, dry density, void index, 
kinetic water behaviour, dynamic propert ies) ; 

(3) Quantitative microstructural analysis using optical, fluorescence, 
acoustic and confocal laser microscopy, digital image processing and 
stereological techniques; 

(4) Geochemical analysis (major elements, iron chemistry, uranium and thorium 
Rare Earth Elements, selected t race elements); 

(5) Uranium disequilibrium studies by alpha spectrometry; 
(6) Uranium microcartography by autoradiographic, fission track and SEM/EDX 

techniques; 
(7) The development of a mathematical diffusion model based upon real 

geological/geochemical data. 
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C. PROGRESS OF WORK AND OBTAINED RESULTS. 

S ta t e of advancement . 

The s t u d y i s be ing focused on g r a n i t e co re s obta ined from t h e El Berrocal 
field s i te in Spa in . The ana lys i s of t h r e e c o r e s h a s been completed d u r i n g t h e 
y e a r ; four addi t ional co re s a r e a t d i f ferent s t a g e s of p repa ra t ion and ana ly s i s . 
The work u n d e r t a k e n can be desc r ibed u n d e r t h e following h e a d i n g s : 

1. Field sampl ing, sample p repa ra t i on and d i s t r ibu t ion (Oviedo, E x e t e r ) ; 
2 . Pe t rophys ica l cha rac te r i sa t ion (Oviedo, Besancon , Oxfo rd ) ; 
3 . Uranium microcar tography (CEA F o n t e n a y - a u x - R o s e s , E x e t e r ) ; 
4 . Uranium se r i e s inves t iga t ions (Exe t e r , Harwel l ) ; 
5 . Geochemistry ( E x e t e r , CEA F o n t e n a y - a u x - R o s e s ) ; 
6. Uranium s e r i e s diffusion modelling (Liverpool ) . 

Complete profi les have been determined for t h r e e of t h e c o r e s s tud ied (EB4, 
EB5, EB6) while da ta for ano the r t h r e e (EB7, EB8, EB9) a r e still be ing ob ta ined ; 
two f u r t h e r c o r e s (EB10, EB11) a r e u n d e r g o i n g n o n - d e s t r u c t i v e t e s t i ng and 
sample p r e p a r a t i o n . 

P r o g r e s s and r e s u l t s . 

1. Field sampling, sample preparation and sample distribution. 

A tota l of e igh t c o r e s h a v e been p rov ided by t h e Cen t ro de Inves t igac iones 
E n e r g e t i c a s , Medioambientales y Tecnologicas (CIEMAT) from boreholes S-14 and 
S-16 (Table I ) . 

TABLE I . 

Sample 
number 

EB5 
EB6 
EB7 
EB11 

EB4 
EB8 
EB9 
EB10 

Borehole 
number 

S-14 
S-14 
S-14 
S-14 

S-16 
S-16 
S-16 
S-16 

Depth 
(m) 

161.07 - 161.18 
119.90 - 120.50 
227.60 - 227.73 
215.35 - 215.45 

37.85 - 38.24 
327.40 - 327.65 
468.50 - 468.85 
481.70 - 482.00 

TABLE I . Borehole core samples , El Ber roca l . 

Addit ional ly , o r ien ted c o r e s , 42 mm in diameter and about 150 mm long , have been 
obta ined from t h r e e locations ins ide t h e mine ga l l e ry . These c o r e s have been 
dri l led in to f r a c t u r e su r f ace s for s t u d y u n d e r confocal l a se r microscopy in o r d e r 
to r e l a t e t h e microcrack ne twork to t h e f r a c t u r e . Addit ional work h a s been 
c a r r i e d ou t on block samples from t h e mine gal lery-
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To facilitate the cutting of cores , it was originally intended to select core 
samples with fractures orientated approximately perpendicular to the core axis 
( e . g . EB4, EB5). I t soon became clear, however, that the most important 
fractures hydrogeologically are sub-vertical and, therefore, steeply dipping in 
the cores from vertical boreholes. In order to interpret the resul ts of the s tudy , 
it is necessary to relate the data obtained from the rock to the geochemistry of the 
water flowing through the fractures, so hydrogeologically-active fractures have 
been selected. The cutting procedures have, therefore, been modified so that the 
rock adjacent to these steeply dipping fractures can be analysed. 

2. Petrophysical characterisation of the EH Berrocal granite. 

Different studies have been carried out to characterise petrophysically the 
rock matrix and to determine petrophysical profiles for each core in relation to 
distance from the fracture . Before cut t ing, each core has been subjected to non
destructive testing in Oviedo using ultrasonic techniques to determine any 
possible anisotropy in the rock matrix. Following core cut t ing, a series of 
petrophysical parameters have been determined on rock slices obtained at 
different distances from the fracture . 

Porosity has been determined in Besancon by mercury porosimetry which 
allows an accurate evaluation of the range of pore dimensions along the accessible 
cracks in the rock. In order to understand the water dynamics in the rock 
matrix, a series of elemental physical properties (open porosity, void index, and 
water content after two days , five days and under saturation) have been 
determined in Oviedo, along with the following petrographic components and 
parameters of petrophysical significance: volume percentage of minerals (Vv) , 
specific surface of grains (Sv gra ins) , mineral affinity, specific surface of 
microcracks (Sv c racks) , and microcrack orientation. The best resul ts have been 
obtained by applying different microscopy techniques to the same thin section, 
combining the information obtained by polarising light, fluorescence, confocal 
laser scanning, acoustic and scanning electron microscopy, the latter coupled 
with energy dispersive X-ray analysis. The petrographic components t hus 
observed have been mapped and quantified using stereology and digital image 
analysis of the images obtained. 

The application of confocal laser microscopy to the three-dimensional 
fractographic analysis of the rock matrix has continued to be developed in 
Oviedo, with special interest in the relationship between microfractures and the 
rock-forming minerals and fissure orientation. Acoustic microscopy has been used 
in Oxford to quantify the weathering of feldspar crystals at grain level; the s tudy 
has also attempted to evaluate possible anisotropies in small volumes of the rock 
matrix. 

NDT Characterisation 

Non-destructive testing using ultrasonic techniques is carried out on all 
sample cores prior to cutting in order to detect possible anisotropies in the rock 
and for microstructural characterisation. The velocity of longitudinal waves (Vp) 
and the flight time have been measured in each core at increasing distances from 
the fracture surface and parallel to i t . The cores described here (EB8 and EB9) 
have sub-vertical fracture surfaces, so the 'virtual ' slices are the same shape but 
each is 10 mm further from the f racture . Four directions (45° from each other) 
have been measured for each 'slice' . The values for each direction versus 
distance from the fracture are plotted for core EB8 in Figure 1, where it can be 
appreciated that there is no significant variation of Vp with distance from the 
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fracture. Figure 2 shows the resul ts for core EB9, which show fairly constant 
values of Vp with distance from the fracture. These measurements, parallel to the 
fracture surface, show differences in Vp of around 4% which, in practice, can be 
interpreted in terms of the petrophysical isotropy of Cores EB8 and EB9. 

Physical properties 

Selected physical properties (open porosity, void index, water content after 
two days , water content after 5 days and saturation water content) have been 
measured following ASTM and ISRM standard methods. These physical properties 
have been evaluated in the different 10 mm slices obtained by cutting parallel to 
the fracture. The results for cores EB5 and EB6 are presented in Figures 3 and 
4, respectively. It can be observed that the value of each parameter plotted 
decreases with increasing distance from the fracture. The results show that this 
variation with distance from the fracture varies from property to property and 
from core to core. 

Mercury porosimetry 

Mercury porosimetry has been carried out at the Laboratoire de Microanalyses 
Nucleaires of the University of Franche-Comte, Besancon, in order to 
characterise and quantify the rock porosity. Cylindrical granite cores (diameter 
24 mm; height 10 mm) were sampled from parallel slices (10 mm thick) , cut 
perpendicular to the main fracture. Two series of eleven cores have been obtained 
from EB5 and two series of 5 cores and one of 4 cores from EB6. The mean 
porosity values of cores EB5 and EB6 are in the range 0.86 - 1.30% for EB5 and 
0.76 - 1.08% for EB6. The pattern of variation with distance from the fracture is 
similar to that shown by porosity values obtained by water absorption, though the 
values obtained by mercury porosimetry for EB5 are a little higher. 

Confocal laser microscopy 

Fluorescein-impregnated 'thin' sections, mainly 180 urn thick, have been 
studied under confocal laser scanning microscopy using a "LEICA CLSM". 
Experience has shown tha t , under normal instrumental conditions, 
microfractographic information can be obtained to a depth of 170 urn in thin 
sections. The CLSM has the ability to obtain 'virtual' sections of the rock at given 
depths (Z); t hus , correlative images corresponding to different Z values in the 
thin section can be obtained, and any other information coming from upper or 
lower Z values can be ignored. 

All the resul ts obtained so far prove the unique usefulness of CLSM in 
characterising the microcrack network of fissured rocks. This technique has been 
shown to be the most appropriate for observing and evaluating the open rock 
microfractography of El Berrocal granite; that i s , the interconnected fissure 
network that would allow the migration of water and radionuclides through the 
intact rock. 

Stereological and digital image processing data 

Digital image analysis and stereological techniques have been applied to images 
obtained under different microscopy techniques using 'vertical' thin sections from 
a block of El Berrocal granite. These techniques have been set up for the 
quantification and characterisation of selected parameters from images obtained 
by different microscopy techniques and have provided detailed information on the 
relationship between the different petrographic parameters. The following 
parameters have been evaluated: 
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i) Mineral grains: 

Mineral 
Q 

Feld 

Vv (%) Sv (mm"1) V* (mm3) 

30 (31) 

63 (62) 

2.57 (2.34) 

6.42 (5.57) 

Mica 7 (7) 0.61 (0.49) 

4.35 
2.05 
2.14 

( ) data from image analysis in brackets 
Vv: Volume percentage of each mineralogical component 
Sv: Specific surface of each mineralogical component 
V : Mean star volume of each mineralogical component 
ii) Fissures: 

Mineral 

Q 
Feld 
Mica 

D 

1.076 
1.081 
1.080 

Sv (mm 1) 
Q Feld Mica 

0.53 1.10 0.17 
2.19 0.24 

0.04 

a2 
Q Feld 
1.2 0.8 

1.2 

Mica 
1.7 
0.5 
3.5 

D fissures = 1.180 (image analysis) 

D: Fractal dimension of grain boundaries (image analysis) 
Sv: Specific surface of the contacts between phases (image analysis) 
ay- Mineral Affinity (image analysis data in brackets) 

Fissure thickness has been determined by stereological procedures (Fig. 5 ) . 

iii) Microcrack network: 

The following microcrack network parameters have been evaluated from image 
analysis data: 

Sv (total) =7.50 mm'1 

Sv (intergranular) =3.80 mm"1 

Sv (intragranular) =4 .41 mm"1 

Sv (intragranular in Q) = 0.68 mm"1 

Sv (intragranular in M) = 0.10 mm"1 

Sv (intragranular in F) = 3.63 mm"1 

Sv (inter-QQ) = 0.15 mm"1 

Sv (inter-QM) =0.56 mm"1 

Sv (inter-MM) =0.02 mm"1 

Sv (inter-QF) = 0.91 mm"1 

Sv (inter-FM) =0 .15 mm"1 

Sv (inter-FF) =2.02 mm"1 

3 . Uranium microcartography: fission track analysis and alpha-autoradiography. 

The microdistribution of uranium within the El Berrocal granite has been 
mapped using fission track analysis (CEA Fontenay-aux-Roses) and alpha-
autoradiography (Exeter) in order to understand bet ter the migration behaviour 
of uranium in the rock and identify migration pathways. Uncovered thin sections, 
30 um thick, cut perpendicular to the fracture surface, have been prepared from 
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granite cores so that variation in the microdistribution of uranium with distance 
from the fracture can be observed. 

The analysis of fission t racks produced following neutron irradiation of 235U 
allows precise determination of the location of uranium in a sample. Fission track 
analysis of core EB4 shows three major modes of uranium distribution: 

(1) point sources showing very dense clusters of t racks associated with uranium-
bearing accessory minerals ( 'resistate uranium') ; 

(2) zones with scattered sources associated with the uranium enclosed within 
major primary or secondary phases; this dispersed uranium can be mobilised 
during alteration processes; 

(3) in ter- and intra-granular linear zones corresponding to uranium situated in 
microfissures, cleavages, grain boundaries e t c . ; this fraction of the uranium 
is the most easily mobilised; in EB4, a good correlation exists between the 
linear track distributions and iron oxyhydroxide microfracture fillings. 

Qualitative evaluation of the track density shows that (1) there is a fairly 
heterogeneous distribution of the uranium-bearing accessory phases; (2) there 
is a fairly homogeneous distribution of the scattered t racks ; and (3) there is a 
strong increase in the density of linear track features close to the fracture. 

The images obtained by alpha-autoradiography show the same pattern of 
uranium distribution as the fission track images, though the exposure period is 
longer and the track densities obtained lower. 

4. Uranium series investigations. 

Uranium series disequilibrium studies have been carried out in Exeter, 
supported under sub-contract by the Isotope Geoscience Laboratory, Harwell. 
These investigations have focused on the key activity ratios 234U/238U and 
230Th/234U in a series of rock slices taken from each sample core. Results are 
shown in Figures 6 to 8 (error bars omitted for clarity - for further details see 
Heath et al . 1993). 

Uranium series profile, Core EB4 

Results from core EB4 show that the rock immediately adjacent to the fracture 
has a high 234U/238U isotopic ratio, falling rapidly to values nearer equilibrium 
within 25 mm of the fracture (Fig. 6 ) . The fracture surface also shows an 
enrichment in radium. Both the 238U and 226Ra profiles appear to have a diffusional 
shape, though the radium profile is a little er ra t ic . The 234U/238U activity ratio 
data are also consistent with a diffusional origin for the profile. The 230Th/234U 
activity ratio in this profile is close to unity within one standard deviation. 

Uranium series profile, Core EB5 

The isotopic profile for EB5 shows an elevated 234U/238U activity ratio of 1.85 
on the fracture surface; the res t of the profile is fairly flat with activity ratios 
near unity (Fig. 7 ) . This 234U enrichment indicates geologically-recent uranium 
deposition, though the chemical data show uranium concentrations to be fairly 
constant throughout the profile. The 230Th/234U activity of 0.85 at the fracture 
surface is consistent with recent uranium deposition. 
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Uranium series profile, Core EB6 

The EB6 profile is very interesting in that there is a severe 234U depletion 
throughout the 60 mm profile studied, with 234U/238U activity ratios as low as 0.34 
and 230Th/234U activity ratios as high as 2.52 (Fig. 8 ) . These data suggest strong 
leaching of uranium from the rock adjacent to this hydrogeologically-active 
fracture. This contrasts with the chemical uranium data which show a uranium 
enrichment on the fracture surface, with U concentrations of 35 ppm. These data 
suggest an older uranium deposition on the fracture surface followed by a 
geologically-recent leaching of uranium from the entire profile. 

5. Geochemistry. 

Major and trace element geochemistry has been determined in Exeter and 
Fontenay-aux-Roses on a series of rock slices taken from each core. 

Uranium and thorium 

The uranium concentration profile for sample EB4 shows that mobilisation of 
this element has taken place close to the fracture surface (Fig. 6 ) , there being 
an enrichment immediately adjacent to the fracture where concentrations of 27 
ppm are observed. In contrast to the resul ts from sample EB4, the geochemical 
uranium data for sample EB5 show no significant uranium enrichment on the 
fracture surface (Fig. 7 ) , although the isotopic data do suggest that there has 
been some surface deposition of uranium. Core EB6 shows uranium enrichment on 
the fracture surface where the U concentration is 35 ppm (Fig. 8 ) . This 
enrichment does not extend beyond the fracture surface itself. The chemical 
uranium profile for EB6 contrasts strongly with the isotopic data which indicate 
very recent uranium leaching throughout the profile. Thorium does not show any 
mobilisation in any of the profiles studied to date (Figs. 6, 7, 8 ) . 

Iron chemistry 

Of particular importance in the geochemical work being undertaken is the iron 
chemistry, as the iron oxidation and uranium geochemistry appear to be closely 
correlated in the profiles examined. Results from EB4 show an increase in iron 
oxidation in the 20 mm or so immediately adjacent to the fracture with fairly 
constant levels for the res t of the profile studied (Fig. 6 ) . There is a slight 
enrichment in total iron on the fracture surface. The iron oxidation profile 
correlates well with the uranium profile suggesting that the redox conditions 
exercise a strong control over uranium mobility in the near-fracture environment. 
In samples EB5 and EB6, taken from greater depth in the rock mass, the iron 
oxidation levels are much lower, there being a slight reduction on the fracture 
surface in EB5 where there is also geologically-recent uranium deposition (Fig. 
7 ) . In sample EB6, there is a slight but insignificant increase in iron oxidation on 
the fracture surface where there is a chemical uranium enrichment (Fig. 8 ) . The 
isotopic data for EB6 reveal extreme 234U depletion due to leaching of uranium 
from the entire 60 mm profile studied, but there appears to be no correlation here 
with iron chemistry; indeed, iron oxidation levels appear to be low and 
comparable with the 'unoxidised' par t of the EB4 profile. 

6. Uranium diffusion modelling. 

The data obtained in these studies are providing the input for a mathematical 
diffusion model being developed in Liverpool. The intention is to model the 
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uranium concentration and uranium isotopic activity ratios with distance from the 
fracture for comparison with the observed profile data in order to describe the 
processes observed and estimate values of the solid/solution exchange coefficient, 
Kd, and effective diffusivities. 

Assumptions and model 

The main basis of the diffusion model consists of the following elements: 

(1) migration of 234U and 238U from a fracture into the rock wall 
by matrix diffusion; 

(2) retardation of the uranium by absorption, characterised by 
a linear absorption (partition) coefficient which is assumed 
to be reversible. 

The simulations of this model are based upon the observation that fracture 
profile data from a number of fractures studied show enrichment of uranium at the 
fracture face decreasing rapidly with distance into the rock. It seems, however, 
that the simulated 234U/238U activity ratios do not vary with distance from the 
fracture in a way that matches the actual data. Early simulations have shown that : 

(1) Uranium concentrations alone can be simulated without much difficulty; these 
lead to estimated 'long-term' values of Kd in line with upper estimates (0.1 to 
10 m3/kg) from laboratory batch and other experiments; 

(2) Neither 234U/238U nor 230Th/234U activity ratios can be simulated with any 
confidence by assuming simple diffusion and sorption processes alone. 

Identification of processes affecting fracture profiles 

Matrix diffusion is the process thought to be dominant in the transfer of 
radionuclides from fracture water into the rock matrix adjacent to fractures. It 
has two components, the physical diffusion of the chemical species through the 
connected porosity of the rock, and the chemical exchange interactions of the 
species in solution with the minerals in contact with the pore fluids. Processes 
other than diffusion and retardation are also in operation which can bring about 
uranium enrichment or depletion. In order to identify which processes result in 
uranium enrichment and cause isotopic disequilibrium, and which of these can be 
interpreted as having affected these profiles, the following should be noted: 

(1) Uranium enrichment in the fracture zone (usually 0 - 4 cm) resul ts either from 
uranium-enriched fracture water (the model presented here) or , less likely, 
by transfer of uranium from the interior of the rock; 

(2) 234U is more mobile that i ts parent 238U because it recoils from alpha-particle 
emission, occupies damaged lattice sites and can be leached more easily that 
238U. 234U/238U values less than unity are common in weathered granite as are 
values greater than unity in groundwater; 

(3) If uranium is removed from a given volume of rock, the 230Th/234U ratio is 
expected to be greater than unity; 230Th is immobile in groundwater since it 
is readily hydrolysed; 

(4) Uranium is readily sorbed by iron oxyhydroxides; 
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(5) In granite , the uranium is contained either within resistate minerals, such as 
zircon and sphene, or in intergranular positions (as shown by the fission 
track and autoradiographic s tudies) ; the lat ter is more mobile and is often 
shown to be secondary ( e . g . in altered biotite). 

El Berrocal fracture profiles 

The data obtained from El Berrocal cores EB4, EB5 and EB6 demonstrate the 
difficulty of establishing a model that is widely applicable to the many profiles 
that are now being obtained. Each profile has i ts own characterist ics, having 
evolved in a different geochemical environment. The presence of apparently 
contradictory evidence is not uncommon, as each profile has been produced by 
a long and complex his tory. In core EB6 (Fig. 8 ) , for example, uranium 
enrichment on the fracture surface appears to have been followed by leaching of 
uranium, the latter having produced the very low 234U/238U activity ratios 
observed. More data and profiles are needed before any widely applicable model 
can be developed. 
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Figure 1. Longitudinal wave velocity (Vp) profiles. Core EB8. 
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Figure 2. Longitudinal wave velocity (Vp) profiles, Core EB9. 
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Figure 3 . Physical property profiles, Core EB5. n0 = open porosity 
Iv = void index; Ws = saturation water content . 
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Figure 4. Physical property profiles. Core EB6. n0 = open porosity 
Iv = void index; Ws = saturation water content. 
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Uranium/thorium profile, Core EB4 
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Figure 6. Geochemical and isotopic profiles, Core EB4. 
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Uranium/thorium profile, Core EB5 
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Figure 7. Geochemical and isotopic profiles. Core EB5. 
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Uranium/thorium profile, Core EB6 
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Figure 8. Geochemical and isotopic profiles. Core EB6 
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Effects of Humic Substances on the Migration of Radionuclides: 
Complexation of Actinides with Humic Substances 

Contractor: Institut fur Radiochemie, Technische Universitat Miinchen 
Contract N°: FI 2W-CT91-0083 
Duration of the contract: July 1991 - June 1994 
Period covered: January 1993 - December 1993 
Project leader: J.I. Kim, G. Buckau 

A. OBJECTIVES AND SCOPE 

The aim of the present research programme is to study the complexation behaviour of 
actinide ions with humic substances in natural aquifer systems and hence to quantify the 
effect of humic substances on the actinide migration. Aquatic humic substances 
commonly found in all groundwaters in different concentrations have a strong tendency 
towards complexation with actinide ions. This is one of the major geochemical reactions 
but hitherto least quantified. Therefore, the effect of humic substances on the actinide 
migration is poorly understood. In the present research programme the complexation of 
actinide ions with humic substances will be described thermodynamically. This 
description will be based on a model being as simple as possible to allow an easy 
introduction of the resulting reaction constants into geochemical modelling of the actinide 
migration. This programme is a continuation of the activities of the COCO group in the 
second phase of the CEC-MIRAGE project. 

The laboratories participated in the research programme are: 

TUM: Technische Universitat Miinchen (coordinator: J.I. Kim, G. Buckau) 
CEA-FAR: Centre dTinergie Atomique, Fontenay-aux-Roses (V. Moulin) 
UM: Universitat Mainz (N. Trautmann) 
KUL: Katolieke Universiteit Leuven (A. Maes) 
JRC-Ispra: Joint Research Centre, Ispra (G. Bidoglio) 

In this period of the programme no working contribution of JRC-Ispra is given. 

B. WORK PROGRAMME 

The programme consists of the following three main tasks: 

Task 1: Complexation reactions of actinide ions with well characterized reference and 
site-specific humic and fulvic acids 

Task 2: Competition reactions with major cations in natural groundwaters 

Task 3: Validation of the complexation data in natural aquatic systems by comparison of 
calculation with spectroscopic experiment 
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C. PROGRESS OF WORK AND RESULTS OBTAINED 

State of advancement 

In this report period a number of methodical developments are in progress. The effective 
ligand concentration is one of the important parameters for the evaluation of the metal ion 
complexation behaviour of bulk polyelectrolytes like humic or fulvic acids. Studies by 
KUL and TUM show that the effective ligand concentration of humic acid is related to the 
protonation of the ion exchanging groups. For a precise evaluation of the complexation 
reaction, however, a direct measurement of the effective ligand capacity under given 
experimental conditions is neccessary. The humate complexation has been studied for 
pentavalent neptunium (UM), hexavalent uranium (TUM) and trivalent lanthanide ions 
(CEA, UM and KUL) under different experimental conditions. The pH is varied between 
3.0 and 9.0, the ionic strength between 0.01 and 0.1 M with metal ion concentrations 
between 10"13 and 10"5 mol/L. Competition of Al3+, [Co(NH3)6]3+, Ca2+, Cu2+, Fe2+ 

and Na+ on the Eu humate interaction is investigated by KUL. CEA-FAR has studied the 
influence of temperature on the Dy(III) humate complexation as well as the Dy(III) 
complexation with EDTA for the purpose of comparison. Studies by KUL on the 
influence of different competing ligands show that in such a ternary system (metal ion, 
humic acid and competing ligand) mixed complexes are generated. 

Progress and results 

1 Complexation reaction of actinide ions with reference and site specific humic acids. 

1.1 Humic substances 

For the present study, humic and fulvic acids from three different sites and a commercial 
humic acid from Aldrich Co. are used. They were purified, protonated and characterized 
previously [1-4]. The commercial product is included as a reference material for the 
purpose of intercomparison. These products are named as follows: 

Gohy-573 HA: Humic acid from Gorleben (FRG) 
Gohy-573 FA: Fulvic acid from Gorleben (FRG) 
Fanay-Augeres HA: Humic Acid from Fanay Augeres (F) 
Fanay-Augeres FA: Fulvic Acid from Fanay Augeres (F) 
Boom-Clay HA: Humic acid from Boom Clay (B) 
Boom-Clay FA: Fulvic acid from Boom Clay (B) 
Aldrich HA(I): Humic acid from Aldrich Co. (Commercial) 

The participating laboratories have agreed upon the introduction of additional batches of 
the reference humic acid, since the original amount purchased was not sufficient to meet 
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with growing experimental demands. KUL and UM prepared batches of Aldrich HA: 
KUL (Aldrich HA(II)) and UM (Aldrich HA(III)). KUL has furthermore purified and 
characterized humic acid from Podzol B as an additional product for comparison. 
Methods of isolation and purification of humic substances as well as the results of 
characterization are described elsewhere [1-4]. 

For interpretation of the complexation behaviour, the proton exchange capacity of each 
humic substance is of main importance. The proton exchange capacities of the studied 
humic substances determined by different groups using pH-titration are: 

Aldrich HA(I) 
Aldrich HA(II) 
Aldrich HA(m) 
Gohy-573 HA 
Gohy-573 FA 
Fanay-Augeres HA 
Fanay-Augeres FA 
Boom-Clay HA 
Boom-Clay FA 
Podzol-B HA 

TUM 

5.43 ± 0.16 
4.18 ±0.15 
4.61 ±0.11 
5.38 ± 0.20 
5.70 ± 0.09 
1.85 ± 0.05 
6.93 ± 0.06 
4.22 ± 0.02 

Proton exchange capacity (in meq/g) 
CEA-FAR 

6.0 ± 0.5 

5.2/5.2 

3.4 ± 0.2 
5.7 

KUL 

2.7/3.9" 
4.38 ± 0.07 

3.5/4.5U 

To be investigated 
5.4 

JRC-Ispra 

5.24 

1): pH=7/10 

1.2 Experimental techniques 

TUM 

Time resolved laser fluorescence spectroscopy (TRLFS) [5], anion exchange chromato
graphy and ultrafiltration are applied for the study of the U(VI) humate complexation in 
the jimolar concentration range of both reactants. The anion exchange chromatography is 
performed with "Analytichem Bond Elute Strong Exchanging Resin" column from Varian 
on which the polyanionic humic acid and the uranyl humate complex are sorbed whereas 
the non-complexed uranyl cation remains in solution. Speciation by TRLFS is done by 
excitation of the uranyl ion followed by peak deconvolution of the emission bands from 
the non-complexed U022 + ion and U02-humate. By time gating the high humic acid 
fluorescence background is discriminated. Ultrafiltration separates colloidal humic acid 
and the uranyl humate complex from the non-complexed uranyl ion by their size 
differences. 
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CEA-FAR 

TRLFS [6] is applied for the study of the EDTA complexation of Dy(III) using a fixed 
excitation wavelength of 355 nm. By energy transfer from EDTA to the complexed 
Dy(III) ion, the Dy-EDTA complex is selectively quantified by its emission at 576 nm. 
The temperature effect on the Dy humate complexation is also studied by this method. 

UM 

A three step-laser-resonance-ionization mass spectroscopy system (RIMS) [7] is used for 
the detection of actinides down to the femtomolar concentration range. This detection 
system is coupled with two different experimental methods for the separation of the non-
complexed ions from their humate complex. The separation techniques are cation and 
anion exchange chromatography. The first technique uses Biorad 50W X 8 cation 
exchanger to separate the free Sm3+ ion from the solution. Anion exchange chromato
graphy is performed with DEAE Sephadex A-25 where the humic acid and humate 
complex is sorbed whereas the non-complexed NpC>2+ is left in solution. 

KUL 

Two different experimental methods are used for the study of the Eu-humate complexa
tion and competition with different cations. The cation exchange technique has been used 
by KUL over several years [8,9]. The second experimental method is the dialysis 
technique by which involved Eu(III) species are separated by their size difference. By 
both experimental techniques the influence of different competing ligands (diglycolic 
acid, iminodiacetic acid and acetylacetone as well as hydroxide and carbonate ions) on the 
Eu-humate complexation is also studied. 

1.3 Results of the complexation study 

TUM 

The humate complexation of the hexavalent uranyl ion with Gohy-573 HA is investigated 
at pH 4.0 and an ionic strength of 0.1 M . The uranyl ion concentration varies over two 
orders of magnitude from 0.1 to 10 \imoVL in order to allow precise determination of the 
loading capacity under given experimental conditions as well as to examine whether the 
degree of loading of the humate ligand influences the complexation behaviour. By the 
anion exchange chromatography technique, the non-complexed uranyl cation is found to 
elute without retention whereas the humate complex is sorbed quantatively. For TRLFS, 
reference emission spectra of the non-complexed U022 + ion and the uranyl humate are 
used for quantification by peak deconvolution. Using ultrafiltration, the free metal ion is 
separated from the colloidal humate complex by their size difference. The comparable 
results are obtained by the three experimental methods. 
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The loading of the humic acid by the uranyl ion is varied from approximately 16 percent 
to a level of saturation (96%). The reaction mechanism is shown to be a charge 
neutralization process namely two proton exchanging sites by one uranyl ion. This 
reaction mechanism has also previously been shown to govern the humate complexation 
of tri- and pentavalent actinide ions [10-14]. Taking the loading capacity into account no 
influence on the complexation constant with the degree of loading of the humate ligand is 
observed. The complexation constant of U(VI) for Gohy-573 humic acid is found to be: 
logB= 6.16 ±0.13. 

CEA-FAR 

The complexation of Dy(III) with EDTA is investigated at pH 3.5, 5.0 and 7.0 at a 
constant ionic strength of 0.1 M. EDTA is chosen as a possible model ligand for 
comparison. At a constant Dy(III) concentration its fluorescence intensity is measured 
varying the EDTA concentration. Evaluation of experimental results is based on analyzing 
the resulting fluorescence titration curve [15]. For this investigation the Dy(III) 
concentrations are either 1 or 10 |imol/L. 

The effective EDTA ligand concentration, expressed as the complexation capacity, is 
found to be dependent on pH. For the complexation reaction it is assumed that only a 1:1 
complex is formed. The complexation constants evaluated taking the complexation 
capacity into account are found to be independent of pH. In contrary to previous results 
by CEA-FAR as well as JRC-Ispra [16-18] on the actinide(III) and lanthanide(III) 
humate interaction no influence of the metal ion concentration on the EDTA complexation 
constant is found. Investigations with other model ligands are in progress. 

The temperature effect on the humate complexation of Dy(III) in trace concentrations is 
studied by experiments at 20, 35 and 50°C. No significant difference between the results 
at these three temperatures is observed. The investigations will be continued at higher 
Dy(III) concentrations for verification at higher loading of the humic acid. 

UM 

The complexation of Np(V) at a concentration of approximately 10~13 mol/L with Aldrich 
humic acid is studied. From pH 4.0 to pH 7.0 the humic acid concentration is varied 
between 20 mg/L and 80 mg/L (appr. 0.1 to 0.4 meq/L) at a constant ionic strength of 
0.01 M. 

Over the investigated experimental range a mean value for the stoichiometry factor of 
1.4±0.1 is found. Due to the low metal ion concentration, a saturation of the humic acid 
ligand by the NpC»2+ ion is not approached and therefore, the loading capacity cannot be 
evaluated. With no correction for the pH dependent loading capacity of the humate ligand 
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with the neptonyl ion an "apparent Np(V) humate complexation constant" is described by 
the following relation: 

logB* = (0.24 + 0.02) x pH + (2.54 ±0.11) 

Previous results by UM using electrophoretic ion focusing technique for species 
separation gave slightly higher values[19]. Correction of the present values for the 
influence of the loading capacity by published data from TUM [14], a pH independent 
complexation constant is obtained: 

log6 = 5.12 + 0.13 

The Sm(III) complexation with Aldrich humic acid is studied at pH 3.0, 3.5, 4.0, 5.0 
and 6.0 at an ionic strength of 0.1 M. The humic acid concentration is 50 mg/L which 
corresponds to approximately 250 |ieq/L or 80 ^mol HA(III)/L whereas the Sm(III) 
concentration is only approximately 1 nmol/L. Speciation is done by evaluation of the 
distribution of Sm(HI) between solution and the cation exchanger Biorad 50W X 8. 

Over the entire experimental range a 1:1 stoichiometry is found. With increasing pH the 
concentration of the non-complexed Sm3+ ion decreases. From pH 3 to 6 the amount of 
Sm(III) humate complex increases from 43% to 88%. Due to the low Sm(III) concentra
tion compared to humic acid, saturation of the humate ligand is not approached and the 
loading capacity cannot be evaluated. Assuming a loading capacity of 100 % an "apparent 
Sm(III) humate complexation constant" is found to increase from logB*=3.99±0.02 at 
pH 3.0 to logB*=5.0±0.1 at pH 6.0. Correction for the effective humate ligand concen
tration dependency by the loading capacity of humic acid with Am(III) from the investi
gations of TUM [20] the Sm(in) humate complexation becomes independent of pH: 

logB = 5.08 ±0.09 

KUL 

The generation of mixed complexes in the ternary system metal ion, humic acid and 
competing ligand is investigated by cation exchange and dialysis. The dialysis method 
makes use of the size difference between the colloidal humic acid and non-complexed 
metal ions as well as competing ligands. Experiments are performed at ionic strength of 
0.1 M with a Eu(III) concentration of approximately 10"7 mol/L. The competing ligands 
are acetylacetone, diglycolic acid, iminodiacetic acid as well as carbonate and hydroxide 
ions. 

Above a certain critical concentration of a competing ligand, an increase of the interaction 
strength with humic acid is observed. The critical concentration decreases with increasing 
the interaction strength of a given ligand. The results are interpreted as a generation of 
mixed complexes. Several mixed complexes are considered. Experimental data with 
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competing ligand concentratrion well beyond their critical concentrations are examined for 
the stoichiometry by analysis of the relation: 

Eu3+ + HA(I) + nL <=> EuLnHA(I) (1) 

For L being acetylacetone, diglycolic acid, iminodiacetic acid, and the carbonate ion the 
nearest integer number for the n value is 2 (1.76+0.28). Therefore, KUL suggests to 
describe the ternary system Eu3+, humic acid and ligand L by the following two 
reactions: 

Eu3+ + HA(ni) <=> EuHA(III) (2) 

Eu3+ + 2L + HA(I) <=> EuL2HA(I) (3) 

for which on a common basis for the humate ligand of HA(III) the observed (or experi
mental) complexation constant logBeXp. is written as: 

logBexp. = logBi + logBmix 2,i + 2 x log[L] + log 3 (4) 

where logBi refers to reaction (2), "logBmix 2,1 + 2 x log[L]" refers to reaction (3) and 
log 3 accounts for the two different expressions of the humate ligand concentration 
(HA(I) and HA(IH)) in reactions (2) and (3). 

logBi = 6.88 [21] and logBmix 2,1 for different ligand are measured to be: 

1 
2 
3 
4 
5 

Ligand 

AA-
DGA2" 
IDA2" 
CO32-
OH-

logBmix2,l 

15.44 
16.33 
18.14 
17.97 
18.00 

standard deviation 

0.43 
0.46 
0.49 
0.58 
0.36 

Ligands: 1; Acetylacetone, 2; Diglycolic acid, 3; Iminodiacetic acid, 

For the complexation study an overwiev of the present results is given as follows: 

TUM 
CEA 
UM 

KUL 
JRC-Ispra 

M(m) 
Non-hydrol. 

range 
X 

X 

X 

X 

X 

Hydrol. 
range 

X 

M(V) 

X 

X 

X 

M(VI) 

X 

Dependency 
pH, I, 

origin of HA 
No 
No 

No 

of logB on 
[M] 

No 
Yes 
No1) 
No 
Yes2> 

1): Np(V): Results at =10"14 mol/L comparable to ^lO"4 mol/L (TUM [14]); 
2): Euan) and Tb(III); [17] and [18] 
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2 Competition reactions with cations in natural groundwaters 

KUL 

Studies on the competition effect of different cations on the Eu(ni) humate complexation 
are conducted at pH 5.4, 6.0 and 9.0 at a constant ionic strength of 0.1 M by cation 
exchange and dialysis techniques. The concentrations of competing cations are varied 
keeping the Eu(III) concentration constant at 10-6 mol/L. The competition reaction is 
found to deviate from a simple ion exchange process on a single type of humate ligand 
sites. Therefore, results are interpreted assuming two different types of exchange sites 
with different interaction strength towards different complexing cations. The competition 
strength of the different cations studied is found to increase with the strength of their 
humate complexation: 

Cu2+ > A13+ > Fe2+ > Ca2+ > [Co(NH3)6]3+ > Na+ 

These and previous results (see table below) verifies that the competition effect is mainly 
governed by the relative complexation strength between the studied actinide ions and the 
competing metal ion. 

Summary of previous results of the competition study; 

CEA 
UM 

KUL 
JRC-Ispra 

Competition 
Ca(II) on 

M(III) M(V) 
minor 

important 
minor 

effect of 
Cr(III) on 

MOID 

=equal strength 

3 Validation of the results in natural aquatic systems by comparison of calculation with 
spectroscopic experiment 

Work on this task is in progress. 
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COLLOID MIGRATION IN GROUNDWATERS: GEOCHEMICAL INTERACTIONS 
OF RADIONUCLIDES WITH NATURAL COLLOIDS 

Contractor: Institut flir Radiochemie, Technische Universitat Munchen 
Contract N°: FI2W/0084 
Duration of contract: May 1991 - April 1994 
Period covered: January 1993 - December 1993 
Project Leader: J.I. Kim, B. Delakowitz 

A. OBJECTIVES AND SCOPE 

The aim of the joint research programme is to determine the significance of groundwater 
colloids in far field radionuclide migration. The characterization, quantification and theo
retical interpretation of colloid-borne transport phenomena of radionuclides in selected 
Gorleben aquifer systems are the main objectives of the present research programme. 
Gorleben aquifer systems are chosen because they are well characterized in terms of their 
hydrological and geological properties and because they contain substantial amounts of 
colloids of different chemical compositions as well as considerable quantities of chemical 
homologues and natural analogues of radionuclides, e.g. M(III), M(IV), M(VI), and Th 
and U decay series. The research tasks are investigated jointly by the four laboratories 
(listed below) in close coordination of experimental capacities of each laboratory. 

TUM: Technische Universitat Munchen, F.R.G. (coordinator: J.I. Kim, 
B. Delakowitz) 

AEA: AEA Technology, Harwell, U.K. (M. Ivanovich) 
GSF: Gesellschaft fur Strahlen- und Umweltforschung, Munchen, F.R.G. (P. Fritz) 
Atkins: W.S. Atkins Engineering Sciences, London, U.K. (D. Read) 

B. WORK PROGRAMME 

1 Sampling of groundwaters, colloids and sediments under well controlled conditions 
(TUM, AEA, GSF) 

2 Characterization of colloids, groundwaters and sediments (TUM, AEA, GSF) 
3 Generation of pseudocolloids of radionuclides (Z > 3+): Am(Eu) for M(III), Pu(Th) 

for M(rV), Np for M(V), U for M(VI); (TUM) 
4 Transport process study by scaled column experiments (TUM, GSF, AEA, Atkins) 
5 Synthesis and theoretical interpretation (Atkins ES) 
6 Liaison with related studies within the MIRAGE programme (e.g. calculation tool) 
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C. PROGRESS OF WORK AND OBTAINED RESULTS 

State of advancement 

For the present study, groundwater samples and sediments were collected from four 
boreholes that penetrate the geologically and chemically heterogeneous Gorleben aqui
fers. The sampled groundwaters were submitted to parallel ultrafiltration using filters of 
different pore sizes to estimate the size and quantity of natural colloids present. Ground
waters, colloids and sediments have been characterized for their chemical composition 
and physical properties. The actinide ions of M(III), M(IV) and M(VI) are found to be 
strongly sorbed on the aquatic colloids rich in humic substances (termed humic colloids). 
Sorption preferentially occurs on humic colloids with a size range between 100 nm down 
to about 1 nm. The sorption and desorption of the actinide ions onto and from the aquatic 
humic colloids are reversible with respect to the pH variation. 

The results from the column experiments with trivalent 152Eu and 241Am and tetra/penta-
valent 237Np/233Pa indicate that in groundwater rich in humic colloids a substantial part 
of injected lanthanide and actinide ions appears mobile through generation of actinide 
pseudocolloids. The recovery of the injected lanthanide and actinide ion concentration is 
> 63 %, while being dependent on the groundwater flow velocity through the column. 
The retardation factor of the mobile portion of lanthanide and actinide ions is close to 1, 
indicating that the migration of the mobile lanthanide and actinide ions through the co
lumn is comparable to that of 3HHO and 8 2Br. This may be explained by the fact that the 
lanthanide and actinide ions introduced in the groundwater are stabilized through sorption 
onto humic colloids, which migrate through the sediment column with negligible inter
action. The migration behaviour of humic colloids through the column may be explained 
by size exclusion as well as anion repulsion. 

Progress and results 

1 Sampling of groundwaters, colloids and sediments 

Groundwater and colloids were collected anaerobically (N2 + 1 % CO2) from selected 
aquifer systems from the geological site foreseen for the future German nuclear waste re
pository at Gorleben [1]. The sampling procedure is explained in detail in the six-month
ly progress reports to the present research programme [2]. Sediments were collected 
from drill cores, corresponding to sampled boreholes. 
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2 Characterization of groundwaters, colloids and sediments 

2.1 Experimental techniques 

Analytical methods and laboratory techniques employed for the characterization of 
groundwaters, colloids and sediments are described in the recent progress report to the 
present research programme [2]. 

2.2 Chemical composition of groundwater and colloids 

The physical characteristics, partly measured in the field, and the chemical compositions 
determined in groundwaters of boreholes Gohy 572, Gohy 611, Gohy 573 and Gohy 
2227 are varying due to their different aquifer conditions [1]. The salinity, given as an 
electrical conductivity ((iS cm-1), generally increases with the aquifer depth and, as ex
pected, the highest salinity among the four groundwaters is found in the one (Gohy 
2227) nearest to the salt dome surface. High DOC concentrations are found in Gohy 573 
and Gohy 2227. These boreholes are intersecting stratigraphic intercalations of lignite 
within the sampled aquifers. There is no correlation between the salinity and DOC con
centration. DOC in the groundwaters, separated and characterized according to a known 
procedure [3] is observed as a composite of humic and fulvic acids which are loaded with 
various metal ions and behave as colloids. For this reason they are named "humic collo
ids". Ultrafiltration of the four groundwaters Gohy 572, Gohy 573, Gohy 611 and Gohy 
2227 using a flat bed filter system with a variety of nominal filter pore sizes from 1000 
nm down to about 1 nm was carried out at TUM. Analytical results of filtrates are given 
in the 3rd progress report [2]. Concentrations of DOC in the filtrates show a gradual de
crease with decreasing the pore size of filters. At the smallest pore size of about 1 nm, 
between 91.2% (Gohy 2227) and 95.7% (Gohy 573) of DOC are filtered, whereas the 
measured values for DOC in the filtrates at 1000 nm, 450 nm and 100 nm are almost 
identical. From these data and according to the results obtained from the earlier work [1, 
4], it is apparent that the predominant amount of humic colloids is found in the size range 
less than 100 nm down to about 1 nm. It is known from the earlier work [1,4] that trace 
elements of higher oxidation state are, in general, preferentially associated with humic 
colloids. Between 87.9% - 99.6% of REE and other trace elements (Th, U, Hf, Zr) in the 
groundwaters Gohy 573 and Gohy 2227 are filtered at the smallest pore size of about 1 
nm, suggesting that main portions of these trace elements are associated with humic col
loids. This is supported by U/Th studies carried out at AEA Harwell. 

Colloids fractionated by ultrafiltration at different pore sizes from 400 nm down to about 
1 nm are analysed by neutron activation analysis (NAA) at TUM and the analytical values 
given in the 3rd progress report [2]. The metal ions, Ca, Sr and Ba, are associated with 
humic colloids in a relatively large portion. In the colloid fraction filtered at 1 nm, as an 
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average, 61.4 ± 6.5 % of the total concentration is found for each divalent ion in the 
groundwater. The mole fraction of the divalent ions loaded on humic colloids changes 
from groundwater to groundwater, depending on their total concentration and the amount 
of DOC [3]. The trace metal ions of higher oxidation state (>3+) are strongly associated 
with humic colloids. In groundwater Gohy 2227 the filtration at about 1 nm pore size 
shows an average (92.9 ± 11.5)% of these ions being bound on thus filtered colloids. 
Trace ions associated with humic colloids are the trivalent rare earth elements (REE; 94.4 
± 9.2 %), tetravalent Zr, Hf, Th (98.2 + 14.5) %, pentavalent Ta (87.7 %) and hexava-
lent U (73.7 %). The trivalent Fe follows the same tendency. In Gorleben groundwaters 
with relatively large amount of humic substances, generally more than 80 % of metal ions 
of higher oxidation state (>3+) are sorbed on colloids collected on 1 nm filters [1, 3,4]. 

2.3 Chemical and mineralogical compositions of sediments 

The chemical compositions of the sediment samples from drill cores taken from boreholes 
Gohy 573, Gohy 611 and Gohy 2227 show marked differences in concentrations of 
Si02, AI2O3, Fe203 and K2O, the main components of quartz, feldspar and clay mine
rals. This is supported by mineralogical studies. The lowermost lignite found in borehole 
Gohy 573 is overlaid by relatively pure quartz-sand, whereas the lignite in borehole 
Gohy 2227 is covered by sediments with a higher portion of clay (marl). In the case of 
borehole Gohy 573, concentrations of lanthanides and other metal ions in the lignite are 
ten times higher than those of the quartz-sand. This is not the case for borehole Gohy 
2227, where the lanthanides and other elements are equally distributed between lignite 
and overlying sand and marl. Differences might be accounted for the different sorption 
behaviour of the overlying sediments owing to varying clay content. Another reason 
could be different sources for the lignites found in drill cores of the two boreholes Gohy 
573 and Gohy 2227. The high concentrations of humic colloids in the groundwater 
samples Gohy 573 and Gohy 2227 are probably related to the glacial lignite 
intercalations. 

2.4 Colloid size distribution and population quantification 

Particle counting by photocorrelation spectroscopy (PCS) at AEA for unfiltered ground
waters from boreholes Gohy 573 and Gohy 2227 indicates that particle populations are 
different among these samples. Colloid investigation by TEM and SEM-EDX and quanti
fication of colloidal particle concentrations in various filter fractions by laser induced 
photoacoustic detection of light scattering (PALS) have been carried out at TUM. Results 
are partly reported in the 3rd progress report [2]. 
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2.5 Isotope studies 

Determination of the isotopes 2H, 3H, 13C, 14C and 1 8 0 has been carried out at GSF in 
groundwater samples of the boreholes Gohy 201, 611, 612, 572, 573 and 2227. 14C 
and 13C were measured in the humic acid (HA) and fulvic acid (FA) DOC fraction. In 
groundwater samples of the boreholes Gohy 201, 611 and 2227, the isotopes 34S and 
1 8 0 were also measured on dissolved SO4. From the results obtained at GSF it may be 
assumed that the FA has originated from near-surface material (soil), whereas the HA 
fraction originated from organic matter of older sediments (lignite). However, this 
assumption needs further verification. 

2.6 Study of U/Th-decay series disequilibrium 

Surface characterization of some drill core samples from boreholes Gohy 573 and Gohy 
2227 have indicated that solid/solution exchange processes are taking place [2]. How
ever, the U series disequilibrium data obtained to date by AEA are ambiguous in terms of 
the humic colloid provenance and the source of their natural actinide loads. Thus, for 
example, total sand samples 234U/238U activity ratios are all close to unity indicating little 
exchange with groundwaters; the lignite total sample, on the other hand, indicate U up
take. The solid phase distributions of U and Th indicate significant components of total U 
and Th residing in the original phase of the lignite samples in contrast to sand samples 
where the residual mineral phases contain most U and Th. From the U/Th isotope ratios 
found in the surface phases of the solids it has been inferred that active radionuclide ex
change is taking place in these aquifers. The question of colloid provenance and the ori
gin of the colloid borne actinides in the Gorleben aquifer has been adressed through the U 
series disequilibrium data. Although the conclusions are somewhat ambiguous, it is 
possible that the humic colloids present in groundwater Gohy 573 and Gohy 2227 have 
different isotopic histories and possibly different sources, other than local lignite [2]. 

3 Generation of pseudocolloids of radionuclides 

Actinide ions with a variety of oxidation states (>3+) are in general unstable in ground
water at neutral pH, besides a dioxoactinyl ion of pentavalent state [5], because of their 
strong tendency towards the hydrolysis reaction [6]. For this reason, they are easily sor-
bed on aquatic colloids through either complexation or ion exchange reaction [7, 8]. The 
generation of such colloids, termed actinide "pseudocolloids", may lead to an apparent 
solubility of a given actinide being much higher than its thermodynamically available so
lubility [9]. For this reason, the generation of actinide pseudocolloids may facilitate the 
migration, or eventually the retardation, of these elements in a given aquifer system. Task 
3 of the present study adresses the mechanisms that may lead to the generation of actinide 
pseudocolloids in the selected groundwaters. The main intention is to investigate how 
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actinide pseudocolloids are generated in groundwaters rich in humic substances. The ge
neration of actinide pseudocolloids by sorption of actinide ions on groundwater colloids 
is studied at TUM with actinide ions of three important oxidation states (trivalent, tetra-
valent and pentavalent) [2]. The study of the hexavalent ion is confined to the behaviour 
of the naturally occuring uranyl ion in the groundwaters. Results of sorption/desorption 
experiments carried out so far with the trivalent 241Am and 244Cm and the tetravalent 
232/234jn in humic substance rich groundwaters from the Gorleben aquifers are reported 
in detail in the 3rd progress report to the present research programme [2]. The 241Am3+, 
244Cm3+ and the 232/34-ph4+ ions introduced in the original groundwaters are found to be 
sorbed quantitatively on humic colloids. The sorption and desorption behaviour is 
depending on the pH. 

4 Transport process in the column experiment 

The aquatic transport of lanthanide and actinide ions through a sediment matrix may be 
retarded by various sorption reactions such as ion exchange, matrix diffusion and diffusi
on into micropores of the sediment [10]. Knowledge of the retardation factor and the total 
recovery of an injected tracer ion enables the assessment and quantitative description of 
its migration behaviour through a sediment-groundwater column. The column experiment 
is performed for 152Eu, 241Am, 237Np and 233Pa in the presence of natural humic collo
ids. Data obtained from the column experiment are used to test either an organic comple-
xation model and a coupled chemical transport model developed in the frame of this study 
[11] which may assist in predicting retardation or mobility of colloid bound lanthanide 
and actinide ions in aquifer systems rich in humic substances. 

Hydraulic properties 
Prior to the migration experiment with the lanthanide or actinide ions under investigation, 
the hydraulic properties of each column are characterized carefully and stable experimen
tal conditions are maintained. The effective porosities determined by eight different ex
periments at both TUM and GSF [2,11] appear consistent. The mean value is found to be 
neff= 0.330 ±0.014. 

Trivalent ions: 152Eu 
The breakthrough characteristics of the trivalent 152Eu ion allow the assessment of the 
migration behaviour of trivalent actinide ions, since the europium ion can be regarded as a 
chemical homologe to trivalent actinide ions. The Eu tracer introduced in the groundwater 
(5 x 10"5 mol L"1) is quantitatively sorbed on humic colloids and 70% of the 152Eu con
centration injected into the column is recovered. The 152Eu is eluted from the column at a 
retardation factor of Rf = 1.0, indicating that 70% of the injected 152Eu concentration is 
transported without sorption, at the same flow rate as ^2Br [2, 11]. 
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The Eu tracer experiment is repeated at different flow velocities in order to examine the 
influence of the groundwater flow rate on the Eu migration behaviour. The filtration velo
cities applied (Table 1) correspond closely to groundwater velocities observed in Gor-
leben aquifer systems, between < 1 m a"1 and 48 m a-1 [12]. The sorption parameters (re
tardation factor and recovery rate) determined for individual experiments are listed in 
Table 1. At the lowest flow rate of Vf = 5.2 x 10"5 cm s_1 (corresponding to 16 m a"1) 
only 64.3 % of the injected 152gu concentration is found in eluates and the rest 35.7 % 
remains sorbed on the column. At a rather high velocity of vf = 1.2 x 10~3 cm s"1 (corres
ponding to 378 m a"1), 91.6% Eu is recovered. The fact suggests that the flow rate of 
groundwater has a direct influence on the recovery of a colloid borne tracer ion migrating 
through the column. The retardation factors for the mobile portion of 152£u tracer at dif
ferent vf, however, are almost identical (0.90, 0.98, 1.02). The colloid size distribution 
determined by ultrafiltration of the 152Eu traced groundwater remains the same both in the 
injected water and in the eluate, in the size range between 2 nm and 100 nm in diameter, 
indicating little interaction of the colloids with the Pleistocene sand. 

Table 1: 152Eu tracer experiments at different filtration velocities 

Co lumn 

EG 1-25 

EG 1-24 

EG 1-27 

Flow 

ve loc i ty Vf 

(cm s" 1 ) 

5.2 x 10"5 

2.1 x 10"4 

1.2 x 10-3 

Flow 

veloc i ty Vf 

(m a"1 ) 

16.4 

66.2 

378 

R ecovery 

W 

( % ) 

64.3 

71.2 

91.6 

Retardation 
factor Rf 

0.90 

0.98 

1.02 

Trivalent ions: 24^Am 
Am in the groundwater is quantitatively sorbed on humic colloids [2, 4]. The humic acid 
concentration in groundwater, estimated on the basis of proton exchangeable functional 
groups [13, 14] is approximatly 7.8 x 10"4 eq L"1 and the COV concentration under 1 % 
CO2 partial pressure at pH 7.6 is calculated to be 6.6 x 10"5 mol L"1. The first complexa-
tion constants of Am(III) with the ligand anions: OH", C0 3 and humic acid are known to 
be log [3 = 6.3 [15], 6.22 [16] and 6.44 [17], respectively. A combination of both sets of 
data suggests that the predominant species in the groundwater at pH 7.6 would be the 
Am(III) humate. Fig. 1 shows both the breakthrough and recovery curves of 241Am as 
well as the breakthrough curve of 8 2Br. 75% Am injected at a flow velocity Vf = 2.4 x 
10"4 cm s"1 passes through the column at a velocity similar to that of the ideal tracer (Rf = 
1.12). The result suggests that the Am3+ ion is stabilized by sorption onto humic colloids 
which suppress its interaction with the column sand. At a lower Am concentration (1.8 x 
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10"6 mol L"1) nearly the same result is obtained with a retardation factor Rf = 1.04 and 68 
% recovery. The size distribution of Am pseudocolloids is determined in the input 
groundwater as well as in different eluate fractions. Almost no change in size distribution 
of Am pseudocolloids occurs during their passage through the column. The Am pseudo

colloids are found in the size smaller than 200 nm. 
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Figure 1: Am column experiment: Breakthrough curve (82Br) and recovery for 82Br and 241Am(III). 

Tetra- andpentavalent ions: 2^Np 
The results of the migration experiment carried out with the pentavalent 237Np ion indi

cate that a large quantity of Np has undergone reduction to Np(IV) during equilibration 
with humic colloids. After an equilibration time of 20 days approximately 27% of Np in 
solution is still present in the pentavalent oxidation state as NpO^, Np(V)monocarbonate 
and Np(V)humate. The remaining 73% can be attributed to the tetravalent Np(IV). The 
neptunium reduction phenomenon is studied in detail elsewhere [11, 18]. As expected, 
the tetravalent Np is strongly bound on humic colloids and its migration through the sand 
column is directly influenced by the mobility of humic colloids. The sorption of the 
Np02 ion on humic colloids, however, is shown to be negligibly small [19]. The recove

ry of Np in the column experiment at a flow velocity Vf = 2.5 x 10"4 cm s_1 is 63%, 
which is somewhat lower than the values for Am and Eu. This may be explained by the 
relatively large noncolloid bound portion of Np compared to that of Am and Eu. The re

tardation of the mobile Np is calculated to be Rf = 0.94. This indicates that the migration 
of the mobile portion is similar to that of 8 2Br. 
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5 Synthesis and theoretical interpretation 

The overall objective is to develop a model capable of simulating complexation between 
natural organics and heavy metals, in conjunction with transport in groundwater systems. 
Three organic complexation models [20, 21] based on an electrostatic description of the 
humic surface have been selected for development. The Rigid Sphere and Surface models 
[20] have been enhanced and incorporated into the coupled chemical transport code, 
CHEMTARD [22], by WS Atkins. This phase of work has been verified successfully by 
inter-code comparison with corresponding models in the static equilibrium code, 
PHREEQE [23]. A third model, Model V [21] has also incorporated into PHREEQE. 
Currently this phase of model development is undergoing testing. Data from the column 
experiments are being analysed into a form suitable for modelling purposes. However, 
no data for the surface properties of the heterogeneous column matrix or the organic col
loids are available from these experiments. Consequently an extensive literature survey 
has been carried out to identify suitable data for optimisation, with emphasis on the inter
action of Am with inorganic and organic surfaces. The results of this review process 
made by WS Atkins are summarised in the following description of the supporting mo
delling studies. 

a) Speciation of Americium in groundwater from Gohy 2227 
Speciation calculations using PHREEQE [23] and the CHEMVAL database [24] have 
been carried out to identify the most important species present (AmCO,, Am3+) which 
could participate in adsorption process. 

b) Derivation of intrinsic binding constants for Am on silicia 
Using protonation/deprotonation data [25] and surface area data [26] collated as part of 
the literature survey, intrinsic binding constants have been derivated from experimental 
data [27] to describe the binding of Am on a silica surface. This has involved fitting 
the sorption profile over a range of pH values, using the data optimisation code 
FTTEQL [28], for the following reactions: 

SOH + AmCq+ - H+ = SO - AmC03 log K - 2.9 
SOH + Am3+ - H+ = SO - Am2+ log K - 4.4 

c) Organic complexation of americium 
The complexation of americium with humic material has been simulated using the Flat 
Surface model in PHREEQE [20]. The results of this study suggest that under the 
experimental conditions of the column tests and in the absence of other surfaces, 
approximately 80% of the americium will bind to the humic material. 
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On the basis of the code refinement and the data optimisation described above, modelling 
studies using CHEMTARD are now being carried out to simulate the transport of ameri-
cium through the Gorleben glacial sands with sorption on both the organic colloids and 
the inorganic matrix. 

Summary of work in progress 

Task 4: Transport process study by scaled column experiments 
• Assessment of migration behaviour (break-through characteristics) of the tetravalent 

232/234xh(iv) and the 2 3 3U(VI) in the column experiment with groundwater Gohy 
2227 (TUM), 

Task 5: Synthesis and theoretical interpretation 
• carrying out a priori testing of the model against column experiment data, 
• testing the validity of the local equilibrium assumption in the context of organic 

complexation reactions. 
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A. OBJECTIVES AND SCOPE 

The objective of the present investigation is to quantify the behavior of 
colloids (humic acids) under varying chemical conditions. The aim is to derive 
thermodynamically based expressions, which may be used for modelling their 
interactions with pore-water constituents in natural systems. 

B. WORK PROGRAMME 

To collect useful information on humic acid behavior, which can support the 
present investigation. 

To study and quantify flocculation processes, which are induced by the 
addition of polyvalent cations in competition with other ions present. 

To follow the distribution of trace elements (R.E.) between flocculate and 
solution. 

As a tentative model for the thermodynamic interpretation of the experimental 
data the humic acids will be modelled as finely dispersed ion-exchangers with 
a possible limited miscibility of surface phases. 

C. PROGRESS OF WORK AND OBTAINED RESULTS 

The experimental work, which has been presented previously, has resulted in 
a series of 4x6 matrices containing data on concentrations of soluble humic 
acid, calcium, sodium, lanthanum, europium and erbium as well as pH and 
E4/E6 data obtained in experiments in which calcium chloride and sodium 
chloride were added in varying amounts. 
The aim of the study is to identify mathematical expressions relating these 
data to the conditions imposed on the system, ultimatively to be able to derive 
equations useful for predictive modelling. 

A priori the speciation of humic acid interacting with added salts is expected 
to be rather complicated both in the soluble and the flocculated state. Not 
alone the flocculate must be expected to possess ion-exchange properties, but 
because of their size, the soluble humic acids will also be expected to 
associate strongly with available cations in ion-exchange like reactions. 
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The experiments have therefore, as described previously, been designed such 
as to reveal possible interferences between the proton and the cations Na+ and 
Ca++ added in macro amounts. In addition the fate of some lanthanides added 
in trace amounts i.e. of the order of 100-200 ppb, simultaneously with the 
addition of sodium and calcium has been studied. 
It is obvious, that we are facing many experimental and also theoretical 
difficulties in the search for quantitative relations between the multitude of 
possible parameters considered. Apart from unavoidable random errors several 
more systematic errors may obscure or distort the measurements. 

Whereas the pH values in the supernatant after a centrifugation from the 
flocculate could readily be measured, the free sodium or calcium 
concentrations could not be determined potentiometrically, because the sodium 
- and calcium electrodes behaved erratically in the humate solutions. Only the 
total concentrations of these ions not bound to the flocculate could be 
determined by standard analytical techniques. The amounts of humate in 
solution could be determined by with a reasonable precision by U/V-
spectroscopy although the spectra changed slightly during the flocculation 
process. 

The data for mg. humate in solution show a pattern almost identical with those 
for the three lanthanides in solution. This can only be the case, if the 
lanthanides are strongly bound to the humic acid both in solution or in the 
flocculate. 
In fig. 1 a and b are shown examples of niveaucurves calculated from the 
somewhat meager data available for mg. humate flocculate and for europium 
in solution. 

Figure la,b. 
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An interesting observation is, that the flocculation induced by the addition of 
calcium chloride seems to be reversed by the addition of modest concentrations 
of sodium chloride in contradiction with the commonly accepted postulate, that 
flocculation is favored by an increase in ionic strength. This 'abnormal' 
behavior indicates, that the humate species in solution are not highly charged 
or even almost neutral, and that the partaking in reactions with added reagents 
occur mainly via exchange of ions. 
This conclusion is supported by independent measurements performed in other 
connections, in which have been proved that anionic species with charges less 
than or equal to -3 tend to associate so strongly with counter ions that 
neutralization reactions beyond that stage have the character of ion-exchange. 

Figure 2 a,b. 
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From these curves are observed, that a region of the pH-pattem show only very small 
changes in pH with added calcium- and sodium salts. By comparison with the diagram 
for humate flocculated in fig. 1 is seen, that the "constancy" of pH coincide with the 
region where the major part of the flocculation reaction occurs. This indicates, that 
flocculation is mainly governed by exchange of sodium with calcium according to the 
following reaction scheme: 

Eqn. 1 

n+HuNasy+Ca^^HuXCaJta^y+lyNa* 
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The pH pattern beyond the flocculation displays a slight pH change indicating that the 
the primary flocculate may contain minor amounts of residual protons, which are 
exchanged when additional sodium or calcium ions are added. 

The E4/E6 ratios, which are displayed in fig. 2, are ratios of the absorbances measured 
on solutions of humic acids at two wavelengths. For a given type of humic acid, it has 
been found, that when the ratio is small, the moleweight is large and vice versa, but 
the number cannot be used as a general quantitative measure of size of different 
samples. 
The data presented indicate that the flocculate is primarily formed from the larger 
humate species, but with increasing calcium concentrations, smaller species are also 
precipitated. There is no obvious indication of the formation of soluble aggregates or 
polymers before the onset of flocculation. 

A standard procedure for identifying the stoichiometry of chemical reactions is to plot 
the logarithm of the concentration of one species against the logarithm of the 
concentration of a probable reactant. The limiting slopes at low concentrations will 
indicate the ratio between the number of moles of the reactant in the product to the 
monomer. In the case of the formation of a precipitate, which can be considered as an 
infinite polymer, the slope should be infinite at the onset of flocculation. 
The basis for this analysis is easily derived by taking the logarithm of the law-of-

mass-action expressions, which, however, are only valid for data obtained at 
equilibrium. In fig. 3 are shown the plots of log(H) versus log(Catot) and Iog(Natot). 
Unfortunately it was not possible to measure the free Ca and Na concentrations 
directly, but because the amounts of the added cations which are bound to the 
flocculate are rather small, the curves presented can be used as fair approximations to 
the more correct expressions. 

Figure 3 a,b. 
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From fig. 3 a is found a limiting slope of appr. one at the lowest sodium concentration. 
The slope is gradually diminished when the sodium concentrations are increased 
merging into the slope of zero, where the curves almost coincide. 
It is here noted, that too few experimental points are available allowing for a precise 
quantitative definition of the shape of the curves. 
Tentatively the following reaction scheme may "explain" the first rise which is 
observed. 

Eqn.2 

HuNaJIy+Caz+=HuNax_^y_{l _z) +zNa++(2 -z)H+ 

where z varies from 1(0 ?) to 2. 

In fig. 3b is observed a slight increase in free protons with increase in sodium 
concentrations when the calcium concentrations are small, but else very small changes. 
This could be explained as being due to proton-sodium ion exchange on soluble humic 
acids at low calcium concentrations and a calcium-sodium ion exchange during 
flocculation as the reverse of eqn.l. The observed dissolution of a flocculate by the 
addtion of modest amounts of sodium chloride does in fact demand an equilibrium 
reaction of this type, in which a soluble sodium-humate "complex" is formed. 

Figure 4 a,b. 

log(fract humate flocculated) as a function of log(ppm Ca-tot) and log(ppm Na-tot). 
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In figs. 4a,b the effects of varying concentrations of calcium and sodium 
concentrations on the formation of a flocculate are shown. 

A couple of the curves in fig. 4a indicate the very steep increase expected in an 
equilibrium transition from a soluble to a precipitated species. It is expected, that with 
more closely spaced data it should be possible to characterise the flocculation process 
both with regard to the effect of sodium concentrations and the total humic acid 
present. 

The curves in fig.4b confirm the observation, that the flocculate tend to redissolve 
when increasing amounts of sodium chloride is added. For the two lowest calcium 
concentrations there is an indication of the formation of a sodium enriched flocculate. 

CONCLUSIONS. 
Although it is premature to elaborate on a model describing humic acid behavior, the 
observations made indicate, that it is governed by equilibrium reactions and thus 
should be amenable to purely thermodynamic modelling. 
However, to be able to characterise the reactions more data are needed especially with 
smaller concentration steps between the experimental conditions and also with varying 
humic acid concentrations. 

A feasible model might describe the flocculate as solid solutions of HHu, NaHu and 
CaHu2 into eachother in equilibrium with as yet non-characterised soluble "complexes" 
with humic acid. 
A simple model along these lines is at present being tested. 
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THE ROLE OF COLLOIDS IN THE TRANSPORT OF RADIONUCLIDES 
IN GEOLOGICAL MEDIA 

Contractors: CEA (F), CIEMAT (E), CNRS (F), GERMETRAD (F), GSF (D), 
INFM (I), INTERA (GB), NRI (CZ) 

Contract n°: FI2W/0097 
Duration of contract: from October 1, 1991 to December 31, 1994 
Period covered: January - December 1993 
Project Leaders: V. Moulin. P. Rivas, JC. Dran, J. Pieri, H. Lang, G. Delia Mea, 

P. Grindrod, V. Balek 

A. OBJECTIVES AND SCOPE 

The main objective of this programme is to understand how colloids could influence 
the migration behaviour of radionuclides in geological formations. This is being 
achieved firstly, by identifying the retention mechanisms of colloids and pseudocolloids 
on mineral surfaces by static and dynamic experiments, and secondly by investigating 
the formation of pseudocolloids. These studies will provide an insight into retention 
mechanisms and there upon validate retardation parameters used in transport models, 
which will be developed to predict colloid transport under conditions relevant to 
geological disposals. Moreover, this research is focused on model systems (surfaces, 
colloids) selected from studies carried out on the El Berrocal site (Spain). 

Two types of experiments are planned, depending on whether well-characterised 
colloidal solutions interact with mineral surfaces (as monoliths), allowing the solid-liquid 
phase analysis (batch tests), or powdered materials (batch and column tests). For the 
study of pseudocolloid formation, sorption experiments (batch tests) with radionuclides 
are conducted either with model inorganic colloidal suspensions or with mineral 
monoliths as macroscopic surfaces of colloids. Dynamic experiments are performed 
using well-defined packing of both synthetic and natural minerals (major constituents of 
granite, such as those found at "El Berrocal"). Moreover, a particular attention is 
devoted to the organic coatings (under static and dynamic conditions). These studies 
will provide data directly usable by migration models. These models are developed to 
predict colloid transport under conditions relevant to geological disposals. 

B. WORK PROGRAMME 

B.1. Colloid properties 
B.1.1. Colloid characterisation 
B.1.2. Application to a site 
B.2. Sorption mechanisms 
B.2.1. Pseudocolloid formation: association of radioelements with colloids 
B.2.2. Interaction of colloids and pseudocolloids on mineral surfaces 
B.3. Transport mechanisms 
B.3.1. Transport experiments in model systems without organic coatings 
B3.2. Transport experiments in model systems with organic coatings 
B.4. Modelling 
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C. PROGRESS OF WORK AND RESULTS OBTAINED 

State of advancement 

The main emphasis of work in this period (Jan-Dec 93) has involved: 

- the characterisation of natural colloids from El Berrocal groundwaters (more or less 
oxidised conditions) in relation with their geological and geochemical environment, with 
a particular interest to their stability; 

- the interaction of actinides with colloidal suspensions through static experiments and 
radiochemical analysis (formation of pseudocolloids); the effect of pH, ionic strength, 
the presence of competing cations has been particularly studied in the case of systems 
constituted by silica colloids and americium/uranium; 

- the interaction of colloidal and pseudocolloidal suspensions with mineral surfaces 
through static experiments and ion beam analysis with a particular attention to the 
reversibility and the surface coverage; 

- the transport behaviour of radioelements and colloids within model porous media 
through column experiments; the influence of organic coatings has been specially 
investigated; 

- the development of a theoretical model to account for the transport of colloids in 
geological media which will be validated by means of the present experimental data. 

Progress and results 

1. Colloid properties: Application to a site. "El Berrocal" (Spain) (CIEMAT, CEA)1 

The characterisation of the colloids from El Berrocal groundwaters has been 
performed for different types of groundwaters (with more or less oxidising conditions: 
S1,S2,S7) with a particular attention to their origin and the mechanisms involved in their 
generation. Their main characteristics identified by several methods (electronic 
microscopy, photon correlation spectroscopy, micro-analysis X) are the following: 
* silica colloids occur in all the waters as well as aluminosilicates, 
* the colloids from the bicarbonate hydrofacies (S2 and S7) groundwaters are 
composed of carbonate phases, 
* the less oxidised groundwater (S7) contains colloids mainly composed of sulphur 
phases, 
* the less oxidised groundwater (S7) exhibits a higher content of colloids. 

With respect to these characteristics, the role of the different components of the 
system such as the mineralogical composition of the bedrock (granite, clayey materials 
from fracture fillings) and the physico-chemical conditions has been identified in order 
to identify their contribution in the nature of colloids occurring in the groundwaters of 
the "El Berrocar site. In addition, one focused our interest on the mechanisms involved 
in the colloid generation. From a general point of view, the colloidal phases identified in 
the three types of groundwaters here studied are mainly formed by condensation 

'This working task on the "El Berrocal site" leads to have strong interactions with another CEC contract 
"Matrix Rock Diffusion" ( FI2W-CT91-0082) coordinated by Exeter University (Dr Heath). 
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processes linked to the bedrock properties and physico-chemical conditions. The only 
distinctive feature between groundwaters is the higher proportion of colloids in the less 
oxidised groundwater. Analyses are in progress in order to investigate the relation 
between colloid content and conditions of oxido-reduction. 

The stability of these natural colloids as well as of those generated by the clayey 
materials constituting is strongly dependent of pH, particularly n the acidic pH-range. 
Further studies are in progress for the ionic strength. 

2. Sorption mechanisms (CEA, CNRS, GSF, INFM) 

The main aim of this working phase is to determine the retention mechanisms of 
colloids and pseudocolloids (association of radionuclides with colloids) on mineral 
surfaces which induces to study firstly the formation of pseudocolloids and secondly the 
interaction of model colloids (true, pseudo) with mineral surfaces. In this part, model 
systems are used for 
* the colloidal suspensions: either representative of those identified in "El Berrocal" 
ground waters with respect to their composition, or representative of specific charges or 
sizes 
* the mineral surfaces: representative of the constituents of the granitic geological 
barrier. 

Formation of peudocolloids2 (CEA, CNRS, GSF, INFM) 

Two complementary batch tests are performed within this task: 
1) sorption experiments with fine particle suspensions and radionuclides or chemical 
analogues and use of radiochemical analysis of the liquid phase (CEA.GSF) 
2) sorption experiments with mineral monoliths (considered as macroscopic surfaces of 
fine particles) and heavy elements and use of Rutherford Backscattering Spectrometry 
(RBS) for the analysis of the solid surface (CEA, CNRS, INFM). 

The scavenging properties of model colloids (silica, clays) towards trivalent (Am, Nd) 
and hexavalent cations (U) have been studied by these two approaches (colloids, 
monoliths) which show a good agreement. Retention mechanisms have been proposed 
to describe the sorption of Am (III) and U (VI) on silica and mica particle suspensions 
through the use of the surface complexation model (in its non-electrostatic form). In 
both cases, no effect of calcium as competing cation has been observed on the cation 
retention on colloid or monolith surface in the concentration range found in natural 
waters (below 0.001 M). Moreover, through the study of the monolith systems, the 
surface coverage of the cation is less than one monolayer (0.1 - 0.2). 

The reversibility of cation sorption onto colloids with respect to pH appears 
dependent on the conditions (in particular ionic strength, particle concentration, cation 
concentration). In the case of the cation-monolith system, the sorption of the cation 
does not exhibit a complete reversibility with respect to the solution composition (such a 
cautious statement is due to the uncertainty of the measurements at low cation 
concentration). 

A particular attention is now devoted to the role of humic substances in the retention 
behaviour of cations on mineral surfaces (either colloids or monoliths). 

2ln the framework of this working task, a collaboration with another CEC contract "Development of a model 
for radionuclide transport by colloids in geosphere" (FI2W-CT91-0079) coordinated by ARMINES (Dr 
Ledoux) becomes effective. 
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Interaction (retention) of colloids and pseudocolloids with mineral surfaces (CEA, 
CNRS.INFM) 

The interaction of colloids (true or pseudo) with mineral surfaces (as monoliths) is 
studied by batch tests on model systems (colloids, monoliths, cations) by using 
Rutherford Backscattering Spectrometry (RBS) for the analysis of the surface. This 
technique allows to determine the quantity of the heavy element fixed (in atoms/cm^) 
as well as the depth distribution. 

For this working task, different items are studied: 
- the influence of the characteristics of the components as the size and the charge of 

the colloids and the charge and the composition of mineral surfaces; 
- the effect of addition order of the constituents (simultaneously or sequentially); 
- the influence of physico-chemical parameters: pH, ionic strength; 
- the reversibility (with respect to solution composition); 
- the influence of organic coatings on mineral surfaces (see section 3.). 

Different systems have been investigated such as i) binary systems (monolith, 
colloid) ii) ternary systems (monolith, colloid, cation or monolith, colloidl, colloid2). The 
monoliths are either silica (untreated, prehydrated), mica or hematite; the colloids either 
Ce02 (50nm), Fe2C>3 (hematite, 100nm), Si02 (80 nm) orThC>2 (5 nm); the ions either 
Nd (III) or U (VI). 

The main features arising from the study of the binary systems are: 
a) Effect of colloid concentration (0.5 - 100 ppm): for all systems there is an increase of 
the amount sorbed up to about 0.1-0.2 monolayer (figure 1); the surface coverage is 
always less than one monolayer; 
b) Effect of ionic strength (0.001-0.1 M): no clear trend is observed, likely due to the 
instability of colloidal suspensions; 
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Figure 1: Surface coverage (in terms of monolayer) as a function of colloid 
concentration for the systems constituted by ceria or thoria colloids and silica surfaces 

(pH ~5; NaCI04 0.001 M) 

c) Effect of p_H (3-8): a marked increase of sorption on silica or mica surfaces with pH 
for thoria colloids is noticed whereas an irregular variation for ceria colloids; 
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d) Effect of the type of monolith and of surface pretreatment: no marked influence is 
seen; 
e) Response to reversibility test (up to 7 days): for all systems, the sorption mostly 
appears irreversible (with respect to solution composition) whatever the solution 
parameters. 

From a general viewpoint, it also appears that the colloid sorption is a surficial 
process. 

The effect of the order of sequential addition of reactants (ternary systems 
constituted by the monolith, colloids 1 and 2) is noticeable with the following 
observation: the presence of a carrier colloid (silica or hematite) reduces the sorption of 
heavy elements (in the form of ceria or thoria colloids), whereas a layer of presorbed 
colloids favours the fixation of heavy elements. 

The future prospects will concern i) experimental improvements (use of a 
complementary analytical technique to avoid heterogeneity problems; test of a new 
experimental procedure to evaluate the influence of colloid sedimentation) ii) the 
influence of physico-chemical parameters such as other colloidal and pseudocolloidal 
suspensions, the effect of organic coatings and the reversibility study with respect to 
pH and other solution characteristics and iii) shift from pure model systems to more 
realistic ones (use of granitic groundwater of "El Berrocal" site or use of whole rock 
samples of "El Berrocal" site). 

In the framework of the static experiments, a particular attention is devoted to the 
changes occurring on solid surfaces (colloid, monolith) during sorption processes 
through the use of the Radon Emanation Method (REM: labelling with Th228 and 
measurement of release rate of radon) developed by the NRI (Nuclear Research 
Institute). This method permits to investigate rapid changes on the solids and at the 
interfaces and brings information on the retention dynamic (i.e. kinetics). The same 
systems as those studied in the project are under investigation. 

3. Transport mechanisms (GSF, GERMETRAD) 

The main goals of this part is to determine the transport mechanisms of colloids as 
well as the role of colloids on the transport of radioelements through well defined 
materials (column experiments). In particular, the contribution of filtration effects as well 
as sorption effects has to be identified. For this purpose, flow-through column tests on 
model systems are carried out as a function of: 
- the colloid characteristics (size, charge) 
- the water chemistry (typical boundary conditions) 
- the hydrodynamic factors (flow-rate) 

A particular attention is devoted to the role of the organic coatings. 

Transport experiments In model systems in the absence of organics (GSF) 

These transport experiments which are investigated to infer the colloid and 
pseudocolloid transport in porous media are carried out in small columns packed with 
stable monodisperse materials (either glass beads or quartz sand). In order to achieve 
the objectives, batch (determination of sorption and desorption coefficients) and column 
tests are performed in parallel in order to better understand the sorption and transport 
mechanisms of colloids (true or pseudo). 
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The main characteristics of these column packings (with different granulomeres) 
have been determined, in particular their ion-exchange capacity, their surface area and 
their pore volume and pore size distribution (table 2). Before handling colloids and 
pseudocolloids, breakthrough curves of radionuclides (tracers such as

 3
°CI; ions such 

as
 8

^Sr,
 4

^Ca, 22fga; potential colloids such as
 1 4 4

Ce, ^
5
^Eu) have been obtained on 

these model columns with different mobile phases (NaCI 0.01 M, CaCl2 0.01 M, 
ammonium formate 0.01 M, synthetic "El Berrocal" water (borehole S1): pH 6.8; 
1=0.0012; cations: Ca,Mg,Na,K; anions: CI.SC^.HCC^) In particular, through these 
flow-through column tests, the importance of isotope- and ion-exchange mechanisms 
has been quantified showing a very small contribution of the isotopic effects compared 
to the ionic exchange effects. 

As the main properties of the colloidal systems are linked to their charge, the 
electrostatic surface charges of the colloids under investigation (ceria, silica, iron 
oxides) have to be determined. In addition, latex particles (fluorescent) are also used in 
order to stress important features. Streaming potential studies have thus been 
performed qualitatively and quantitatively using a special streaming current technique. 
Under the conditions of the synthetic groundwater, negatively charged colloids are 
occurring for silica and latex particles, whereas ceria colloids are found to be positively 
charged. 

The first transport experiments dealing with these colloids (ceria and silica) have 
shown that they are quantitatively filtered within the first 5cm of the column packing. 
This effect could not be explained by a filtration caused by the pore size of the column 
bed which is about 100 times bigger than the size of the colloids. Electrostatic 
interactions between colloids and filter bed are thus assumed to exist. Further 
experiments are under progress with these systems. 

The use of fluorescent latex spheres (negatively charged) in the flow-through column 
tests has allowed to show that no retardation (or scarcely) occurs (the batch tests have 
shown very low affinity of these entities for the packing materials) but a very low 
recovery of particles (27 % to 1 % according to their sizes) is observed (figure 2). These 
experiments illustrate the importance of filtration effects in colloid transport phenomena. 
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Figure 2: Flow-through column tests performed with tracer (CI) and 100 nm particles. 
Column packing: glass beads (0.8-0.11 mm); column dimension: 2.5 cm of diameter 

and 14.5 cm of length; elution with synthetic water (1 ml/h). 
The percent of particle recovery is indicated: 20 % for 100 nm particles, 0 % for 200 nm particles. 
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Transport experiments in model systems in the presence of organic coatings 
(GERMETRAD) 

The effect of organic coatings on the transport of radionuclides (in the ionic, colloidal 
or pseudocolloidal form) is evaluated through dynamic experiments performed with 
columns filled with silica beads covered with humic acids. A novel procedure has been 
developed in order to link the organic molecules (through covalent bonding) on the well-
defined packing particles of silica. Hence stable "humic acid columns" are realised. 
Moreover this procedure is applied to coat humic substances on the monoliths used in 
the section 2.B. Sorption experiments are under progress with these samples. 

The procedure followed in these dynamic experiments is illustrated on figure 3. 

Mobile phase 
1.buffer 
2.radionucIide + buffer 
3.buffer + EDTA 

Column (h-1.8 cm) 

^ silica heads coaled 
•" with humic acids 

.>Si-0 fCH2)4-CH(OH)-CH2-0- r 5 - > / H A _ 
Sl-O ^(CH2)4-CH(OH)-CH2-0- < S D > / H ^ 

Sample collector 

sf* eluate 

Am + eluant 

eluant + EDTA 

J\r 
p»ak2 

V(ml) 
Am not retained Am retained 

on the HA column 

Figure 3: Schematic representation of the procedure followed in the dynamic 
experiment with organic coatings 

The affinity of a radionuclide such as americium for the "humic acid" (HA) column 
has been determined in various medium (phosphate and carbonate buffers) at different 
flow-rates. The main features arising from the present studies are: 

a) a great effect of flow-rate according to pH on the Am recovery: the binding of 
americium for the "HA column" decreases with increasing the flow-rate in phosphate 
buffer; at low flow-rate (5 ml/h) only 10% of americium is eluted at pH 7.5 and pH 8; 
b) the importance of Am speciation on the Am elution curve: a large retardation of Am 
on the "HA column" at acidic pH is observed, whereas a decrease of binding with 
increasing pH (pH 7.5 to 8.7) is noticed; in this pH range hydrolysed and carbonate 
species are occurring. In order to underline the importance of the nature of Am species, 
experiments have been performed at pH 8 under argon atmosphere showing a higher 
retention of hydrolysed species than carbonate complexes (figure 4). In carbonate 
medium (pH 8.2), americium presents a relatively low affinity for the "HA column" 
whatever the flow-rate, except at low flow-rate (5 ml/h) where 50% of americium is 
retained on the "HA column". 
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Figure 4: Am elution curves on the "HA column" at pH 8 (under Ar atmosphere or not); 
3 ml/h; phosphate buffer; Am activity injected: 3700 cpm 

Parallel experiments with pure silica as the packing material have also been carried 
out in order to underline the effect of the organic coatings. Moreover, studies with Am 
as a pseudocolloid will be also performed as well as studies with other radionuclides. 

These studies show that carbonatation and hydrolysis reactions could compete with 
the formation of organic complexes in specific conditions. However, it appears that at 
neutral-alkaline pH (7-8) and a low flow-rate, organic complexes could occur in a 
relatively high proportion. These results are particularly important because of the lack of 
data on Am speciation in this pH range in the presence of carbonate, hydroxide and 
organic ligands. 

4. Modelling (INTERA) 

The modelling of colloid transport through fractured and porous media has been 
developed so as to provide: 
* an initial review and discussion of theoretical and experimental issues from the 
transport modelling perspective; 
* calculations of elution rates and dispersivities which could be generalised and 
calibrated by the experimental data; 
* a consideration of the microscopic models useful in characterising dynamic processes 
prior to the derivation of microscopic migration parameters. 

As a result of this initial phase, it is suggested that wherever possible simultaneous 
elution curves for both colloids and a non-sorbing tracer should be obtained. The 
principle is that the tracer breakthrough and dispersion embodies fundamental 
information regarding the flow path geometry and flow regime, and that the relative 
behaviour of the colloids to that of such a tracer will be robust for similar columns 
(rather than the absolute properties). It was also concluded that capture surface 
geometry is likely to have a large impact on the capture and dispersion of colloids, yet 
remains largely uncertain. Hence there is a need initially to focus on well characterised 
stream tubes or packed media. 

It has been considered a range of process models for colloid media interactions. 
These terms are considered in both static and dynamic situations. Generally it is the 
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aim to formulate a range of candidate processes and consider what support there is for 
each one from the experimental behaviour obtained within the project. Key processes, 
that is those which are not shown to be invalid or inappropriate, can be included in 
migration models, along side the considerations of flow rates and dispersion rates 
made during the earlier part of this project. The retardation processes under 
consideration are: 
a) linear instantaneous adsorption partition ; 
b) first order kinetic adsorption/desorption ; 
c) diffusion into stagnant water within the medium or rock matrix (this characterises the 
tails of breakthrough curves, as t~^2( w n e n present). 

The mathematical models can be derived in a number of ways, so here "adsorption" 
can be taken to be either or both physical and chemical retention and release of 
colloids. These processes can be surimposed (since they are linear) and hence a 
composite model will be used to analyse the transport data available from the 
GERMETRAD humic column experiments. 

Colloid-media interactions may be non-linear though, being effectively limited to 
partial monolayer coverage of surfaces by either steric repulsion due to previously 
immobilised colloids, or a limited distribution to active sorption sites. Since there is 
growing evidence of partial monolayer formation within the monolith experiments (see 
section 2), we have modelled this mechanism. The resulting non-linear terms controlling 
either dynamic or fast (instantaneous) monolayer formation, result in a non-linear 
migration model. Nevertheless we have shown that these equations are amenable to 
direct analysis, and obtained estimates for frontal propagation which could be used to 
model column experiments or else to verify non-linear model solvers. 

The modelling component of this project is in three distinct parts : 
(i) colloid migration processes - effective flow rates, dispersivities, relative to tracer 
migration; 
(ii) colloid-media interaction - retardation mechanisms; 
(iii) colloid-radioelement interactions. 

To date (i) is complete, (ii) is ongoing and will be completed and (iii) will be covered 
during the final year of the project, relying on the static experimental data obtained 
within this programme. 
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Title: Analysis of the geoenvironmental conditions as morphological evolution factors of the sand-clay 
series of the Tiberine Valley and the Dunarobba forest preservation 
Contractor: Dipartimento di Scienze della Terra - Universita di Roma "La Sapienza" 
Contract N°: FI2W/0121 
Duration of Contract: from August 1992 to January 1995 
Period covered: January 1993 - December 1993 
Coordinator: Giovanni Valentini (Universita degli Studi "La Sapienza") 
Leaders: Pierluigi Ambrosetti (Universita degli Studi di Perugia), Dr. Peter Grainger (University of 
Exeter) 

A. OBJECTIVES AND SCOPE 

Based on the large presence of fossil trunks in the alluvial deposits of the Tiber basin 
outcropping near Todi, Umbertide and Dunarobba villages (Umbria region, Central Italy), the 
proponents of the present research believed worth of interest to study such geological environment that 
may be considered as a "natural analogue". In particular, Dunarobba Forest site represents a large and 
rare data source and natural laboratory in order to achieve further informations about geological 
formations as potential nuclear waste repositories. The research's principal aim is the definition of the 
geological, hydrogeological and geochemical processes which allowed the preservation of the vegetable 
matter in Dunarobba area. The definition of the processes which led to the lignitification of coevi 
deposits is important as a term of comparison and in order to better interpret the whole environmental 
evolution as well. In order to study and to analyze the most influential parameters which could have 
been affecting the geochemical processes which allowed the organic matter to be preserved from the 
forest formation until now, it is necessary to reconstruct the present environmental scenario and, based 
on the analysis of probable evolution indicators, to understand the past ones, with particular reference 
to the geochemical conditions. 
The following topics have been considered of basic importance: 
a) the acquisition of the geological, tectonic and hydrogeological boundary conditions; 
b) the definition, in the area of Dunarobba Forest, of the whole stratigraphic sequence along with the 
structural, hydrogeological and geochemical conditions, the mineralogical and petrographical features, 
the permeability as regards to endogenetic gases, density and water natural content of rock bodies and 
finally the stress and drainage conditions inside the soil masses; 
c) the reconstruction of the past geomorphological conditions underwent by the continental deposits 
and the present geomorphological framework. 
In order to achieve an exhaustive definition of the most of factors which allowed the described 
environment to be preserved, it has been realized a partnership among Rome University (I), Perugia 
University (I) and Exeter E.R.C. (U.K.). 

B WORK PROGRAMME 

About the reconstruction of the present and past environmental scenarios it is necessary to 
define: 
1) - the basin boundary conditions, the lythostratigraphy of the alluvial deposits and the principal fault 
systems in order to scan the evolution of the Tiberine Valley environmental scenarios from the forest 
formation until Present; 
2) - the hydrogeological scenario with reference to the geometry of the aquifers, the groundwater flow 
networks and the phreatic water geochemistry; 
3) - the spatial distribution of the inorganic and organic matter in the solid phase and of the liquid 
phase in the interstitial space of the Tiberine depositional sequences with particular reference to the 
mineralogical, petrographical, geochemical and physical characters; 
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4) - the consolidation state of the fine grained sequences as an indicator of the drainage conditions 
inside the studied deposits; 
5) - the fossil trunks boundary geochemical conditions and the geochemistry of the organic matter 
(both well preserved trunks and lignite deposits) with particular reference to the interactions between 
organic (wood) and inorganic (clay) matter. 

C. PROGRESS OF WORK AND OBTAINED RESULTS 

1.1 Basin geometric boundary conditions 

The application of gravimetric methodologies, which are consistent with the large differences 
of density values between the alluvial deposits and the carbonatic substratum, allowed a preliminary 
reconstruction of the tridimensional geometry of the plio-pleistocenic basin. 
The map of Bouguer's anomalies1 shows a clear thickening of the isoanomalies in the limestone and 
marly-limestone outcrop areas with higher values in the western border of the basin. The presence of a 
clear gravimetric low, having a N-S trend south of the Naja stream and a NW-SE trend north of it, is 
fundamental in defining the geometry of the basin (fig. 2). Close to the Dunarobba village area, the 
isoanomalies put in evidence a relative gravimetric low. The geological models based on such 
gravimetric surveys may be summarized in the following way (fig. 3a and 3b): 

1) thicknesses of the plio-pleistocenic sediments greater in the northern part of the area (up to 
2300 m) and significant decreases toward the southern end, probably connected with the presence of a 
threshold, which could have allowed the formation of local basins; 

2) calcareous bedrock dislocations given by dip-slip faults having throws up to hundreds of 
meters and which reach also the plio-pleistocenic units; 

3) lower thickness of the plio-pleistocenic deposits toward the western and eastern margins of 
the basin; these are greater in the southern part of the area where, close to the Dunarobba forest, it is 
possible to recognize a satellite basin which could have been separated for a certain period from the 
principal one; in this area the maximum thickness of alluvial deposits is about 120 m. 

These informations have been very useful for planning the drilling of a deep borehole in the 
Dunarobba area to better ascertain the palustrine and lacustrine deposits lythostratigraphic characters 
along their whole length; here, the contact between the calcareous bedrock (marly-limestones) and the 
alluvial deposits is 116.5 m below the ground level. 

1.2 Lythostratigraphic characters of the Tiberine Valley's depositional sequences 

The geological surveys and the boreholes drilled at different depths, between 30 and 121 m 
(fig. 4), allowed a first reconstruction of the lythostratigraphical sequences in the area. Based on the 
boreholes' stratigraphies (fig. 5 shows the stratigraphy of the S6 borehole as the most representative of 
the deposits which sorround the trunks) the sequences are prevailingly given by clays and silts with 
interbeddings of coarser deposits (sands and gravels) that are more frequent and thicker toward the top 
of the local series, where the trunks outcrop. A large number of lignite levels, at different stratigraphic 
heights, are interbedded in the lacustrine and palustrine sequences. 

Previous deep seated investigations, carried out by boreholes drilled in the central and southern 
areas of the tiberine basin, give us further informations about the time variations in the depositional 
conditions in the whole basin which are now represented by clay-silt sequences with interbeddings of 
coarser sediments (sands and gravels) and lignite and peat levels. 

1 It has been carried out a gravimetric survey based on 286 measure points scattered on an area 180 km2 wide 
which is delimited by the Amelia Mts. at the western margin, the Todi-Massa Mariana lineament at the 
northern one, the Martani Mts. at the eastern one and Castel Todino village at the southern one. 
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Based on the analyses of the cores recovered during the borehole drilling, the sedimentological 
study of the lythostratigraphic sequences in the Dunarobba forest area allowed us to recognize 
depositional facies variations, that are summarized in the following way: 
116.5 - 111 m on the marly-limestone substratum there are swampy facies deposits which are given 
by clay silt sequences and by a lignite level; 
111 - 35 m lacustrine environment, represented by clay deposits interbedded by sandy-silty levels 
having sedimentary structures that testify a basin depth greater than 10 m. 
35 - 0 m transition environment from lacustrine to palustrine; the progressive change from 
lacustrine conditions to emersion ones is represented by lacustrine and palustrine lythofacies 
altemances and the emersion phases are marked by pedogenized levels (hydromorphic paleosoils) 
whose characters show very high sedimentation rates which led to a rapid trunks buring. 

At the top of this transitional environment, where the Dunarobba forest developed, conditions 
of submersion occurred and a flooded plain can be recognized. The progressive filling up of this 
submerged area is evidenced by the sediemntray sequence which clearly shows a decreasing in the 
grain size characters and thickness of the coarser deposits upwards, until the area emerges and a 
paleosoil overlined by a lignite bed is formed. Although the area eventually returns under water level, 
the lacustrine basin which settles in, does not show any evidence of clastic contribution because of 
morphological and/or climatic reasons. The deposits in which the forest of Dunarobba is contained 
would thus correspond to a coastal depositional subenvironment on the margins of a lacustrine system. 

1.3 Analysis of tectonic discontinuities by regional soil-gas survey 

Reconstructions of the principal tectonic discontinuities inside the fluvio-lacustrine sequences 
and on the Tiberine basin's borders come from first results about soil gas anomalies (He, C0 2 and Rn) 
based on a regional survey2. 

This study can contribute to the definition of: 
- the network of gas bearing fractures that could represent potential paths for water movement as well; 
- active faults whose movement possibly influenced the environmental scenario evolution of the 
Dunarobba area. 

The connected elaborations, depicted in fig. 6 and tab. 1, suggest that a significant occurrence 
of endogenetic gas ascent, as expected, is along enhanced permeability paths located at the boundaries 
of the basin, where the main regional border fault systems are known. Major Rn and He anomalies lie 
on the eastern and south-western boundaries of the basin forming lineaments oriented respectively N-S 
and N45W. The first group of anomalies could be related to the boundary fault system (Acquasparta 
fault) between the basin and the Martani Mts, the second one coincides with the geologic limit between 
clays and marls in the Castel dell'Aquila area. Nevertheless, a SW-NE oriented linear gas anomaly 
crosses the basin from Castel dell'Aquila area; it is marked by all three gases, in good agreement with 
gravimetric and geological surveys which already suggested the presence of an important transversal 
tectonic element in this area. Secondary soil-gas lineaments cross Dunarobba and Montecastrilli 
(N45W) and the area south of Montecastrilli. Spotty anomalies occur north of Montenero and in 
correspondance with the carbonates-clays limit in the north-western part of the investigated area.These 
preliminary results show that even if background values of endogenetic gases in soil are quite low, 
some gas ascent phenomena occur inside the basin as well; therefore clays, locally, do not act as 
barrier for naturally occurring gases. 

Further information about tectonic discontinuities are based on self-potential geoelectrical 
investigations, specifically performed in order to study the ground water flow conditions inside the 
tiberine alluvial sequences along the Dunarobba-Furapane scanline. They will be discussed in the 
following section. 

: They have been collected about 100 soil-gas samples randomly distributed in the investigated area. 
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2. Geometries of the aquifers and of the hydrodynamic network and chemistry of the interstitial-
phreatic waters 

The groundwater flow network inside and around the tiberine alluvial sequences has been 
investigated by the self potential assessment, whose spatial variations are linked to specific oriented 
flows as a function of the deep structural setting. The two performed tomographies (fig. 7) give us 
indications about the water circulation both in a wide range of depth (0-10 km) and in a greater detail 
(0-1 km). Figures 8 and 9 represent the map of self potential anomalies map and the section of self 
potential gradients which have been necessary to construct the tomographics. The two tomographies 
respectively show: 
a) an undulated geometry of the isolines in the whole right-hand positive portion of the large scale 
dipolar field that testify a prevailing ascending or discending flow between the carbonatic substratum 
and the alluvial deposits; the presence of an intruding shallow positive nucleus, distorting the otherwise 
regular pattern of the negative portion of the regional field, very closed to the Dunarobba forest area 
(fig. 10); 
b) a very clear dipole field with a clear inclined elongated shape, centered at a depth of about 3 km 
b.g.l. and clipping eastward to a depth of more than 5 km; such a dipole field could likely be associated 
with a large scale tectonic discotinuity surface (fig. 11). 

Furthermore, the high resolution dipole-dipole tomographic approach gives information about 
the presence of fine grained (sands and clays) sequences in the Dunarobba forest containing deposits. 
The DD pseudo-section is characterized by quite low resistivity values, in good agreement with the 
borehole data and allow to better define the spatial extension of the sand-clay deposits sorrounding the 
trunks; it puts also in evidence a horst-like resistivity structure that probably corresponds to the 
threshold pointed out by the gravimetric survey and that may be responsible for a groundwater vertical 
flow (fig. 12). 

Even though the hydrogeological data analyses are still in progress, it is possible to recognize, 
especially in the area of Dunarobba forest, remarkable aquifers in the sandy-clayey beds which are 
scarcely interconnected. With particular reference to the area of Dunarobba forest, where there are 
neither springs nor wells, based on the borehole drillings have been pointed out the presence of four 
confined aquifers whose water discharges range from 5.2 to 30 1/min. Further data will be obtained in 
the next months and results will be presented in the next reports. 

According to this work plan, in the Dunarobba forest area, it has been defined the 
groundwater-flow network; it is influenced by the sandy-gravelly beds inside the clay sequences. 
Specific information regarding this comes from the field measurements of hydraulic parameters during 
the drillings, from the y-ray logging and from the first chemico-isotopical analyses that have been until 
now carried out. 

3. Characteristics of the inorganic and organic matter in the solid phase and of the liquid phase in 
the interstitial space along the sedimentary sequence in the Dunarobba area 

Analyses carried out on the recovered cores pointed out significant variations of the grain size 
distribution, of the specific weigths and of the mineralogical and petrographical characters in relation 
to the stratigraphic level, as a consequence of the facies etheropies. As regards the analyzed samples3 

the grain size distributions are characterized by the prevailing silty and clayey fractions, whereas 
mineralogical analyses pointed out the presence of illite and smectite like minerals in the clay fraction; 
the Atterberg limits and the colloidal activity of the finer fraction are in good agreement with these 
results and assume values that are generally assigned to illitic clays (fig. 13). Chemical and isotopic 

They have been analyzed 35 samples collected along the vertical sequence from 2 m b.g.l. to 95 m b.g.l.. 
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analyses pointed out both high carbonatic contents (between 8 and 20%) and Th & U concentrations of 
5 and 2 ppm respectively in the studied sequences. Based on such information it should be possible to 
define the geochemical conditions which were acting during the sedimentation of the deposits that 
contain the Dunarobba Forest. 

Specific analyses will allow to reconstruct the radionuclide migration processes, from the 
organic matter to the sorrounding sediments. These analyses have been started on soil samples 
recovered close to the vegetable matters. 

In order to reconstruct the environmental scenario, with specific reference to the chemico-
isotopical characters, investigations on the interstitial waters both at the boundaries of the trunks and 
in lower/upper stratigraphic levels have been started. They are carried out on clay samples recovered 
from boreholes drilled at the boundaries of the fossil trunks and they shall give further information 
about the paleoenvironmental conditions and about the interactions with the circulating waters. 

4. Permeability assessment and analysis of the consolidation states of the fine grained deposits 

Based on oedometer tests, the values of the consolidation coefficients have been assessed for 
the silty-clayey levels; they range from 2.67E-7 to 6.33E-8 m2/s that suggest very low hydraulic 
conductivities (tab. 2) with respect to fluid migration in the finer grain deposits which behave as a 
barrier. 

Information about the consolidation states of the silty-clayey beds comes from in situ 
measurements and laboratory oedometer tests respectively carried out on cores and undisturbed 
samples. The first ones give indications about the trends of the moisture contents and of the undrained 
strength parameters along the vertical sequences (see fig. 5). The second ones allow to assess the unit 
weigth volumes and the void ratios of the silt-clayey levels and their variations versus the distance 
from the ground level. The assessment of the consolidation states assumed by the finer deposits, show 
along the vertical sequence (especially from 0 m to 30 m b.g.l.) an alternance of beds having different 
consolidation ratios which is probably related to periodic phases of submersion and emersion; this is in 
good agreement with the paleoenvironmental reconstructions based on the sedimentological and 
stratigraphical analyses (section 2.2.). The knowledge about the presence of overconsolidated and 
normally consolidated levels gives important indications about the drainage conditions inside the 
alluvial sequences, as the overconsolidated levels have already come to an equilibrium state with 
regards to the physical interactions between solid skeleton and liquid phase. 

Further investigations about the viscous behaviour of the soil system in the silty-clayey levels 
have been started, with particular reference to the secondary consolidation processes. The obtained 
results will be compared with the detailed lythostratigraphical sequence in order to have other 
informations about the interactions between the interstitial waters and the phreatic ones as an 
important influential parameter which might affect the isolation conditions of the sediments 
sorrounding the vegetable matter. 

5. Fossil trunks boundary conditions 

Once defined the environmental boundary conditions, the U/Th disequilibrium pattern analyses 
have been started on more than 24 samples recovered close to the wood-clay interface; they are based 
on alpha-spectrometry in order to assess the radionuclide diffusion processes whose definition will give 
indications about the geochemical evolution at the trunk boundaries. 
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Fig. 13  Clay fraction, liquid limit and carbonate contents along the vertical sequence (from borehole S6). 

OfWMC 9CHS. 
C«OOj(%) 

woo t o n 

C C . 4 * ■■> 
• 00 

U l l 

O i l 

( 13M 

13 ■ 

M « 

i n 

or 31 

us ?{ 
^££^H » *  * * , 

SAMPLE 

-

S6C.I.2 

S6C.I.5A 

S6C.I.7 

S7C.I.3 

S7C.I.5 

S7C.S.I.4 

DEPTH 

W 
4.27 

19.8 

30.8 

58.5 

93.0 

114.6 

SOU. UNIT 
WEIGHT 
VOLUME 

(Yn) 

(kN/m3) 
20.2 

20.7 

20.5 

20.5 

20.4 

20.4 

VOID 
RATIO 

(eo) 

-

0 62 

0.55 

0.60 

0.60 

0.51 

0.60 

COMPRESSION 
INDEX 

(cc) 

• 
0.25 

0.24 

0.21 

0.31 

0.36 

0.29 

SWELLING 
INDEX 

(cs) 

-

0.05 

0.09 

0.09 

0.09 

0.09 

0.10 

CONSOLIDATION 
COEFFICD2NT 

(cv) 

(m2/s) 
2.67E-07* 

1.03E-07"" 

2.08E-08* 

6.33E-08* 

1.60E-08*" 

4.80E-08" 

HYDRAULIC 
CONDUCTIVITY 

(K) 

(m/s) 
1.68E-10* 

2.44E-13"" 

1-28E-I1* 

2.42E-11* 

1.33E-12"' 

9.32E-12" 

0 401 MPi 
0 S  l . t M P i 
1 63J MPi 
12 »2J.« MPi 

Tab. 2 

609 



Title: CHEMVAL2 THERMODYNAMIC DATABASE 
Contractor: WS Atkins Environment 
Contract No.: FI2W/0122 
Duration of Contract: 11/92 to 12/94 
Period covered: 01/93 to 12/93 
Project Leader: Dr. W.E. Falck 

OBJECTIVES AND SCOPE 

The principal objective of the CHEMVAL2 database project is the production of an 
extended, reviewed thermodynamic data compilation applicable to geochemical 
modelling studies in the EC member states. The database will be fully referenced to 
source and emphasises radio-elements and other chemical components of relevance to 
radioactive waste disposal. 

The CHEMVAL thermodynamic database has been compiled as a result of 
collaborative work during the 1985-1989 CEC MIRAGE Project. Production of a 
standardised database has proved invaluable for comparison of simulations performed 
in different laboratories and has helped to increase the confidence in models now 
being used in national radiological safety assessments. 

The continued need for a centralised database facility is clear and encompasses: 

- data review for elements not currently included in the database 

- coordination and compilation of data arising from the CHEMVAL2 activities and 
parallel research work coordinated within the CEC CoCo (Colloids and 
Complexes) activities. 

- data management, primarily the collation and dissemination of frozen data sets. 

B. WORK PROGRAMME 

The work programme comprises three separate stages reflecting the various phases of 
the CHEMVAL2 project. 

Stage 1 - agree scope of data reviews; establishment of format for database and its 
mode of distribution 

Stage 2 - collation and review of thermodynamic data; annual issue of frozen data 
sets; coordination and management of less quantitative information arising from 
CHEMVAL2 and related projects 

Stage 3 - final reporting 

Database work will continue throughout the contractual period up to the completion of 
CHEMVAL2 in December 1994. 
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PROGRESS OF WORK AND OBTAINED RESULTS 

State of advancement 

Stage 1 of the project has largely been completed: 

- the scope and priority of the data reviews has been agreed upon 

- a Quality Control Plan has been set up as a basis for review work and subsequent 
data dissemination and to deal with comments/recommendations from users 

Stage 2 of the project is well under way: 

- Version 5.0 of the CHEMVAL tdb has been completed 

Progress and Results 

In Stage 1 of the project following list of elements not previously reviewed and 
sequence of data reviews had been agreed upon: 

- errors/gaps already identified 

- redox-equilibria of elements already contained in database 

- Co, Ni, Se, As and V 

- Cr.REE 

- entropy data on all species as made available by the CHEMVAL2 topic 
group Temperature Correction' 

Stage 2 saw the majority of errors and gaps in the reviews eliminated. Table 1 lists the 
aqueous species identified as being unreviewed and the current state of review. For all 
but a few species relevant references have been idenfied. A number of aqueous 
species for elements already in the database have been added (Table 3). 

Most of the redox equilibria have been reviewed. The current state of work is given in 
Table 2. 

The elements Ni and As have been added to the database. Aqueous species for Ni and 
As have been reviewed, along with a number of Ni-solids (Table 3). 

Subsequently version 5.0 of the CHEMVAL tdb has been compiled, considering the 
above amendments and additions; it it now ready for distribution. 

References on Co, Se, V and REE are being collated. 

Entropy data on a large number of aqueous and solid species have been received from 
the CHEMVAL2 topic group Temperature Correction', now pending inclusion into 
the database. 
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Table 1: Aqueous species marked for review - progress 

SPECIES 
Am(OH)2(C03)-
Cm(OH)+2 
H2(Cit)-
H2Si04-2 
H(EDTA)-3 
H3(EDTA)-
H5(EDTA)+ 
HF2-
I2C1-
IC12-
M 
mo 
120-2 
103-
I20H-
HN03 
Pb(C03)2-2 
Pb(S04)2-2 
H2P04-
HP04-2 
HS04-
Sr(EDTA)-2 
HTc04-

ID in 
258 
272 

1051 
191 

1140 
1142 
1144 

131 
305 
307 
296 
301 
300 
298 
303 
115 

1355 
1357 

122 
121 
101 

1213 
289 

hand 
+ 

+ 
+ 

+ 
+ 

compl . 

+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

+ 
+ 
+ 

SPECIES 
Ca(P04)-
H(CU)-2 
H3(Cit) 
H3Si04-
H2(EDTA)-2 
H4{EDTA) 
HF 
H2B03-
IC1-
D-
H20I-
HI03 
IO-
I04-
Mg(EDTA)-2 
NH4S04-
PbC03 
PbS04 
H3P04 
Ra(S04) 
Sr(Cit)-
H2Tc04 

ID in hand com 
136 + 

1050 + 
1052 + 

190 + 
1141 + 
1143 + 

130 + 
116 + 
306 + 
295 + 
302 + 
304 + 
297 + 
299 + 

1148 + 
114 

1354 + 
1356 + 

123 + 
1301 + 
1059 + 
290 + 

Table 2: Redox-couples marked for review - progress 

SPECIES 
Am+4 
Am02+ 
Mn+3 
Mn04-2 
N2(g) 
N02-
Np02+ 
Pu+3 
Pu02+2 
HS-
Tc04-2 
Tc+3 
U02+ 
U02+2 

ID in 
265 
267 
849 
850 
111 
110 
410 
462 
460 
103 
287 
294 
212 
213 

hand 

+ 
+ 

compl . 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

NEA tdb to be considered 
NEA tdb to be considered 

SPECIES 
Am02+2 
Fe+3 
Mn04-
NH4+ 
NH3(aq) 
Np+3 
Np02+2 
Pu02+ 
S-2 
H2S 
Tc04-3 
TcO+2 

ID in 
266 
820 
851 
113 
112 
412 
411 
461 
102 
104 
288 
291 

hand com 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

+ 
+ 
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Table 3: New species included in V 5.0 after review. 

SPECIES 
I2(aq) 
RaC03 
RaCl-
Ni(OH)+ 
Ni(OH)3-l 
Ni4(OH)4+4 
NiC12 
NiBr+ 
Ni(N03)+ 
As02-
H2As04-
As03-3 
H2As03-
HAs204-
AsS2-
As2S4-2 
H2As2S4 
HAs3S6-2 
H3As3S6 

ID in hand compl . 
308 

1302 
1304 
2101 
2103 
2105 
2108 
2106 
2110 
2049 
2051 
2053 
2055 
2057 
2060 
2062 
2064 
2066 
2068 

+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

SPECIES 
H6(EDTA)-2 
RaOH-
Ni+2 
Ni(OH)2 
Ni(OH)4-2 
NiCl+ 
NiF+ 
Ni(S04) 
As04-3 
HAs04-2 
H3As04 
HAs03-2 
H3As03 
H2As306-
AsS4-3 
HAs2S4-
As3S6-3 
H2As3S6-

ID in hand com] 
1148 + 
1303 + 

49 + 
2102 + 
2104 + 
2107 + 
2109 + 
2111 + 

50 + 
2050 + 
2052 + 
2054 + 
2056 + 
2059 + 
2061 + 
2063 + 
2065 + 
2067 + 

List of Publications 

An overview over the CHEMVAL Thermodynamic Database has been presented at a number 
of occasions: 

FALCK, W.E., READ, D. and THOMAS, J., An Internally Consistent and Critically 
Reviewed Thermodynamic Database for Geochemical Modelling. In: Arendt, F., Annokkee, 
G.J., Bosnian, R., van den Brink, W.J. [Eds.]: Contaminated Soil '93, pp. 491-92 (1993). 

FALCK, W.E., READ, D. and THOMAS, J., Eine in sich konsistente und kritisch gepriifte 
Sammlung thermodynamischer Daten fur geochemische Modellrechnungen, Poster given at 
Conference Geowissenschaftliche Umweltforschung, Heidelberg, 05/06 November 1993. 

FALCK, W.E., RIDGE, D.M., CHEMVAL2: Thermodynamic Database, CEC Contract No. 
FI2W/CT92/0122, 1st and 2nd Periodic Progress Report (September 1992 - August 1993). 
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THE TREATMENT OF UNCERTAINTY IN GROUNDWATER FLOW AND 
TRANSPORT MODELLING 

Contractor: AEA Decommissioning & Radwaste, Windscale, UK. 
Contract No: FI2W / 0088 
Duration of Contract: 1 April 1991 to 31 March 1995 
Period Covered: January - December 1993 
Project Leader: Dr J D Porter 

A. OBJECTIVES AND SCOPE 
Analysis and understanding of the groundwater flow in the neighbourhood of a 

radioactive waste repository play important roles in a performance assessment. Such 
analyses rely on numerical modelling in order to study the flow and transport over the 
very long times that must be considered. Two vital issues which must then be considered 
are the way in which the available data are used in constructing the mathematical model 
of the site and the uncertainty that is implied in the results of the model by uncertainties 
in the model parameters and in the model itself. The two tasks in this project address 
these issues. The first task is concerned with the investigation of novel approaches to the 
construction of mathematical models of a site. The second task is concerned with the 
investigation of methods for the estimation of uncertainty in groundwater flow and 
transport calculations. 

B. WORK PROGRAMME 

Task 1 Site Characterisation 
1.1 Site Models: Mathematical models that can be used to represent a site will be 
reviewed. A computer package based on a selected method will then be written. 
1.2 Inverse Problem Techniques: Methods for the inverse problem will be investigated 
and a selected approach will be applied in conjunction with the site models developed in 
Task 1.1. 
1.3 Effective Properties: Methods for relating measured data to model parameters will 
be investigated using numerical calculations, based on the site models developed in Task 
1.1. 

Task 2 Treatment of Uncertainty 
2.1 Methods for the Treatment of Uncertainty: Methods for the estimation of uncertainty 
in the results of groundwater flow and transport models will be investigated. 
2.2 Parameter Sensitivity: Methods for the estimation of sensitivity coefficients will be 
investigated. The coefficients will be used to study the topic of data worth. 
2.3 Model Uncertainty: The study of this topic will build on experience of "what-if" 
studies and will pay particular attention to long-timescale changes in hydrogeology. 

C. PROGRESS OF WORK AND OBTAINED RESULTS 

The status of progress has not been forwarded to the Commission for 1993. 
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Title: Uncertainties in the modelling of migration. 
Contractor: Rise National Laboratory, Denmark. 
Contract N°:FI2W/0089. 
Duration of contract: 1/9 1991 to 1/9 1994. 
Period covered: 1/1 1993 to 31/12 1993 
Project leader: B. Skytte Jensen 

A. OBJECTIVES AND SCOPE 

The objectives of the present investigation is to estimate the uncertainties to 
be described to the results of modelling of diffusion and convective flow in 
heterogeneous media. 

Especially the uncertainties which are the consequences of the possible 
presence of unidentified heterogeneities in a given formation will be 
considered. 

Only recently has attention been paid to the uncertainties to be ascribed to the 
modelling of migration, wherefore the relevant tools have not been firmly 
established yet. 

Several approaches are possible mostly related to experimental field or the 
laboratory. In the present investigation, "computer-experiments" alone will will 
be used as the tool. 

B. WORK PROGRAMME 

To investigate the effects of inserting heterogeneities in two - and three 
dimensional "geological formations" on both diffusion and convective flow. 

To develop the relevant mass-conserving algorithms which can handle 
diffusion in heterogeneous media. 

To study the influence of "heterogeneities"on two dimensional convective flow 
by means of conformal mapping. 

To investigate the possibilities of describing flow in fractures in the light of the 
previous studies. 
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PROGRESS OF WORK AND OBTAINED RESULTS 

By 2D-modelling of convective flow under diverse geometrical conditions by 
means of conformal mapping techniques it has been shown, that pure 
convective flow may show pronounced longitudinal dispersion effects, although 
none such is assumed to occur within the individual flowtubes. 

It was also shown, that the magnitudes of the calculated dispersions depends 
highly on the way "samples were extracted" from the set of calculated 
flowtubes, indicating that similar uncertainties have to be ascribed to field data. 

The calculations have been performed by means of the programs HETEFLOW 
and SOURCEFLOW. 
By semi-quantitative arguments have been demonstrated, that transversal 
dispersion effects will be expected to arise by convective flow in 3-D systems. 
It is obvious, that due to the often pronounced concentration gradients arising 
in such calculations, unavoidable diffusion reactions will in actual systems tend 
to level these gradients out, wherefore modelled and experimental data will not 
be expected to coincide closely. 

An important observation from these calculations is, that the modellings of 
different sampling techniques give an indication of the types of uncertainties 
if not their magnitudes, which have to be ascribed to experimental data 
optained by samling in the field. Due to these uncertainties it will hardly be 
possible by calculating backwards to identify or characterize the geological 
structures, which have been passed by the flow. If other evidence is not 
available, the model used might well be grossly in error due to mere ignorance. 

The flow of water through fractured rock is often modelled by analogy to the 
flow of electricity in a network of conductors by means of the Kirchoffs 
equations. This may work well for the flow of water, but to describe the flow 
of dissolved material the dispersion is alone "explained" by assuming different 
distributions of permeabilities and hold-up volumes in a large number of 
individual paths. This assumption is not supported by the present study which 
also ascribes dispersion effects to the individual paths, wherefore the passage 
through a small number of fractures might well be described. The former 
model may not give meaningful dispersions in this case. 

In a recent investigation the dispersions expected by flow through a series of 
interconnected fractures have been investigated. 
The flow in a single fracture was considered being adequately modelled as the 
flow from a source to a sink in an infinitely large two-dimensional layer. The 
distance between the source and sink is assumed to be finite, and may even be 
very small. 
In a previous report has been shown, that a plug of dissolved matter in the 
inlet at the source will demonstrate a pronounced "dispersion" with time, when 
concentrations are measured at the outlet from the sink. 
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The mathematical expressions describing this ideal system have been derived -
or approximated satisfactory - allowing for the calculation of concentration 

distributions obtained after the passage of any concentration distributions 
entering a source-sink system. 
In figure 1. are given a couple of examples of different concentration 
distributions as input (F,'s ) and how they are changed after the passage of one, 
two and three identical source-sink systems connected in series.( wi0, wu and 
wi|2 ) 

Figure 1. 
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It has been shown, that in an ideal source-sink system as the one investigated 
investigated, appr. half of the added amount in a plug will pass the system 
quite rapidly and the rest more slowly giving rise to an infinite tailing. 
In actual non-infinite systems the initial phase is believed to be quite similar 
to that for the infinite fracture, whereas the tailing is expected to approach zero 
at a steeper rate. 
In the figure 1 presented above has been used a "normalized" time, tN, as the 
abscissa. This time has been shown to be related to the real time, tR, by the 
formula: 
Eqn. 1 

tD=L2*t N 

where L is the distance between the source and sink. 
It will therefore be possible to model the effect of transport through a series 
of dissimilar source-sink systems in real time, even if the source-sink distances 
vary. 

The graphs shown above demonstrate clearly, that a series of connected source-
sink systems are quite effective in eliminating peak concentrations and in 
effectively diluting an added amount of a solute into the passing solvent. The 
pattern observed is similar to that expected for non-equilibrium flow through 
a system with large dead-end pores. 
When branching transport between several source-sink systems are possible, 
this effect is even more pronounced, as will be shown in a coming report. 
In the following figure 2. is shown the concentrations distributions expected 
by passage of a plug through source-sink systems differing in the distance 
between the source and sink by a factor of two, when plottet versus real time, 

Figure 2. 
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In the following figure 3. is given an example of concentration distributions 
after 1-9 passes of an input through a series of "identical" source-sink 
systems. 

Figure 3. 
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UNBIASED GUESS AS A CONCEPT TO COPE WITH FUZZY AND RANDOM 
PARAMETERS IN GEOCHEMICAL MODELLING 

Title : Unbiased Guess as a Concept to Cope with Fuzzy and 
Random Parameters in Geochemical Modelling 

Contractor : BRENK SYSTEMPLANUNG 
Contract N° : FI2W-CT91-0090 
Duration of contract : from 01.06.1991 to 30.09.1994 
Period covered : from 01.01.1993 to 31.12.1993 
Project Leader : Dr.-Ing. H.D. Brenk 

OBJECTIVES AND SCOPE 

Any risk analysis dealing with the transport of radionuclides from a radioactive 
waste repository on the basis of deterministic equations suffers from two severe 
problems. Firstly, all processes in reality are random in nature and, secondly, the 
data basis and the knowledge about the relevant processes will never be complete. 
The aim of the study is to investigate the applicability of fuzzy set theory in 
decision making and the potential of information theory in this context. Since 
ambiguity in the valuation of models and model parameters represents the main 
obstacle for a consent about the results, it seems very promising to apply a kind 
of maximum entropy method, the "method of unbiased guess", in order to deal 
with incomplete knowledge. While the incorporation of randomness into this 
approach is straightforward adequate methods have to be developed in order to 
deal with incomplete knowledge or subjective quantities (i.e. expert judgement). 
The main aim of the study is to propose a theoretically well-founded formalism 
serving this purpose. The capability of this formalism will be demonstrated on a 
non-trivial migration problem. 

B. WORK PROGRAM 

1. Compilation of the relevant aspects of information theory. Special 
emphasis is put onto the method of unbiased guess and its theoretical 
foundation. 

2. Discussion of the problems of geochemical modelling in risk assessments 
with respect to uncertainty using probability density functions and the 
theory of fuzzy sets. 

3. Development of a formalism for a consistent and unambiguous 
incorporation of incomplete knowledge employing the method of unbiased 
guess. 

4. Demonstration of the applicability of the formalism using a simulated 
migration problem as a test case. 

5. Documention 
6. Project coordination 
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PROGRESS OF WORK AND OBTAINED RESULTS 

State of advancement 

In the last annual report the combined treatment of fuzzy and random variables 
was discussed. A useful tool for interpreting the results of the combined treat
ment has been developed by generalizing a transformation between probability 
and possibility. Moreover, the implementation of ,a numerical realization of the 
formalism on the computer has been started. 

Progress and results 

For the combined treatment of random variables, characterized by probability 
densities, and fuzzy variables, characterized by possibility distribution functions, 
we used the successive application of possibilistic conjection and probabilistic 
expectation to define the probability of a random fuzzy event. The interchange of 
the two procedures, that is first averaging with respect to the random variables 
and then calculating the possibility of the resulting membership function, which 
we might call "fuzzy random event", leads to another quantity which could be 
used as an alternative decision criterion. Unfortunately nobody has experience 
with the interpretation of these quantities. For a better understanding of the 
results it is useful to calculate bounds, which are purely probabilistic or possibili
stic. For this purpose an invertible transformation III was developed, which maps 
possibility distribution functions to reasonable probability densities and vice 
versa. With the help of this transformation one can either map all the possibility 
distribution functions of the fuzzy variables under consideration to corresponding 
probability densities to get a probabilistic lower bound or map all the probability 
densities of the random variables to corresponding possibility distribution func
tions to get a possibilistic upper bound. 
We have recently begun to create computer programs, which allow for the calcu
lation of arbitrary examples. With these examples, we will on the one hand, 
increase our experience concerning the interpretation of the results and on the 
other hand find a realistic model for geochemical transport, which can be treated 
by the developed algorithm. 

List of publications 

III Wonneberger, S., Generalization of an invertible mapping between 
probability and possibility, submitted for publication in Fuzzy Sets 
and Systems 
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Review and development for modelling with uncertainty and variability 

Contractor: Intera Information Technologies, Environmental Division; 
University of Bristol, Advanced Computer Research Centre; 
Universite Libre de Bruxelles, IRIDIA. 
Contract Number: FI2W/0091 
Duration of contract: from 1 May 1991 to 31 October 1993 
Period covered: 1 January 1993 to 31 October 1993 
Project Leader: Dr. P. C. Robinson 

A. Objectives and Scope 
Any assessment of the safety of an underground repository for 

radioactive waste must consider various types of uncertainty. These 
uncertainties arise in each step of the assessment process: information 
gathering; experimentation; modelling; interpretation of results; and 
decision making. 

These uncertainties are of many types, and are addressed with a 
variety of tools and techniques. For example, scenario analysis is widely 
used to tackle uncertainties in the future evolution of a site, and 
probabilistic calculations are often used for treating uncertain data. 

The objective of this project is to review and investigate the types 
of uncertainties and techniques for handling them. In particular, an aim 
is to demonstrate techniques which are currently not widely used within 
the radioactive waste disposal community. 

A particular area in which some potentially useful techniques are 
applied is that of Artificial Intelligence. The use of fuzzy logic is also 
a potentially useful area. Given this, a collaboration has been set up 
between those familiar with current practice (Intera), those with in-depth 
knowledge of artificial intelligence (IRIDIA) and a team with research 
experience in artificial intelligence, particularly in the application of 
fuzzy logic and related methods (ACRC). 

B. Work Programme 

B.1 Review 
This phase consisted of an in-depth review of: 

• types of uncertainty encountered in safety assessments 
internationally; 

• tools and techniques for handling uncertainty, including those 
currently used in radioactive waste disposal and in other fields; 

• available data sources and their uses, including experiment, expert 
judgement, detailed simulation; 

• presentational methods for displaying uncertainty in inputs and 
outputs of assessments. 

B.2 Definition and investigation of important test cases 
In this phase, test cases were defined to cover the types of 

uncertainty and techniques identified as being most important in the first 
phase of the project. The aim was to demonstrate the practicalities of 
implementing various methodologies. 

B.3 Investigation of further cases and lessons for general methodology 
In this third phase, the focus was on recommendations for novel 

methodologies which could be used to address important issues. These were 
based on the experience gained in the trial applications of the previous 
phase. 
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C. Progress of Work 

C.1 General 
During 1993 the collaborative groups within the project have 

completed the development and application of various approaches identified 
from the review phase. These approaches have been tested on particular 
problems in the radioactive waste disposal field. A final project report 
has been produced detailing the development work undertaken and the 
conclusions are given below. 

Conclusions 
The following conclusions can be drawn from the work undertaken by 

the collaborators in the MUNVAR project. 
Uncertainty Analysis in radioactive waste disposal assessments is 

well developed for parameter uncertainty, with the use of probabilistic 
safety assessment (PSA) techniques. Uncertainties in future conditions are 
generally handled by a scenario approach or by simulation. However, the 
assignment of probabilities to scenarios has proved difficult. Many of the 
uncertainties encountered can be resolved only by the use of expert 
judgement. In fact this is almost a definition of uncertainty - the real 
world has variability, human descriptions of it have uncertainty. 

Other types of uncertainty, such as conceptual model uncertainty, are 
widely recognised but not systematically treated. 

The handling of uncertainties in other diverse technical areas was 
considered. It was found that the approaches used are much less 
sophisticated than those used in radioactive waste assessments and thus 
there is no untapped pool of know-how in these other areas. 

The key potential weakness in the PSA approach is the justification 
for manipulating subjective expert judgements according to the rules of 
probability. Another, more technical, weakness is risk dilution - where 
admitting more uncertainty reduces risks and therefore appears to make the 
system safer. 

The management and manipulation of expert opinions of all types is an 
important area for study and has formed the basis for this project. Fuzzy 
approaches are possible for combining judgement and knowledge management 
systems can be used to maintain a knowledge base. 

A top-down approach to knowledge management, as used by Bristol, has 
been demonstrated to allow expert judgements to be made accessible. The 
bottom-up approach, used by Brussels, has also been shown to be useful in 
making expert judgements more logically and systematiclly stated. Both 
approaches have encountered difficulties with the imprecise language 
commonly used by experts. Computer codes implimenting each approach have 
been developed. 

A fuzzy approach to parameter uncertainty has been demonstrated to be 
practicable, using tools similar to those used in PSA. A code which can 
use a fuzzy or probabilistic paradigm has been developed. 

The basic difference between the fuzzy and probabilistic approaches 
have been explored. The presentation of a fuzzy approach in terms of a 
nested interval analysis or nested set analysis has proved useful. 

A probabilistic approach enables statements to be made concerning the 
chance of failure - given an imagined large set of identical situations. 
The fuzzy approach makes statements about the degree of belief which can 
be attached to the non-failure of a system. It is argued that this is more 
appropriate given the prevalence of expert judgements. 

More sophisticated approaches to handling uncertainties, including 
mass assignments and transferable belief methods, are presented and 
discussed. Mass assignments allow fuzzy and probabilistic approaches to be 
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unified, showing the fuzzy approach to be a generalisation of the 
probabilistic approach. The transferable belief methods enable ignorance 
about some possibilities to be handled coherently. 

Evidential Support Logic has been described and applied to some 
example situations. It may be a useful tool for strategic studies if not 
for detailed assessments. 

Cellular Automata were considered as a way of introducing uncertainty 
at a fundamental level. It is not clear whether this approach would be 
useful and its application was not pursued. 

C.2 Progress at Intera (P.C.Robinson) 

The work undertaken at Intera has focused on application of the QUEST 
computer application and consideration of the use of Nested Set Analysis 
to scenario analysis. 

QUEST 
Following on from the development of QUEST in 1992, in 1993 it was 

applied to some radwaste examples. Following on from this some minor 
errors in QUEST were located whcih were corrected. The results from the 
most recent version of QUEST are presented in the Final report. 

Nested Set Analysis applied to Scenario Analysis 
An important component of any safety assessment of the disposal of 

radioactive waste is the consideration of the long-term evolution of the 
total system (including the geosphere and the biosphere). This is normally 
undertaken by identifying possible future scenarios. However, there are 
significant, and unavoidable, uncertainties in the estimation of scenario 
probabilities. Hence the approach to scenarios used at present may be 
better interpreted by a fuzzy methodology rather than a probabilistic one. 

When scenario likelihoods are represented by fuzzy distributions 
rather than probability distribution functions then Nested Set Analysis 
can be used to analysis the Scenarios in any assessment. Nested Set Analy
sis is a formulation of the simple concept that members of a set contain
ing more supportable options are within any set of less supportable op
tions for the same system. Thus in Nested Set Analysis it is only the rel
ative values, rather than the absolute values, of parameters which matter. 

For any system process model, containing all the possible scenarios, 
an influence diagram can be developed showing all links between 
processes. By giving each link a possibility (fuzzy membership) value, the 
system can be analysed using Nested Set Analysis. By additionally taking 
account of the importance of input and output processes, consistent 
influence diagrams can be produced for any belief level. 

Thus the use of Nested Set Analysis to scenario development is a 
straight forward and easily applicable process. However, for it to be us
able the scenario formulation must be developed within a fuzzy (degree of 
belief) rather than a probabilistic paradigm. Where there is a requirement 
to combine degrees of belief then existing techniques or, more consis
tently, those developed at IRIDIA during the MUNVAR Project could be used. 

C.3 Progress at ACRC, Bristol (J.F.Baldwin, T.P.Martin and A.Tocatlidou) 

The work undertaken at Bristol has focused on application of the 
SAFETIME package to the Project-90 report and consideration of the use of 
Evidential Support Logic, again with application to the results of 
Project-90. 
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SAFETIME 
The SAFETIME expert system was developed by ACRC, Bristol based on 

the FRIL logic program. The exercise of applying SAFETIME to the 
Project-90 report was intended to show that complex technical 
documentation can be encapsulated in a computerised knowledge base and 
thus made accessible to a wider audience. Initial objectives for the 
intelligent manual were that the system should be able to: trace back from 
a conclusion to the information justifying that conclusion; find the 
modelling approach used for a given subproblem; and handle the uncertainty 
inherent in different modelling approaches. 

The intelligent manual developed was shown to be considerably more 
than just a hypertext-based system, as it uses a much richer knowledge-
based approach. This allows the implicit engineering knowledge to be modi
fied, and inference to be performed. The intelligent manual can function 
in a similar manner to a hypertext system, allowing the user to navigate 
through related topics in any order and, when requested, display the 
original source text of the document. Additionally, the system was suc
cessfully interfaced to other software, specifically a numerical modelling 
code used to investigate different parts of the overall problem. SAFETIME 
can also act as an advisor on the use and limitations of such software. 

Evidential Support Logic 
Evidential Support Logic has been developed within the MUNVAR Project 

by ACRC, Bristol. It was introduced by Baldwin as an alternative to 
deductive logic for applications which require inductive or abductive 
reasoning. 

Evidential Support Logic allows generalisations from known examples 
to new situations, and enables a rule based to be automatically generated 
from known examples. Each example is characterised in terms of features, 
which have degrees of importance attached to them. Fuzzy matching is used 
to assess the degree of similarity between features in different cases, 
and the inference process allows different combinations of features to 
contribute to the overall conclusion. The partial matching between fuzzy 
sets is based on the theories of semantic unification and mass assignments 
developed by Baldwin. 

The new knowledge-based approach has been applied to the problem of 
site selection for a nuclear waste repository. The information used in 
this project is based on the scenario development exercise carried out in 
SKI Project-90. This uses the analysis of possible scenarios, represented 
here as a combination of external events that characterise its appearance. 
These consist mainly of geological events and chemical and climate 
changes, which may have important effects on the repository stability and 
performance. 

Each possible site is described in terms of its topographic, 
geological and technical characteristics. These form the parameters that 
may be affected by the external events caused by each scenario. Evidential 
Support Logic is used to indicate which site the selected scenarios will 
have the minimum impact on. 

The prototype system has been developed using the support logic 
language FRIL. Initial studies show that the techniques developed are 
robust and provide sensible results. 

Further enhancements could be included into the model developed here 
to increase the capabilities of Evidential Support Logic: The use of fuzzy 
values at higher knowledge levels (for instance, to describe the various 
degrees of impact a scenario can have on a selected site); and a 
systematic study of the uncertainty propagation through the reasoning 
mechanism, and the knowledge characteristics. 
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C.4 Progress at IRIDIA, Bruxelles (V.Poznanski, P.Smets and S.Amarger) 

Following on from the development of the prototype SALUT knowledge-
based system in 1991/2, in 1993 IRIDIA applied it to the SKI Project-90 
summary report. However in the implementation of SALUT to analyse the 
report, it was found that the caution used by the report authors made it 
difficult to extract knowledge. The process used, of translating the 
Project-90 report first into simplified English (in which all extraneous 
words had been removed), then translating into an appropriate logical form 
followed by a review undertaken by the report authors, proved to be highly 
time consuming. However, the knowledge elicitation process is also a means 
of communicating as the specialist and the non-specialist need to 
communicate using a common, non-ambiguous language. 

Studies were also made into the computation of fuzzy probabilities, 
in particular the encoding of non-conditional probabilities and the evalu
ation of inference networks. The former was shown to be trivial whilst for 
the latter two techniques are proposed, one based on mathematical 
programming and one on graph theory. The former, Simplex-based method has 
been shown to be unable to cope with the complexities involved in fuzzy 
calculations. Whilst the algorithm based on the graph theoretic approach 
(called LocNum Quant) is sub-optimal in terms of the precision of the 
calculated bounds, the results are accurate enough and the techniques can 
cope with the complexities resulting from the fuzzy paradigm. 
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Task 5 

"Method of Evaluating the Safety of Disposal Systems" 

* List of contracts 
* Introduction to Task 5 

Topic 1 Complements to the previous evaluations 

FI2W-CT90-0008 Global dispersion models for 1-129 and C-14 

FI2W-CT90-0016 Performance assessment of the geological disposal of spent fuel in 
a clay layer 

Topic 2 Sensitivity studies 

FI2W-CT90-0017 EVEREST : Evaluation of Elements Responsible for the 
Equivalent doses associated with the final STorage of radioactive 
waste 

FI2W-CT92-0123 Consideration of environmental changes in long-term radioactive 
waste disposal system evaluations 
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INTRODUCTION TO TASK 5 - METHOD OF EVALUATING THE SAFETY OF 
DISPOSAL SYSTEMS 

A. Objectives 

The methods developed hitherto shall be up-dated and the relative importance of the 
various radionuclide release and transport mechanisms assessed. Moreover the analysis 
should be extended to new types of waste so that a comprehensive safety assessment of 
disposal systems can be made. 

B. Research performed under the 1985-1989 Programme 

The projects PAGIS (Performance Assessment of Geological Isolation System for vitrified. 
HLW) and PACOMA (Performance Assessment of Confinement of Medium-level and 
Alpha waste) have been completed. In addition support studies have been carried out 
on: - the assessment of human intrusion into underground repository considered in 

PAGIS and PACOMA 
- modelling the long-term evolution of geological disposal systems 
- software quality assurance procedures for risk assessment codes 

G Present programme (1990-1994) 

The research work to be developed covers two fields: 

Topic 1 "Complements to the previous evaluations" 

- Improved global dispersion models for Iodine-129 and Carbon-14 by NRPB-
Chilton. The new models should appropriately represent possible future climatic 
states, which may influence the long term radiological impact from the two 

radionuclides. 
- Evaluation of radiological consequences from geological disposal systems in clay 

of U02 and MOx spent fuels (by CEN/SCK Mol). This study will allow to extend 
PAGIS evaluations to the disposal of unreprocessed spent fuel (U02) and 
recycled fuel at the end of its irradiation cycles. 

Topic 2 "Sensitivity studies" 

- EVEREST (Evaluation of the Elements Responsible of dose Equivalent 
associated to the final STorage of radioactive waste). This is a multi-partner 
project (CEA)IPSN; ANDRA; CEN/SCK; GRS and ECN) for studying the 
sensitivity of evaluated radiological consequences towards the elements of 
performance assessments (scenarios, phenomena, parameters) for deep waste 
repositories in granite, salt and clay at different sites. 

- State of the art analysis on environmental changes in the long-term radwaste 
disposal system evaluations. It should provide a complement to the evaluation of 
the sensitivity of the parameters related to environmental variations. 
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Title: Global Dispersion Models for 1-129 and C-14 
Contractor: National Radiological Protection Board, Chilton, UK 
Contract N°: FI2W/CT90/0008 
Duration of Contract: from 1 January 1991 to 31 December 1993 
Period covered: 1 January 1993 to 31 December 1993 
Project Leader: Dr J R Cooper 

A. OBJECTIVES AND SCOPE 
The objective of this project is to provide up-to-date models for assessing the radiological 

impact arising from the global circulation of carbon-14 and iodine-129. These radionuclides are long-
lived and mobile in the environment. This gives them the potential to delivery significant collective 
doses to the world's population over long timescales, if released either directly to the environment or 
from a geologic repository for solid radioactive waste. 

In this project the National Radiological Protection Board (NRPB) is collecting information on 
existing models and parameter values for the global circulation of carbon-14 and iodine-129, in order 
to develop up-to-date models. The influence of environmental changes over long timescales, for 
example, climatic changes, is also being considered. The final report will contain a description of 
the proposed models, their parameter values and example results. 

B. WORK PROGRAMME 
BJ. Consultation and literature search to identify available models, their implementation on the 

NRPB computer and comparison of their results. 

Bj2 Consultation and literature search for information on important processes in the global 
circulation of carbon and iodine and for parameter values for use in models identified in task 
B.l. 

BJ Review of models obtained in task B.l in the light of information on important processes and 
parameters obtained in task B.2 and construction of 'state of the art' models. 

JL4 Calculation of collective doses using 'state of the art' models (task B.3) considering possible 
future climatic scenarios and quantification of possible ranges of results. 

B,5 Preparation of final report. 
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C. PROGRESS OF WORK AND OBTAINED RESULTS 

State of advancement 
The project is now complete and the draft final report has been prepared and sent for comment. 

Progress and results 

B.l Identification and implementation of available models 
Existing models for the global circulation of carbon-14 and iodine-129 were identified 

from literature searches and consultation with individuals and organisations. Eleven models 
for predicting the global circulation of stable carbon or carbon-14 were discovered and four of 
these were implemented on the NRPB computer system and their results compared. 

In the case of iodine-129, three models were identified and they are all based on the 
model developed by Kocher at Oak Ridge National Laboratory /l/ . These were implemented 
on the NRPB computer and their results compared. 

This task is now completed. 

B.2 Review of data on important processes and parameter values 
The data on important processes and parameter values were obtained principally at the 

same time as information on the available global models. In the case of carbon, the ocean was 
identified as an important sink for carbon and the exchange between the atmosphere and ocean 
was identified as an important process. In the case of iodine, the inventories and fluxes 
between the various biosphere compartments were reviewed. 

This task is now completed. 

B.3 Construction of 'state of the art' models 
A new compartmental model for the global circulation of carbon-14 has been constructed 

and is shown in Figure 1. The ocean compartments of this model were obtained by simplifying 
the MINIBOX model /2/. The terrestrial compartments were taken from the model of Emanuel 
et al /3/ with the addition of extra transfers from land to sea to take account of transport of 
carbon in rivers /4/. A fossil fuel compartment has also been introduced 151 to allow for the 
assessment of the influence of fossil fuel burning on collective doses from carbon-14 releases. 
The model has been validated by comparison of carbon-14 to carbon-12 ratios in the oceans 
with model results using natural carbon-14 production rates and nuclear bomb test fallout data. 

A revised compartmental model for the global circulation of iodine-129 has been 
constructed and is shown in Figure 2. This is based upon the model developed by Kocher / l / 
with the revisions recommended by Smith and White /6/. In addition, the transfer of 
iodine-129 from sedimentary rock to the subsurface regions has been included, based on the 
work of Fabryka-Martin /7/. The transfers between some of the compartments and the stable 
iodine inventories within them have been updated following the review undertaken in task B.2. 

This task is now completed. 

B.4 Calculation of collective doses 
The new models for the global circulation of carbon-14 and iodine-129 have been run 

with unit source term (1 TBq). A number of runs were performed for each model with the 
source in different compartments. In each case, the collective doses to the EC and world 
populations were calculated, integrated to a number of different times. World collective dose 
commitments for carbon-14 ranged from 92 manSv to 109 manSv depending upon the source 
compartment, and from 468 manSv to 727 manSv for iodine-129, again depending upon the 
source compartment. The corresponding results for the old global circulation models were 
104 manSv to HOmanSv for carbon-14, and 547 manSv to 1170manSv for iodine-129. 
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Additional runs were also performed for carbon-14 with fossil fuel burning included and this 
resulted in a reduction of about 15% in the predicted collective doses. 

The effects of future climate change on the transport of carbon and iodine were not well 
understood at present Therefore, in order to assess the possible influence of climate change 
on collective doses, the sensitivity of the results to changes in the exchange across the ocean -
atmosphere interface was investigated. It was found that the collective dose commitments 
predicted by either the carbon model or the iodine model were not particularly sensitive to 
changes in these parameters. 

This task is now completed. 

B.5 Preparation of final report 
A draft final report has been prepared and sent for comment. 

List of publications 
Work performed under this contract was presented at the following two meetings: 

1) NERC: COGER 93, University of Newcastle-upon-Tyne, 20-22 September 1993. Paper 
entitled, "A new global dispersion model for 14C" by J Titley. 

2) Information Days on Waste Disposal Safety, Brussels, 22-23 November 1993, Management and 
Storage of Radioactive Waste, Task 5. Paper entitled, "Development of improved global 
dispersion models for 129I and 14C" by J Titley, S Mobbs, T Cabianca and G Lawson. 
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PERFORMANCE ASSESSMENT OF THE GEOLOGICAL DISPOSAL 
OF SPENT FUEL IN A CLAY LAYER 

Title: Performance assessment of the geological disposal of 
spent fuel in a clay layer 

Contractor: Centre d'Etude de l'Energie Nucleaire -
Studiecentrum voor Kernenergie CEN/SCK 

Contract N°: FI2W/CT90/0016 
Duration of contract: from 1 March 1991 to 31 December 1994 
Period covered: from 1 January 1993 to 31 December 1993 
Project leader: J. Marivoet 

A. OBJECTIVES AND SCOPE 
Hitherto the performance assessments, which have been carried out within 

the C.E.C.'s R&D programme on radioactive waste management like PAGIS /l/ and 
PACOMA 111, considered mainly waste types which result from the reprocessing 
of spent fuel. However for technical reasons the recycling cannot be repeated 
more than three cycles and the economical justification of the reprocessing 
becomes debatable because of the relatively low cost of fresh uranium. It is 
therefore reasonable to consider the direct disposal of uranium oxide and/or 
mixed oxide spent fuels as a realistic option. 

The main objective of the study is the evaluation of the radiological 
consequences of the geological disposal of spent fuel in a hypothetical 
repository located in the Boom clay layer at the Mol site. 

B. WORK PROGRAMME 
1. Data collection 
1.1 Spent fuel inventories: the radionuclide inventories of U02 and MOX 

spent fuels resulting from an irradiation in a PWR reactor up to a burn 
ups of 33 and 45 MWd/kg are calculated. 

1.2 Repository concept: the existing repository concepts are adapted to 
allow for the disposal of spent fuel assemblies. 

1.3 Near field processes and characteristics: the near field model should 
take into account the typical processes describing the release of 
radionuclides from the spent fuel. 

1.4 Far field and biosphere data: the data collected for PAGIS and PACOMA 
will be updated. 

2. Adaptation of the methodology 
The methodology developed within the EVEREST project has to be adapted 
to the case of spent fuel disposal. 

3. Models and computer codes 
A new near field model is needed. 

4. Deterministic calculations 
Individual dose rates and collective doses will be calculated. 

5. Stochastic calculations 
The stochastic calculation will include sensitivity and uncertainty 
analyses. 

6. Conclusions 
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C. PROGRESS OF WORK AND OBTAINED RESULTS 
State of advancement 

The data collection for the spent fuel assessment has been completed. 
The literature on the near field behaviour of spent fuel in disposal 
conditions has been reviewed and the most relevant processes have been 
identified. 

The methodology that has been developed for the Mol site within the 
EVEREST project has been reexamined and adapted where necessary to make it 
applicable to the case of spent fuel disposal. 

A near field model which considers the radionuclide releases from the 
various components of the spent fuel has been developed. 

Progress and results 
1. Data collection 

In the literature various reports and papers on the behaviour of 
conditioned spent fuel in repository conditions have been found. It has to 
be noticed that most of the publications on spent fuel consider the case of 
disposal in hard rocks; publications on the behaviour of spent fuel in near 
field conditions corresponding to a repository in a clay formation were not 
available. 

Natural and enriched uranium fuels have been studied in the literature. 
However no results of experimental studies are available for MOX fuels. 

The literature review has shown that different release mechanisms take 
place. The gases present in the gap between the fuel pellets and the hulls 
are released rapidly. The corrosion of the hulls is considerably retarded by 
passivation. The dissolution of spent fuel is a very complex mechanism : on 
the one hand the uranium oxide is thermodynamically stable in reducing 
conditions but on the other hand local oxidizing conditions may arise as a 
result of the radiological decomposition of water. A detailed modelling of 
these complex mechanisms cannot be realized because of the lack of specific 
information and it is not required because of the preliminary character of 
the spent fuel assessment. 

2. Adaptation of the methodology 
The methodology /3/ that has been developed within the EVEREST project 

is also applied as far as possible for the spent fuel study. Each feature, 
event or process mentioned in the FEP catalogue \k\ has been systematically 
reexamined in order to check if that FEP can become more important in the 
case of spent fuel disposal than it is in the case of disposal of 
reprocessing waste. The reexamination of the FEP catalogue has not led to 
the selection of additional scenarios. However the description of the near 
field has to be thouroughly modified. The possible influence of the thermal 
field on the migration of radionuclides should also be evaluated. 

3. Models and computer codes 
In the near field model different release mechanisms are taken into 

account for the five considered components of the spent fuel: 
- release of gases present in the gap between the fuel pellets and the 

hulls; 
- leaching of radionuclides from the zircalloy hulls; 
- leaching of radionuclides from the structural parts of the fuel 

assemblies; 
- leaching of radionuclides from the grain boundaries of the fuel pellets; 
- leaching of radionuclides from the uranium oxide matrix. 

Rather simple mathematical models, mainly based on estimated corrosion 
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times, are used to calculate the maximum release rates from each of the five 
components of the spent fuel. Because for many radionuclides the effective 
releases from the near field are strongly restricted by the solubility 
limits, the near field model takes the solubility limits into account. 

The total radionuclide inventories of the spent fuel have been estimated 
in an earlier phase of the study. The inventories have now been partitioned 
over the five considered components of the spent fuel. 
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Antwerp, 19-23 October 1992. Proceedings pp 285-296. 

/4/ Bronders, J., Patyn, J., Wemaere I. and Marivoet J., "Catalogue of 
events features and processes potentially relevant to radioactive waste 
disposal in the Boom clay layer at the Mol site, SCK/CEN, Mol, Report 
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Title: "EVEREST: Evaluation of Elements Responsible for the dose 
Equivalent associated with the final STorage of radioactive waste". 

Contractors: CEA/IPSN* - ANDRA ** - CEN / SCK ° - ECN°° - GRS 0 0 0 

Contract n": FI2W CT 90-0017 
Duration:01/04/91 - 30/09/94 
Period covered: from 01/01/93 to 31/12/93 
Project leader: M. GOMIT (CEA/IPSN coordinator) - M. RAIMBAULT (ANDRA) -
M. MARIVOET (CEN/SCK) - M. PRIJ (ECN) - M. MARTENS (GRS) -

A- OBJECTIVES AND SCOPE 

The general objective is the evaluation of the sensitivity of the 
radiological consequences associated with deep nuclear waste disposal to, 
the different elements in the performance assessment. The following 
geological formations are taken into consideration: clay, granite and 
salt, for HLW and MLW. 
This work will be realized in four phases: 1-elaboration of the 
methodology, 2- model description and data collection, 3- calculations, 
4- interpretation of results. 

B- WORK PROGRAMM 

B.I - Methodology: this phase will be divided into four steps: 
identification of main features controlling the radionuclide transfer to 
human beings, scenarios, definition of calculations to be performed and 
reflexion on different approaches and techniques of sensitivity analyses. 
B.II - Model description and data collection: documentation and 
presentation of the models and codes to be used, compilation of the site 
data and of the other data (waste inventory, package, repository 
design...) 
B.III - Calculations: deterministic and stochastic calculations for normal 
and altered selected scenarios for each site. The results obtained will be 
used for sensitivity analyses. 
B.IV - Interpretation of the results: the final phase will lead to a 
hierarchized list of the most influential elements (scenarios, phenomena, 
RN..) for each site; this list can contribute to the definition of future 
orientation of the R&D programmes. 

* Commissariat a l'Energie Atomique - ** Agence Nationale pour la gestion 
des Dechets Radioactifs - ° Centre d'Etudes pour l'energie Nucleaire / 
Studiecentrum voor Kernenergie - co Stiching Energieonderzoek Centrum 
Nederland - " ' Gesselschaft fur Reaktorsicherheit mbH -

639 



C- PROGRESS OF WORK AND OBTAINED RESULTS 
State of advancement 

After the methodology and the scenarios specifications (1992), data 
collection (inventory, waste package, design, site and geochemical data) 
has been finalized for clay and salt formations, and partially for granite 
formation. 
The withdrawal of ANDRA from the project (April 1993) led to a new 
distribution of tasks and budget to ensure coverage of the initial 
objectives. 
The Working Group 3 has fixed the strategy and approaches 
(deterministic/Stochastic) for evaluating sensitivity. Reference 
calculations and stochastic ones have been performed. 
Main elements for biosphere strategy are available: four reference 
biospheres will be considered (moderate climate, hot-dry climate, cold and 
very cold climates, Wurm and Riss types respectively) . Mean and long term 
calculations will be performed and physical evolution of the biosphere 
will be taken into account. 

Progress and results 

B.II - Model description and data collection 

CEN/SCK 

CEN/SCK has updated the topical report on the input data that are used in 
the EVEREST calculations. 

A number of alternative aquifer codes have been tested. The clay and 
aquifer codes that will be used in the final assessment have been selected 
on the basis of the results of the sensitivity studies which are described 
in paragraph B.III. 

ECN 
ECN used the data defined in the Dutch safety study performed in the OPLA 
phase 1A project. Most element and nuclide specific parameters are based 
on PAGIS and PACOMA. The deterministic analysis of the groundwater 
intrusion scenario have been performed with the code EMOS_ECN. This code 
is based on the code EMOS developed at GSF. 

The probabilistic analysis of the subrosion scenarios have been performed 
with the code PANTER. This code is also based on EMOS. 

GRS 
Nearfield 

I,) Simulation of the Convergence-Diffusion Scenario (Brine Intrusion and 
Brine Pockets) 

The uncertain parameters in this scenario and the associated distribution 
functions have been compiled and 100 random sample sets have been 
generated using the GRS-developed software system SUSA. From these sample 
sets, 100 input files for the near- and farfield will be generated. 
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In 1993, 40 input files have been generated and test calculations have 
been carried out. Essential features have been implemented in MARNIE to 
improve the capability of thê  code to simulate this scenario. 

2) Simulation of the Cavern-Convection Scenario (Human Intrusion: Solution 
Mined Cavern) 

The data to be used in this scenario including the uncertain parameters 
and the associated distribution functions have been compiled. 200 random 
sample sets have been generated, from which 200 input files will be 
produced. To simulate all the important features, arising in this 
scenario, new models have been implemented and tested. 

3) Sensitivity Studies on Convergence Models 

The results of the analysis of the 19 cases, agreed between ECN, GSF and 
GRS, have been obtained. Each of these cases represents a relevant ' 
situation in a repository located in a salt dome. 

Farfield 

The hypothetical repository is located in a salt dome under the Gorleben 
erosion channel. The channel consists of two aquifers (the upper "Saale" 
and the lower "Elster" aquifers) and some silt (aquiclude) and clay 
(aquifuge) layers. It crosses the Elbe River and two watershed boundaries 
in the South and in the North. A 2-D model of the channel was established 
with no flow boundary conditions at the bottom, in the south and in the 
north. The flow from the south to the north is governed by a given 
piezometric head at the top of the modelled area. 

It was planned to perform the groundwater calculations with the USGS FD 
code MODFLOW. A MODFLOW discretisation of the 2D model was made. The 
results of the calculation depend on the degree of the mesh refinement. A 
sequence of calculations with more refined grids up to the limits of the 
code was made. However, the results did not converge. Therefore, it was 
decided to calculate the groundwater flow with the FE-code NAMMU developed 
by AEA/UK. A FE discretisation of the model area was made and reference 
groundwater calculations were performed. The resuls do not depend on the 
mesh refinement. 
For the probabilistic calculations, 100 parameter sets were generated. 

IP3N 

Data collection which has not been achieved by ANDRA, has been completed 
by IPSN/DES and IPSN/DPEI, such as some of the geological and 
hydrogeological data, in particular regional data, fracturation 
characteristics and physical properties of the granite and clay host 
rocks, transport parameters (solubility limits, diffusion and distribution 
coefficients) and biosphere parameters. 

For the granite site, 3D flow calculations will be performed with the 
computer code TRISEC for quasi-3D results comparison and to help to 
determine potential representative 2D cross sections. 

For the clay site, models have been done using the NEWSAM model. NEWSAM is 
a multilayered finite difference flow model, based on a nested meshing 
grid type, in which the layers have to be alternatively aquifers 
(horizontal flow) and aquitards (vertical flow). Horizontally, a flux 
balance equation is established for each layer and vertical flow is 
commonly represented through a leakage factor, though for aquitards, an 
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internal representation may be used with several layers in which leakage 
fluxes .are calculated as for horizontal flow. 

The dose equivalent calculations in the biosphere will be performed with 
the ABRICOT computer code. 

A model for the salt consumption scenario has been used to determine the 
radiological consequences associated with salt extraction. 

B.III - Calculations 

ANDRA 

The granite site has been modelled as an equivalent porous medium, with a 
permeability supposed to decrease with depth and a uniform porosity, 
explicit fractures are not taken into account. The topography at the 
surface gives the upper boundary conditions for the model. Both 3D 
regional and local flow calculations have been carried out with the 
computer code TRIO (general finite element fluid mechanical code). As a 
result, the velocities map shows the extreme complexity of the site 
(figure 1) . Nevertheless, a pathway calculation performed on the local 
area surrounding the potential repository location has allowed the 
possibility to define four 2D vertical cross-sections in the main 
direction of the groundwater flow. The 3D-2D comparisons based on 
hydraulic heads, velocities and particle tracking calculations have given 
unsatisfying results for three cross-sections. One of these cross-sections 
seems better in terms of velocity but does not well reproduce the transfer 
times distribution's law. In fact, the "complexity" of the EVEREST granite 
site makes difficult the choice of a preferential 2D cross-section for the 
transport calculations. In order to perform multi-parameter sensitivity 
calculations, it would be advisable to build a unidimensional model based 
on the 3D modelling with respect to transfer time distribution and flow 
rates. 

CEN/SCK 

CEN/SCK has elaborated a number of deterministic sensitivity studies with 
respect to assumptions made for the clay and aquifer models. 

For the clay model, the potential influence of the following phenomena or 
approximations on the calculated radionuclide fluxes at the clay-aquifer 
interface has been evaluated: 
- boundary condition at the clay-aquifer interface (finite or infinite 

medium); 
- considered source geometry (horizontal plane or discrete galleries); 
- one or three-dimensional modelling approach; 
- anisotropy of the diffusion; 
- solubility limits; 
- canister lifetime; 
- complexation of trivalent actinides by fulvic acids. 
The maxima of the fluxes released by the clay into the aquifer are about 
two times higher in the case of a finite medium (concentration zero at the 
clay-aquifer interface) than they are in the case of an infinite medium 
(concentration zero at infinity). The source geometry, the considered 
number of dimensions and the anisotropy of the diffusion strongly 
determine the shape of the concentration distributions in the clay layer. 
However, the total flux which reaches the aquifer is scarcely influenced. 
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An example of the results of the deterministic sensitivity studies is 
given in figure 2. This figure shows that the introduction of the 
solubility limit of Tc-99 drastically changes the calculated flux into the 
aquifer. 
It has been examined if the canister lifetime can contribute to a 
reduction of the maximum dose due to 1-129. A spreading of the corrosion 
times over a time span of 50,000 years results only in a decrease of 11 % 
of the maximum dose. 
The potential influence of the complexation of trivalent radionuclides by 
small organic molecules, i.e. fulvic acids, has also been evaluated. The 
organic complexation can increase drastically the fluxes calculated at the 
clay-aquifer interface. The reversibility of the complexation mechanism 
requires further examination. 
For the aquifer modelling the analytical one-, two- or three- dimensional 
AT123D code, the two-dimensional finite element AQUA code and the three-
dimensional finite element WATERFLO code have been applied to simulate the 
water flow and the transport of radionuclides in the overlying (Neogene) 
and the underlying (sands of Ruisbroek and Berg) aquifers. A considerable 
advantage of the finite element codes is that they allow to take into 
account the geometry of the sand layers and the variability of their 
characteristics, and the dilution of the concentrations which results from 
the infiltration of rain water in the upper aquifer. An example of a 
calculated concentration distribution is given in figure 3. Relatively 
high concentrations occur in the direct vicinity of the repository area, 
but they decrease fast with the distance. For the stochastic calculations 
of the doses via a water well, the analytical AT123D code can be applied. 

ECN 
The doses for the water intrusion scenarios have been calculated 
deterministically with the computer code EM0S_ECN. The resulting maximum 
dose rates for the shallow diapir are less than 10~° Sv/y and less than 
10~H Sv/y for the deep diapir. The risk related to the best estimate of 
the dose rate is estimated to be 10-10/y for the shallow and 10-13/y for 
the deep salt formation. 
The dose calculations for the subrosion scenarios are made with the 
computer code PANTER. This code is able to account for uncertainties in 
the data. The maximum dose rate varies between 2.10-6 Sv/y and 4.10-6 
Sv/y. The difference between the deep and shallow diapirs are very small. 
The risk related to the exposure was calculated assuming that the 
probability of the subrosion scenario is equal to one and the probability 
of the dose rate is given by the uncertainty distribution. For all 
calculated cases, the risk appears to be 10~^/y. In the extreme case that 
the barrier function of the overburden is completely neglected, the 
resulting maximum exposure is 10-5 Sv/y. 

IP3N 
1) Normal Evolution Scenario (Granite site) 

In the framework of the calculations relative to the granitic site, IPSN 
has used the MELODIE computer code for reference flow and transport 
calculations of the normal evolution scenario. In the first step of the 
methodology, two different scale models have been prepared in a quasi-3D 
representation: "regional scale model" (40x43 km) for flow calculations 
and "local scale model" (11x15 km) for flow and transport calculations. 
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The site is described as a fractured granite in a surrounding schist, the 
topography being treated with a 75x75 meters resolution. The limits of the 
"regional scale model" and the nodes of the meshed net are ajusted on the 
natural outlets (rivers) and on the various watersheds. The permeability 
of the three considered domains (granite, schist and fractures) is depth 
dependent. The influence of the permeability ratio granite/schist on the 
groundwater flow has been investigated. A tracer study from the repository 
location has showed that the flow lines converge to the south and the east 
of the area and have led to define the "local scale model", limited at the 
granitic area. The groundwater flow calculation has been used to define 
the outlets (figure 4). The potential influence of the dispersivity 
coefficient has been studied for various radionuclides transport. 

2) Normal Evolution Scenario (Clay site) 

The clay site is located on the south border of a large sedimentary basin 
(about 150,000 km^). In order to comprehend the general hydraulic behavior 
of the basin, the model encompasses as much as possible natural boundary 
conditions. Local geological and hydrogeological data has been given by 
ANDRA: the stratigraphy comes from a deep geological borehole located at 
the repository location. 

A regional area about 100x120 km , has been determined around the site in 
order to encompass natural boundaries (outcrops) in the southern part. 
This is of importance because flow in individualized units is closely 
linked to their outcrops piezometry on the basin border. Northern captive 
boundary conditions are obtained through the large basin modelling. A 
water table map, which will correspond to the surface boundary conditions, 
has been constructed by hand from topographical information and rivers 
average levels (figure 5) and is based on a regular grid with 2.5x2.5 km^ 
meshes (figure 6). On this grid the repository location is figured by the 
black mesh and the main outcrops are shown. The corresponding basic units 
are numbered following the eight basic units which have been 
individualized as shown on the log interpretation of the borehole log 
given on figure 7. 

With NEWSAM, first approach flow calculations have been done for the 
sedimentary basin using an 11 layered model from Trias to chalk units 
along with a 5 layers internal representation for the host formation. A 
simplified regional model has the been done with 13 layers (of which 4 for 
the host-clay), based on the grid presented on figure 6. Transient 
advective transport calculations have been conducted with an arbitrary 
concentration located in the black mesh of the middle host clay layer. An 
example of the results obtained is given on figure 8, where the dilution 
in aquifers can be seen as very important. 

3) Salt Consumption Scenario(Salt site) 

A sensitivity analysis for the salt consumption scenario has been 
performed with the PREP and SPOP computer codes to estimate the 
relationship between the dose equivalent and the input parameters of the 
model. 
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Figure 5: Clay site water table 
(IPSN) 
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LONG-TERM RADIOACTIVE WASTE DISPOSAL SYSTEM 
EVALUATIONS 

Contractors CIEMAT, Spain, and ENRESA, Spain 
Contract N° FI2W-CT92-0123 
Duration of contract 19 months from December the 1st, 1992 to 

June 30th, 1994 
Period covered December 1992 to December 1993 
Project Leader Mr. F. Recreo (CIEMAT; coordinator) 

Ms. C. Bajos (ENRESA) 

A. OBJECTIVES AND SCOPE 

The objective of the work is a state-of-the-art analysis consisting basically 
in a well-founded, critical discussion of the phenomena of long-term environmental 
changes, their basis and the existing or foreseeable scientific and technological capacity 
for suitable consideration in the safety evaluation of radioactive waste disposal systems. 

The analysis will include also a comparative study of the different existing 
regulations, guidelines and observable current international tendencies on the issue of the 
post-closure timescales in the context of safety analysis, as well as a comparative analysis 
between what is indicated above and the actual consideration given to climatic changes 
within the EVEREST project, and will conclude with a series of suggestions for 
subsequent tasks, which may be recommended to the EC for development. 

The project is carried out by a collaborate effort of the Nuclear Technology 
and the Environmental Institutes of CIEMAT, and ENRESA. 

B. WORK PROGRAMME 

B.l. Basis for safety evaluation of high-level radioactive waste disposal systems : 
Safety objectives and principles. Current situation and observable tendencies on 
expression of safety principles and objectives and on timescales consideration. 

B.2. Environmental variation and its effect on the disposal system : Basis and elements 
of environmental variation. Environmental variation effects of relevance to the 
safety of the repository. 

B.3. The human capacity to predict environmental evolution : The variability of the 
climate systems over different timescales and its effect on geo-biospheric systems. 
Current capacity for evaluation and prediction; available methods and techniques 
: limits and levels of confidence. 
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B.4. Consideration of environmental change in disposal system safety evaluation : 
Existing methods and techniques. Approaches of different countries to 
consideration of environmental change. 

B.5. Comparative analysis with the EVEREST project: Summary of the methods used 
in EVEREST for consideration of environmental changes. Qualitative comparison 
with the state-of-the-art. 

B.6. Conclusions and recomendations for subsequent development: General conclusions 
and recommendations regarding environmental change and repository safety. 
Specific conclusions and recommendations regarding EC R & D activities related 
to the EVEREST project. 

C. PROGRESS OF WORK AND OBTAINED RESULTS 

State of advancement 

During the period covered by this report a preliminary bibliographic study 
has been made, ending with the submittal of the preliminary draft report to EVEREST by 
July 1993. 

The descriptive sections of the work carried out during this period centre 
on scientific and methodological aspects of significance in the field from B.l to B.4 (see 
below) : information on physical processes currently considered to be important for the 
Earth's both short- and long-term environmental evolution; existing techniques for 
reconstructing the recent (Plio-Quaternary) geological past, and a comparative analysis of 
regulations and guidelines for high-level radioactive waste disposal systems evaluations. 
The review of research performed during this period also comprises a summary of work 
on the incorporation of environmental change evaluation into performance assessment of 
radioactive waste disposal in various countries around the world. 

Progress and results 

B.l. Basis for safety evaluation of high-level radioactive waste disposal systems 

The main safety objective to meet is : "The disposal of high-level waste 
shall aim at protecting human health and the environment and limiting any burden placed 
on future generations, taking into account social and economic factors". In each case the 
applicability and rigoroudness of the different principles should have to depend on the 
time-frame under consideration. A revision of the safety principles and objectives as well 
as of the safety criteria and indicators is included : individual and collective dose; 
individual and collective risk; radiotoxicity indicators and the comparison with natural 
radiation, among other safety criteria and indicators. 
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B.2. Environmental variation and its effect on the disposal system 

The timescales for the migration of radionuclides from radioactive waste 
repositories to the accesible environment are such that the exposure pathways which will 
be important at the time of release to the biosphere may not be those which would be 
important under present conditions [1]. This makes it essential for consideration to be 
given to the environmental change expected in the long term. 

The environmental system is made up of 5 subsystems : the atmosphere, 
the oceans, the cryosphere, the lithosphere and the biosphere. These subsystems are 
interrelated by way of physical, chemical and biological processes, the response time and 
sensitivity of each subsystem being variable. The environmental system is 
thermodynamically controlled, solar radiation being the main external driving force. 

The climate is a major component of environmental variability over tens 
of thousands of years. In a modern consideration [2], [3], the climate needs no 
astronomical variation to suffer a change of regime since its dynamics possess intrinsically 
stochastic components (autovariations). [4]. 

The theory that variations in seasonal solar radiation intensity as a result 
of astronomical factors might give rise to periodic glaciations was originally put forward 
by the French mathematician Joseph Adhemar at the end of the 19th century. The 
Yugoslavian astronomer M. Milankovitch refined and formalized Adhemar's hypothesis 
between 1920 and 1930. Milankovitch's theory associated glacial cycles with changes in 
the distribution of solar irradiance as a result of variations in the geometry of the Earth's 
orbit, depending on three elements : obliquity, equinoctial precession, and eccentricity. 
Precession is a cycle with a period of 23,000 to 26,000 years; the cycle of obliquity has 
a duration of 41,000 years, and the cycle of the orbit (which is a double one : oscillation 
of the eccentricity of the ellipse and rotation of the ellipse around the Sun), has a duration 
of 96,000 years. 

Although climate variations are the result of variations in the amount of 
solar radiation received and retained by the system, an important part of the 
environmental variation is random and caused by processes internal to the system, 
amplified by feedback mechanisms. 

The most significant evidence backing the theory of Milankovitch came 
from the isotopic variation of 180 /1 60 in foraminifers from deep submarine samples. The 
Milankovitch theory explains clearly the Quaternary glacial/interglacial cycles by means 
of three orbital cycles of 100, 40 and 20 thousand years, possibly amplified by feedback 
mechanisms such as ice-albedo and C02-

The position and extent of the continents and oceans resulting from plate 
tectonics and polar drift is another of the variables controlling climate change. Plate 
tectonics have also conditioned relief (which in turn controls atmosphere circulation) and 
volcanic emissions of CO2. 
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Apart from the natural causes of climate change, the appearance of man 
and of its capacity to modify the surroundings led to the possibility for anthropogenetic 
causes of climate pattern change, these being difficult to quantify and predict. 

Variations in the atmospheric concentration of greenhouse gases is another 
of the variables controlling climate change. Water vapour, carbon dioxide and ozone are 
the three factors mainly responsible for the greenhouse effect. If duplication of C02 as 
a result of human activity were to saturate all the bands of absortion currently having 
some degree of transparency, the atmosphere would tend to become a 100 % black body. 
The best estimates of equilibrium global temperature rise associated with a doubling of 
C02 concentrations lie in the range 1.5 - 4.5 °C [5], [6]. 

Of all the forcing mechanisms that have been analyzed, climate and 
tectonic changes would appear to be those having the greatest influence on radioactive 
waste storage systems. This influence operates via modifications to the safety parameters 
of the geological barrier, and also by introducing changes and adaptations to the 
biospheric system surrounding the geological medium. The effects of climatic change are 
especially evident in relation to geomorphic and hydrological processes, sea level change 
and permafrost development. Glacial effects are of particular importance. Tectonic 
change is of interest primarily for its influence on permeability conditions around the 
repository. [7]. 

Although climate seems to play a fundamental role in determining 
groundwater flow, it may have a significantly delayed response and its effects are not 
simply determined. On the other hand, its time-dependent nature is difficult to quantify. 
The response time is dependent on several factors. Land elevation and sea level act as 
major boundary conditions of a groundwater system. Changes in these boundary 
conditions may lead to delayed response groundwater effects. [7]. 

There is a general consensus that the most probable climate changes over 
the next few thousand years will be those represented by the various climate episodes 
that have occurred during post-glacial time (the Holocene). [8]. Nevertheless, for the 
next 100,000 years the world's climate could be dominated by glaciations, as it has been 
over similar periods for the past million years. [9]. A realistic description of those 
conditions that might influence the performance of a repository during a glaciation cycle 
should consider an overview over the various mechanisms and processes involved in a 
typical glaciation cycle and an assessment of their influence on repository performance. 
The "glaciation scenario" covers from the present to the next interglacial, when the 
climatic conditions will once again return to the present conditions [9] 125,000 years 
AP. 

Enhanced greenhouse wanning is expected to cause changes that, in turn, 
will have implications for the climatic response to orbital forcing, such as changes in the 
cryosphere. Three possible patterns describing this relationship can be identified [10]: 

The simplest assumption is that a relatively short (1 Kyr) period of 
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greenhouse gas-induced warming will be followed by a switch back into the "natural" 
pattern of glacial/interglacial cycles. The second possibility is that, following a period 
of warming, the next glaciation will be delayed and will be less severe. The third 
possibility is that enhanced greenhouse warming will so weaken the positive feedback 
mechanisms which transform the relatively weak orbital forcing into global 
glacial/interglacial cycles, that the initiation of future glaciations will be prevented (the 
"irreversible greenhouse effect). According to the limited evidence available, Goodess 
et al. consider that the second possibility will delay the onset the next glaciation by about 
5 Kyr, from 55 to 60 Kyr AP, and to reduce its severity. The transition to cooling is 
expected to be delayed for more than 1 Kyr. Goodess, Palutikof and Davies assume that 
the climate system will recover from the effects of enhanced greenhouse warming and 
that orbital forcing will operate much as it has over the Quaternary. Based on these 
assumptions, it is reasonable to use the geological record of the Quaternary period as a 
guide to the future, beyond the point of transition. [10]. 

B.3. The human capacity to predict environmental evolution 

We might define the climate system as an open, complex, dissipative, 
non-linear system which organizes itself in a (meta)stable fashion. Some of this complex 
properties, particularly variability and memory, affect predictability. There would appear 
to be two sources of climatic variation : a) Variations to the forcing mechanisms external 
to the climate system, and b) internal, regional fluctuations, which subsequently wander, 
are amplified and dampened by the global system, and three classes of climatic variation 
: 1) "forced" by variations in the external forcing mechanisms, 2) "free", or self-
generated fluctuations within the climate system, and 3) "resonant", any combination of 
the previous classes. 

The Milankovitch forcing mechanism accounts only for 60 % of the 
variance recorded on the 780 Kyr registers in the frequency window between 19 Kyr and 
100 Kyr, or 85 % of the variance if the windows are four narrow bands around the 
orbital cycles. [11]. The rest of the variance must be result of solar variability, volcanic 
activity, stochastic mechanisms, etc. [10]. Variability might be separated into a 
deterministic part and a random part associated with fluctuations in the weather. 

The study describes the calculation tools currently used for the description, 
modelling and quantitative prediction of future climate, its regional features and its 
geological and environmental effects, making a distinction between descriptive or 
phenomenological (ARMA, ARIMA, Markovian) models and mechanismic (EBM, 
RCM, GCM) models, and reviewing some specific models already available. 

B.4. Consideration of environmental change in disposal system evaluation. 

There are two main approaches for the description and modelling of the 
geo-biospheric systems, able to estimate also the uncertainty of the prediction : a) the 
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Scenario Analysis Approach, and b) the Environmental Simulation Approach. 

Probably the Scenario Approach has a simplicity and a degree of 
axiomatization that makes it very attractive as a tool for decision making by regulatory 
bodies. The Environmental Simulation Approach can be a good heuristic tool in the 
research of natural system behaviour as well as in more sophisticated ways of modelling 
these systems without losing the applied perspective. 

A different kind of problems emerges when the scientific knowledge is 
unable to predict, even probabilistically, what variables will be important in the distant 
future and the state of a variable that may be important in the far future, as it is the case 
with many processes of the future biospheric system controlled by humans, e.g. 
agronomic practices, socioeconomic factors, etc. The human intrusion in the repository 
introduces a similar problem of unpredictability. 

The Environmental Simulation Approach gives no method to take into 
account this kind of processes. The Scenario Analysis Approach makes it possible to 
illustrate the possible effect of this kind of processes, but the completeness and 
representativeness of the set of scenarios is in any case undefined. 

The study contains a short description of the approaches of different 
countries to consideration of environmental change, with a specific analysis of time 
dependant codes of the English Methodology (TIME-2 and TIME-4), [12], [13] the 
French deterministic Program CASTOR, [14] and the AEGIS (USA) geological 
simulation codes GSM and FFSM.[15], [16]. 
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PART B - LIST OF CONTRACTS 

CONSTRUCTION AND/OR OPERATION OF UNDERGROUND FACILITIES 
OPEN TO COMMUNITY JOINT ACTIVITIES 

Project Bl "The underground facility in the Asse Salt Mine (FRG)" 

FI2W-CT90-0002 The HAW project: test disposal of highly radioactive canisters in 
the Asse salt mine 

FI2W-CT90-0068 

FI2W-CT90-0069 

FI2W-CT92-0120 

In-situ investigation of the long-term sealing system as a 
component of a dam construction 

Active handling experiment with neutron sources 

Thermo-mechanical study of the area in the vicinity of a storage 
borehole in salt formations (CPPS) 

Project B2 The underground facility HADES in the argillaceous layer under the Mol 
Site (B)" 

FI2W-CT90-0003 

FI2W-CT90-0001 

FI2W-CT91-0098 

FI2W-CT91-0033 

FI2W-CT91-0102 

FI2W-CT92-0117 

FI2W-CT91-0116 

Preliminary demonstration test for disposal of high-level 
radioactive waste in clay: a)CERBERUS, b)Mine-by-Test 

Characterization of the clay under thermal loading for 
underground storage -CACTUS project 

Demonstration r: the in-situ application of an industrial clay-based 
backfill material (BACCHUS) 

Modelling and testing of the hydration of backfill and sealing 
materials 

Modelling and validation of the thermal, hydraulical, mechanical 
and geochemical behaviour of the clay barrier 

Acquisition and regulation of water chemistry in an argillaceous 
medium (ARCHIMEDE) 

Evaluation of hydraulic transfers between the argillaceous rock and 
the excavations (PHEBUS) 

Project B4 "Underground validation facility at Sellafield (UK)" 

FI2W-CT91-0114 Hydrological characterisation of fractured rock (Sellafield) 
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INTRODUCTION TO PART B : CONSTRUCTION AND/OR OPERATION OF 
UNDERGROUND FACILITIES OPEN TO COMMUNITY JOINT ACTIVITIES 

A. Objectives 

The main objective of this part of the programme is the construction and the 
operation of underground facilities to develop and demonstrate emplacement 
techniques and to validate site and design criteria of deep geological repositories. 
All these facilities have been declared, by the responsible bodies in the Member 
States on which territories the facilities are build, open to scientists of the 
Community for joint R&D activities. 

B. Research performed under the programme 1985-1989 

In the programme 1985-1989 joint research activities were already started at the 
Asse salt mine (FRG) and in the HADES underground facility at Mol (B). The 
research in the Asse salt mine concerned mainly the preparation of the test at Mol 
a Test Drift was excavated and various lining systems tested. Moreover, a combined 
heating/radiation experiment (CERBERUS) was started. 

G The present programme 1990-1994 

Research activities at the facilities in the Asse salt mine and in the HADES facility 
in clay at Mol (Project Bl and B2 respectively) started during the previous 
programme were continued. Additional research projects have been initiated as 
described below. However, in December 1992 the Federal Government in Germany 
decided not to continue with the HAW project and to postpone the MAW/REV 
project dealing with test storage of Medium Level waste. 
The construction of underground facilities in France (Project B3) has been delayed 
and the planned budget has been allocated to research activities on clay and salt, 
complementary to the investigations in Mol and Asse. 
Site characterization work at Sellafield (UK) (Project B4) has started. 

Project Bl : The underground facility at the Asse salt mine fFRG) 

After the decision taken by the Federal Government in Germany in December 1992 
not to continue with the HAW project and to postpone indefinitevely the MAW 
project, research was concentrated on the accompanying laboratory programme, 
consisting mainly of irradiation experiments in salt samples in the irradiation 
facilities at Saclay(F) and Petten(NL). The electrical heaters installed in two 
boreholes in the Asse mine and running since November 1988, were shut down 
under controlled conditions and retrieved. 

Within the DAM project a multicomponent dam is being developed, constructed 
and tested in the Asse mine for use as an engineered barrier in galleries. The CEC 
is participating in a subproject concerning an in-situ experiment on the tightness of 
a long-term sealing component consisting of salt bricks. The seal will be tested on 
tightness first against gas and then against brine. However due to a review of the 
project, no in-situ work took place during 1993. 
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The AHE experiment (Active Handling Experiment) with neutron sources aims at 
studying the effect of neutron back-scattering on the overall neutron, and neutron 
induced gamma-dose rates during handling of highly active material in a repository 
in a salt formation. 

The CPPS project, performed in the Amelie potash mine (F), concerns investigation 
of the thermo-mechanical behaviour of the near-field of waste emplacement 
boreholes in salt. 

Project B2 : Experiments at the HADES underground facility at Mol (Belgium) 

In the HADES underground facility in the Boom clay beneath the site of Mol, the 
following large projects are being carried out. 
The PRACLAY project is a preliminary demonstration test for disposal of HLW 
canisters in horizontal mini-tunnels in clay. It is intended to feature a full scale 
simulation, over a length of 20 m of the cross sectional configuration of the waste 
environment, complete with heat generation (electrical heaters). The project was 
however suspended for various reasons in 1993 and no progress is reported. 

The combined heating-radiation test(CERBERUS) aims at investigating the near-
field effects in an argillaceous environment of a HLW canister. It uses a Co-60 
radiation source of 397 TBq and two electrical heating elements each dissipating 
365W. 
In a mine-by test the response of the clay on the excavated Test Drift is monitored. 

In the CACTUS project, the near-field thermo-hydro-mechanical behaviour of clay 
around boreholes with high-level waste is being investigated using electrical heaters. 

The BACCHUS-2 project aims at optimizing and demonstrating an installation 
procedure for a clay based backfill material. The instrumentation of this experiment 
will be optimized in such a way that it can be used as a validation experiment for 
a hydromechanical model being developed. 

The ARCHIMEDE project aims at the investigations of the water chemistry in clay 
and the PHEBUS project concerns the study of the hydrous behaviour of clay 
around ventilated excavations. 

Project B3 : Underground facilities 

The construction of underground facilities in France has been delayed. The planned 
budget has been allocated to research activities on clay (ARCHIMEDE and 
PHEBUS) and salt (CPPS) (see above Bl and B2). Furthermore the CEC is 
participating in the underground laboratory at Tournemire (see Task 4). 

Project B4 : Underground facilities in the United Kingdom 

The Commission is participating in some parts of the site characterisation 
programme carried out by UK Nirex Ltd. at Sellafield (UK). 
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THE HAW-PROJECT: TEST DISPOSAL OF HIGHLY RADIOACTIVE RADIATION SOURCES 
IN THE ASSE SALT MINE 

Contractors: GSF-IfT/ Braunschweig-Germany, ECN/Petten-The Netherlands, 
ANDRA/Fontenay-aux-Roses-France, ENRESA/Madrid-Spain 

Contract No.: FI2W-0002 
Duration of Contract: from May 1990 to December 1994 
Period covered: January - December 1993 
Project Leaders: T. Rothfuchs, L. Vons, M. Raynal, J. C. Major 

A. OBJECTIVES AND SCOPE 
In order to improve the final concept for the disposal of high-level 

radioactive waste (HAW) in boreholes drilled into salt formation plans were 
developed a couple of years ago for a full scale testing of the complete 
technical system of an underground repository. To satisfy the test 
objectives, thirty highly radioactive radiation sources were planned to be 
emplaced in six boreholes located in two test galleries at the 800-m-level 
in the Asse salt mine. A duration of testing of approximately five years 
was envisaged. 

Because of licensing uncertainties the German Federal Government 
decided on December 3rd, 1992 to stop all activities for the preparation of 
the test disposal immediately. 

In the course of the preparation of the test disposal, however, a 
system necessary for handling of the radiation sources was developed and 
installed in the Asse salt mine and two non-radioactive reference tests 
with electrical heaters were started in November 1988. These heater tests 
served for the investigation of thermal effects in comparison to the 
planned radioactive tests. An accompanying scientific investigation 
programme was performed in situ and in the laboratory. The programme 
comprised the estimation and observation of the thermal, mechanical and 
radiation-induced interaction between the rock salt and the electrical 
heaters and the radiation sources, respectively. The laboratory 
investigations were carried out at Braunschweig (FRG), Petten (NL), Saclay 
(F) and Barcelona (E). 

As a consequence of the early termination of the project the working 
programme 1992 - 1994 was revised. The new programme for 1993 and 1994 
agreed to by the project partners includes a controlled shut-down of the 
heater tests in 1993 and a continuation of the laboratory activities until 
the end of 1994. 

B. WORK PROGRAMME 
B.1 In-situ activities 
B.l.l Controlled shut-down of the heater experiments and continuation of 

in-situ measurements 
B.1.2 Thermomechanical analysis 
B.1.3 Post test sampling 
B.2 Laboratory activities 
B.2.1 Irradiations at Saclay 
B.2.2 Irradiations at the HFR in Petten and modelling of radiation damage 
B.2.3 Development of a measuring system for high doses 
B.2.4 Gamma field and gamma spectra calculations 
B.2.5 Post test analyses of salt and fluid phase samples 
B.2.6 Post test analysis of corrosion specimens 
B.3 Desk studies 
B.3.1 Description of the mineralogical and geochemical properties of the 

underground test field 
B.3.2 Evaluation of the experiences gained from the cold training with the 

handling system 

-661 -



C. PROGRESS OF WORK AND OBTAINED RESULTS 

State of advancement 

In May 1991 the handling system for the radiation sources was approved 
by the mining authorities and by the Technischer Uberwachungsverein (TUV). 
From November 1988 until August 1993 the two electrical reference tests 
were operated at the test sites Al and Bl in the test galleries at the 
800-meter-level of the Asse salt mine. Corresponding thermomechanical and 
geochemical in-situ investigations as well as laboratory investigations on 
radiolysis effects in salt are underway since beginning of the project. The 
results obtained until the end of 1992 were reported in (CEC, 1991), 
(CEC, 1992), (GSF-IfT, 1993). 

Progress and results 

1. In-situ-activities 

1.1 Controlled shut-down of the heater experiments and continuation of the 
in-situ measurements 
According to the results of a preceding thermomechanical analysis 

(compare section 1.2) the two electrical heaters in the HAW test field were 
shut-down linearly over a period of six months. The heater power was at 
zero on August 26, 1993. The shut-down procedure was accompanied by the 
measurement of salt temperatures, rock stresses and deformations and the 
release of fluids from the heated rock mass. Figure 1 shows the measured 
temperature drop at the wall of the heater borehole Bl and in the 
surrounding salt up to 4.24 m. Figure 2 shows as an example the 
concentration of hydrogen (H2) in the atmosphere of borehole Bl. The 
increase in concentration observed at the end of the heating period 
indicates an increase of the permeability of the rock mass which is the 
result of a limited cracking of the salt because of its cool-down. 

Twelve tiltmeters have been installed by the Institut du Physique de 
Globe (Paris) in three locations around the HAW test field to survey the 
movements of salt. The measurements carried out in 1993 are satisfactory 
and confirm the previous results. Four tiltmeters are located at the bottom 
close to heater Al and reveal an uprise of the floor from the middle of 20 
mrad after 5 years (2 cm per meter). The inclination rate increased twice 
when the heat started and decreased when it what progressively turned off 
(Fig. 3). Heating of Al does not seem to affect the two stations located 
outside the experimental galleries, since the values obtained there are of 
the order of magnitude of those recorded near Al before heating. 

1.2 Thermomechanical analysis 
The thermomechanical analyses performed by ECN and GSF concern the 

isothermal as well as the heated phase of the experiment. The analyses 
concern the prediction of the temperature rise, the deformation of the 
galleries, and the distribution of the stresses in the HAW test field (Prij 
et al., 1991, Prij and Graefe, 1992). 

The analyses performed in the reporting period concern the shut-down 
of the heaters. These analyses have been performed in close cooperation 
between ECN and GSF. Here the analyses performed at ECN will be summarized. 

Another activity in 1993 was the comparison of the predictions and the 
measured values for the temperatures, deformations and stresses. 

Shut-down of the heaters 
To evaluate whether the shut-down period of six months will lead to a 

limited crack formation, finite element analyses have been performed of the 
thermomechanical behaviour of the HAW test field. 
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The analyses have been performed with three different geometrical 
models, two different sets of constitutive models, and three different 
models of the liner. The maximum temperature calculated after the half year 
shut down period was 60 °C. To assess the calulated stresses, a fracture 
potential T has been defined giving the ratio of the invariant octahedral 
shear stress to the shear fracture stress which in its term depends on the 
invariant octahedral normal stress: 

X' Xo,fr flo + fl^+flj^ 
The octahedral shear stress is related to the equivalent stress: 

X 0 - ^ a
e q - 4 ( ( a i - ° 2 ) 2 + (a2-O3)2 + ̂ 3-^) 2) 1 

The octahedral normal stress is equal to the mean normal stress: 

The shear fracture stress is taken from experiments of GSF (GSF-IfT, 
1993, page 74). 

Contours of the fracture potential r are presented in Fig. 4. This 
figure shows the fracture potential at the end of heater-shut-down period. 
In the heater area a zone of potential crack risk begins to develop analog 
to the zone of high tensile stress. This means that the zone of T values 
larger than one is limited to a cylindrical zone around the heater with a 
radius of roughly 3 to 4 meters. 

The results of the analyses have 
confirmed that in a small zone around 
the heaters cracks are to be 
expected. If these cracks are 
initiated the stresses will 
redistribute and consequently other 
cracks may initiate. This 
redistribution, however, has not been 
calculated. Based on the available 
stress distribution and the cause of 
the stresses, viz. a shrinkage of the 

SMN =0.00116 heated area, it is concluded that the 
SMX =1.001 radial extent of the cracked zone 

will be limited to several meters. It 
further is considered to be very 
unlikely that the cracks will reach 
the floor of the galleries. 0.00116 

0.2 
0.4 
0.6 
0.8 
1 
2 

Fig. 4: Contours of the fracture 
potential at the end of the 
heater shut-down period 

Comparison of measured and calculated 
values 

In the analyses to be validated 
several assumptions had to be made. 
These assumptions being necessary to 
model the complex geometry and 
material behaviour must be kept in 
mind when the predicted values are 
compared with the measured ones. In 
the ideal case all differences 
between the measured values and 
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predicted ones can be explained qualitatively and quantitatively. 
The comparison of measured and calculated temperatures reveals that 

the differences between the predicted temperatures and the measured ones at 
the borehole wall can be explained by the geometrical modelling 
assumptions. The predicted temperature rises, however, at larger distances 
from the heaters correspond very good with the measured ones, and the 
temperatures close to the gallery floor are influenced by a summer and 
winter cycle which is not taken into account in the analyses. 

Figure 5 gives the horizontal displacement of the two galleries in the 
test field. It can be observed that small differences exist between the 
measured displacements of the individual galleries but that these values 
differ significantly from the predicted values. Also in case of the 
vertical convergence of the two galleries the measured values are 
significantly larger than predicted. The measured deformation of the salt 
around the A and B gallery are difficult to explain with the thermomechanie 
models which are based on symmetry and homogenous rock salt. The most 
reasonable explanation for the observed differences and correspondences is 
a too low initial rock pressure. If the initial rock pressure would have 
been 12 MPa instead of the assumed 11 MPa the predictions of both the 
vertical and horizontal displacements should correspond much better with 
the measured values. 

1.3 Post test sampling 
After termination of heating an access drift similar to that of the 

Brine Migration Test Field in the Asse salt mine was mined in late 1993 for 
uncovering of the test site Bl. The main reason is to retrieve 72 corrosion 
specimens representing possible waste canister materials (e. g. fine grain 
steel TStE 355, Hastelloy C4, Ti99.8-Pd, stainless steel X7 CrNi 2314). The 
specimens are attached to the surfaces of the liner in the borehole Bl. The 
sampling will be performed in 1994 and the specimens will be analyzed by 
the Institut fur Nukleare Entsorgungstechnik of the Nuclear Research Centre 
at Karlsruhe. 

During excavation of the access drift salt sampling by coring as well 
as sampling of measuring sensors (thermocouples, stress gauges) was 
performed to investigate the in-place behaviour of the sensors in regard of 
an improvement of the measuring techniques. 

The detailed investigation of the salt samples on their fluid content 
and the investigation of the retrieved measuring sensors is to be performed 
in 1994. 
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665-



2. Laboratory activities 

2 .1 Irradiations at Saclay 
The laboratory investigations on radiolytic gas formation and 

liberation from Asse salt have been terminated during the year 1993. Two 
experimental irradiations have been carried out during this period, aiming 
to study the effects of high integrated doses (resp. 60 and 130 MGy). The 
activity of the year was mainly dedicated to write a complete report on 
this work carried out between 1988 and 1993, i. e. data report, description 
of operating procedures, discussion of the results, possible extension of 
the work. The draft of this report will be submitted to the CEC for 
publication in January 1994. 

2.2 Irradiations at the HFR in Petten and modelling of radiation damage 

2.2.1 Irradiation experiments performed on behalf of ECN and ENRESA 
Radiolysis effects in salt are studied by means of irradiation 

experiments performed at the Gamma Irradiation Facility (GIF) of the High 
Flux Reactor (HFR) in Petten (the Netherlands). 

Calculations on the radiation damage which ought to be found in the 
samples following the modified JainLidiard model (van Opbroek and den 
Hartog, 1985) are performed in Petten (ECN) for each of the experiments. 

The experimental results are meant to produce a validation of 
theoretical models of radiation damage in rock salt which can be used for 
extrapolation to repository conditions. 

Irradiation experiments at the HFR, GIF A 
The objective of these experiments is to find the value of the 

integrated dose at which as many colloids are developed as annihilated. 
Irradiations in GIF A of nonpressurized samples of Asse Speisesalz 

from the 800 m depth level, took place at 100 °C, at a variable dose rate 
(240 to 40 kGy/h), and up to different (cumulative) total doses. 

In the experiments the modified JainLidiard model gives a reasonable 
agreement with the experimental results of the stored energy measurements 
up to a total dose of about 450 MGy, above this total dose the predictions 
of this model are higher than the measured results, as can be seen in 
Fig. 6. In this figure the experimental data are also compared with the 
model developed by Soppe (Soppe, 1993). The predictions of this model are 
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Fig. 6:Comparison of measured and calculated stored energy for irradiated 
Asse Speisesalz 
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systematicaly higher than the measured results but the model more or less 
reproduces the trend followed by them. For the experimental results there 
seems to be a temporarily stabilization betweeen 400 and 700 MGy but this 
cannot be concluded with great confidence. Above 700 MGy the stored energy 
increases again and a permanent stabilization of stored energy has not yet 
been found. 

Irradiation experiments at the HFR, GIF B 
The objective of these experiments is to elucidate the relationships 

between dose rate and radiation damage for different natural and artificial 
samples. The samples are irradiated at two different pressure conditions 
and up to different integrated doses. By varying the brine content of the 
samples and due to the different length of the experiments some information 
on anneal processes is also gathered through microstructural analyses. 

A set of irradiations, in GIF B, of samples both pressurized and non-
pressurized and of the same pure NaCl and natural rock salt samples planned 
to be used in the HAW test field (Monig et al., 1990) proceeded during 
previous periods at 100 °C and constant dose rate of 15 kGy/h. 

Stored energy measurements carried out on these samples by ECN at 
Utrecht University showed that before extensive colloid development the 
agreement with the Jain-Lidiard predictions was very poor (Garcia Celma and 
Donker, 1992). Therefore, the Jain-Lidiard model was extended in order to 
include the nucleation process (Soppe, 1993). Comparison of the stored 
energy yields of pure single crystals with that of the most damaged (non-
recrystallized) parts of natural rock samples simultaneously irradiated 
showed that at least in the experiments, natural rock samples (even in 
absence of recrystallization and of the endothermal effect of polyhalite 
dehydration) do not develop more stored energy than pure NaCl (Garcia Celma 
and Donker, 1992) . 

Microstructural analysis, performed by ECN at Utrecht University 
showed that fluid assisted recrystallization mainly takes place by grain 
boundary migration. The extent of the recrystallized portion is 
proportional to the amount of brine contained in the samples as determined 
by TG at the Barcelona University. 

Intracrystalline microstructural analysis was mainly performed and it 
has been shown that dislocations do not only originate by irradiation and 
are preferred sites of colloid nucleation, but also migrate dragging the 
colloids with them. However, the actual atomic level process involved in 
the colloid displacement is not well understood. 

By irradiation the same succesive development of creep substructures 
as observed by deformation of rocksalt samples has been found (Garcia Celma 
and Donker, 1993). 

After completion of the irradiation plan at 15 kGy/h in GIF B, a new 
set of irradiation experiments started, which differs from the previous in 
the dose rate value, now of 4 kGy/h. 

From this set of experiments eight have been completed up to a total 
dose of 44.0 MGy. 

Both models, the modified Jain-Lidiard model and the model developed 
by Soppe, show a reasonable agreement with the experimental results up to a 
total dose of 10 MGy. At a total dose of 44 MGy the model predictions are 
about a factor 1.5 to 3 higher than the measured results. This can be 
explained by the increase in importance of the recovery processes named 
above for longer experiments. 

2.2.2 Investigations Performed for ENRESA at the University of Barcelona 

Radiation damage 
The determination of the radiation induced defects has been carried 

out by Light absorption and using hydrogen measurements of dissolved rock 
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salt as countercheck for the determination of the fraction of metallic 
sodium. Samples came from the two sets of experiments performed at the HFR 
at Petten. 

Samples irradiated in GIF A, showed very complex Light Absorption 
spectra, due to their high absorbed dose. Nevertheless, F- related centers 
and three sizes of colloidal sodium particles were detected. The total 
amount of colloidal sodium particles ranges between 2 * 10 - 4 mol and 
4.3 * 10~3 mol and the amount of F-related center ranges between 
1.14 * 10~4 and 3.74 * 10~4 mol. 

In samples irradiated in GIF B the total amount of colloidal sodium 
particles ranges between 3 * 10 - 7 and 8.23 * 10 - 4 mol, the amount of F-
related center ranges between 6 * 10"' and 9.65 * 10-^ mol and the amount 
of M-center (when detected) ranges between 10"' and 5.26 * 10 - 4 mol. 

Moreover, there is an increase of the amount of defects with 
increasing dose. Comparing these samples, with their equivalents irradiated 
at 15 KGy/h a slightly higher efficiency at 4 KGy/h in generating defects 
can be observed, althought the concentrations of defects are of the same 
order of magnitude. 

Radiolytic gas production 
The study of radiolytical gas formation from Potasas de Llobregat rock 

salt has been launched to complement the experiments of the generation of 
radiation induced defects. The irradiations were performed with Co 60 
sources at the industrial irradiator CESAR located at Granollers (Spain). 
Two irradiations to total doses of 500 KGy and 1 MGy with dose rate of 
30 KGy/h and temperature from 20° up to 50 °C have been performed. The 
production of H2 and the release of CO2, O2 and hydrocarbons has been 
determined by gas chromatography. Moreover, in some samples, an aliquot of 
10 ml of gas was dissolved in a basic aqueous solution and total chlorides, 
NOx and SOx gases were quantified by ion chromatography. 

CO2 yields similar values than natural degassing of rock salt (Huertas 
et al., 1992), and increases with irradiation time, but it is not clear 
whether it is related to thermal desorption (since samples were irradiated 
to temperatures up to 50 °C) or to radiolysis. CH4 was not detected, in 
contrast to natural degassification experiments. 

The production of H2 is dependent on dose and on the amount of water 
present in the rock salt, whereas NOx is an irradiation product of air 
which increases with increasing dose. Chloric gases increase with dose and 
are of the same order of magnitude of the expected amount of colloidal 
sodium. Finally, the origin of SOx (which also increases with the dose) and 
the behaviour of 'O2 are still unclear and will need further investigations. 

Geochemical and petrophysical characterization of salt samples 
Microstructural observations on PLL samples irradiated in GIF B at 

doses between 0.4 and 44 MGy, have shown the absence of microstructures of 
grain boundary migration assisted by fluids, except for samples irradiated 
under pressure to a dose of 44 MGy, where large amounts of white halite 
could be quantified. In those crystals, high contents of H2 (equivalent to 
10 - 4 molar fraction of colloidal sodium) have been measured. Since H2 is 
considered as one of the products of the reaction between colloidal sodium 
and water, it can be inferred that white halite crystals have grown by 
consuming old blue crystals which had at least a molar fraction of 
colloidal sodium of 10 - 4. 

The rest of the samples, are apparently homogeneous blue coloured, 
being the amount of white halite related basically to subgrain boundary 
microstructures, and to the presence of fluid inclusions in the rests of 
hopper crystals. In all the cases the amount of white halite is below 
1.5 %. The amount of white halite in the studied samples is similar to 
their equivalents irradiated a dose rate of 15 KGy/h. 
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2.2.3 Irradiations experiments performed by GSF-IfT 
An additional irradiation programme is performed by GSF-IfT in order 

to investigate the qualitative development of HC1, CI2 and collodial 
sodium. A special facility (GIRAF) was built at the high flux reactor in 
Petten. 

For the irradiation 250 glass ampoules with 300 grams of ground salt 
in each and helium or synthetic air in the residual volume have been 
prepared. 

Irradiation started in July 1993. The total dose to the salt in the 
ampoules will be 106, 107 and 108 Gy corresponding to an irradiation time 
of 20 hours, 8 days and 82 days. The temperature level during irradiation 
will be 100, 150, 200 and 250 °C with an accuracy of ± 5 °C. For each 
parameter set (total dose and temperature) 5 ampoules will be irradiated. 

Till the end of 1993 60 ampoules have been irradiated and have been 
analyzed. 

The very first qualitative results are: 1. Hydrogen is generated by 
radiolysis of the water in the rock salt. The amount increases with 
increasing dose, decreases with increasing temperature and is higher by the 
factor up to 10 in the ampoules with helium instead of air in the residual 
volume. 2. Additional carbon dioxide is generated in the ampoules with air 
instead of helium in the residual volume and its amount increases with 
increasing temperature as a result of oxidation of hydrocarbones in the 
rock salt. 3. Nitrogene oxides are generated in the ampoules with air 
(compare section 2.2.2) in the residual volume but not in these with 
helium. 4. Collodial sodium and chlorine is generated in both ampoules with 
air and helium in the residual volume. The amount increases with increasing 
dose. The maximum of the generation is in the temperature range of 150 °C. 
The amount is much less at 100 and 200 °C. 

2.4 Gamma field and gamma spectra calculations 
Dose calculations have been carried out on behalf of ANDRA to give a 

predictive map of gamma dose distribution in the salt surrounding the 
testfield. Preliminary analysis have determined the radiative phenomena 
which have to be considered. Calculations with Mercure-5 attenuation code 
were carried out for canisters loaded with 1 Ci of each isotope and for a 
limited number of points (125). And additional (custom-usable) software 
permits to obtain the result at any point in salt and for any kind of 
loading or arrangement of the canisters. Calculations with SN1D model gave 
the evolution of gamma spectrum versus distance in salt. These calculations 
show that most of the effects are due to Cesium. They also confirm the 
lowest is the energy of the gammas, the highest is their attenuation with 
distance from the sources. 

The calculations performed by GSF-ISS were completed in 1993 and the 
final report will be published soon. These calculations based on a Monte-
Carlo-method simulating photon transport resulted height profiles of the 
dose rate at the outside wall at the canister, at the outside wall of the 
borehole liners and the dose and doserate distributions in the salt around 
the radiation sources up to a radial distance of 80 cm. 

3. Desk studies 

Two project reports, one describing the mineralogical and geochemical 
properties of the underground test field, the other one containing an 
evaluation of the experience gained from the cold training with the 
transport- and emplacement system have been compiled and are available in a 
draft form. Both reports will be published in 1994. 
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N. Stockmann, GSF F. Huertas, ENRESA 

A. OBJECTIVES AND SCOPE 
Dam constructions represent an essential component of the multibarrier 

safety concept for a repository for radioactive waste in salt formations. 
Within the scope of the dam project the long-term seal, which is responsible 
for the long-term safety of a dam construction is subjected to an in situ 
test. The main objectives of the scientific investigation programme are: 
- to provide proof of the tightness of the long-term seal as a dam construc

tion component by means of experimental investigations to obtain essential 
data concerning the effectiveness and 

- to prognosticate its function (tightness) over long time periods (up to 
approximately 500 years) via model calculations. 

The long-term evolution of permeability and porosity will be considered, 
as well as investigating the chemical stability and the petrophysical 
behaviour. 

The state of the art on calculations and codes for multiple-phase flow 
will be analyzed, and adequate mathematical models and computer codes are 
developed and verificated. 

B. WORK PROGRAMME 
According to the Technical Annex of the contract, the work programme 

consists of the following tasks: 
for DBE and GSF 
1/1. Conception, numerical preliminary investigations and detailed plan

ning of the long-term seal test in the Asse Mine 
Preliminary and parallel laboratory and in situ (borehole) tests 
Instrumentation of the long-term seal construction 
Performance of the large scale test long-term seal with gas and brine 
Evaluation of the test results 
Hydraulic modelling 
)RA 
Physicochemical and petrophysical characterization 
Evaluation of the solubility of materials 
Dissolution kinetics 
Laboratory batch experiments 
Laboratory open system experiment 
Pilot study in mine gallery (Amelie Mine) 
Geochemical modelling 
Petrophysical modelling 
Interpretation and final modelling of the coupled system 

1/2. 
1/3. 
1/4. 
1/5. 
1/6. 
for A 
II/l. 
II/2. 
II/3. 
II/4. 
II/5. 
II/6. 
II/7. 
II/8. 
II/9. 
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for ENRESA: 
III/l. Analysation of the state of the art on calculations and codes for 

multiple-phase flow 
III/2. Conceiving laboratory experiments for measuring the permeability of 

the long-term seal against brine 
III/3. Development of adequate mathematical models and computer codes for 

the numerical simulation of multiple-phase flow 
III/4. Code verification 
III/5. Interpretation of the in situ test measurements using the developed 

codes 

C. PROGRESS OF WORK AND OBTAINED RESULTS 
State of advancement 

Since the beginning of 1993 the Bundesamt fur Strahlenschutz (BfS) is 
responsible for the Dam project which is considered as final waste disposal 
facility related. 

The negotiation with BfS concerning the possible co-funding of the dam 
project by BfS (on behalf of BMU) is still going on. However BfS decided in 
December 1993 to continue the project but requested a restart of the 
conceptual planning on the basis of an experts report. This experts report, 
evaluating the R&D-programme, recommended a. o. a restart of the conceptual 
planning as well as the further performance of laboratory and in-situ tests 
in order to investigate, in more detail, the behaviour of the long-term seal 
materials. With the beginning of 1994, the DBE and GSF are asked to start 
with the working programme, which contents the redesign of the dam concept 
and the cheque of the research programme. 

In the year 1993, the DBE's and GSF's main activities were focussed on 
the negotiation with BfS; meanwhile the performance of the original DBE/GSF-
programme was interrupted. 

ANDRA who is in charge of the investigation of the geochemical behaviour 
of salt briquettes and its interactions with saturated brine, performed 
additional migration experiments in order to cheque the reasons of non 
feasibility of a pilot tests. 

ENRESA continued the development of the multiple-phase-flow code CODE-
BRIGHT as well as it's verification. In addition, permeability experiments 
have been carried out. 

Progress and results 
1. Activities of the DBE and the GSF 

Since the responsibility change in the Federal Republic of Germany 
concerning the R+D project dam construction in salt formations at the 
beginning of 1993, the original working program of the DBE and the GSF has 
been interrupted. The negotiation with the BfS, explaining the background, 
the fundamentals, the design of the dam, the investigation program, needed 
10 meetings in 1993. The activities of the DBE and the GSF were mainly 
focussed on this negotiational procedure with BfS, preparing and explaining 
papers and interim reports. 
2. Activities of the ANDRA 
2.1 New migration experiments 

The first migration experiments carried on by BRGM in 1992 aimed to 
answer to the questions of the feasibility of the pilot test in Amelie mine. 

It has been possible thanks to BRGM and to the interpretation made by 
CNRS to conclude on the non feasibility of this pilot test. 

These experiments also raised some new questions: 
- Can we model liquid migrations in salt compacted bricks taking only into 

account the capillary forces? 
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- Will the chemical exchanges between liquid and salt, that we have already 
described in the frame of the DAM Project, influence the fluid migrations; 
for example, by changing the geometry of the pores of the briquettes? 

It has been decided to carry on four complementary experiments, using 
two different liquids: NaCl saturated brine and 2-butanol, a liquid having 
no chemical interaction with the salt, and two different types of compacted 
salt briquettes: DAM briquettes and bricks used for feeding animals (cattle) 
that we will call "animal bricks". 
2.1.1 Characterization 

A characterization program has been carried with the goal of measuring 
the surface tensions of the couples between the liquid-compacted salt. The 
results are shown in table I. 

Table I: Surface tensions in dam briquettes and animal bricks 
Superficial tensions in E-3N/m 

Dam briquettes 
Animal bricks 

Brine 
55.88 
72.22 

2-butanol 
24.90 
24.75 

The main physical and chemical characteristics of the animal bricks have 
been measured. The results are shown in table II. 

Table II: The main physical and chemical characteristics of dam briquettes 
and animal bricks 

Comparison between two kinds of salt bricks 

Density 
Z Porosity 
I NaCl 
I Non Soluble 
I H20 

Dam briquettes 
2.00 
8.0 
97.7 
0.33 
0.34 

Animal bricks 
1.96 
9.3 

99.8 
0.005 
0.07 

2.1.2 Migration experiments 
The aim of these experiments is to measure the progression of the liquid 

into the compacted salt, the same experimental device that was used in 1992. 
The progression of the liquid is measured by y dosimetry. 

There are two kinds of experiments, one with free outlet, the other with 
closed outlet where the gas has no possibility to get out of the compacted 
salt. 

Two "open outlet" experiments were conducted; one on DAM briquettes 
using a 2-butanol solution and another on "animal bricks" using a saturated 
brine solution. Two "closed outlet" experiments were also conducted; one on 
DAM briquettes using a brine solution and another on DAM briquettes using a 
2-butanol solution. 

The results of the experiments are shown in figure 1, 2, 3 and 4. 
2.1.3 Interpretation of the results 

The scientific analysis already initiated in 1992 is based upon the use 
of a simplified model called "pistonlike", shown in figure 5. 

The driving force is the capillary pressure while the opposite forces 
are the viscosity (Darcy's law) and the pressure of trapped air. 
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From the "open outlet" experiments, it is discovered that the 
capillarity is the driving force of the migration and that, within the time 
scale of our experiments (one week), the influence of chemical exchanges 
between liquids and salts is negligeable. 

The "closed outlet" experiments are more difficult to interpret. This 
is probably due to the fact that our model is too simple (we should use a two 
phases flow model) and to the fact that there is a high sensitivity in some 
parameters. 

It has been possible, however, using a statistical analysis of the 
results, to show that these experiments are consistent with the hypothesis 
of capillary migration without chemical exchanges. 
3. Activities of the ENRESA 
3.1 Background 

The project "In situ investigation of the long term sealing system as 
a component of a Dam Construction" started on April 1991. The main objective 
of the research to be developed by DIT-UPC group is to model and validate the 
effects of multiphase flow through the components of the long-term seal and 
at the interface between the seal and the host rock. These includes the 
following main tasks: 
Task 1: State of the art-review 
Task 2: Laboratory work 
Task 3: Modelling 
Task 4: Code verification 
Task 5: Validation 

From these tasks, the main research directions are the following: 
- Constitutive modelling of the mechanical behaviour of porous salt 

aggregates. 
- Development of a theoretical framework for the study and characterization 

of the coupled hydro-thermo-mechanical behaviour of a porous/non-porous 
saline system. This includes both, establishing the governing equations 
and the adoption of constitutive laws. 
Laboratory work. This includes deformation tests on granular aggregates 
under wet conditions (including unsaturated tests) and dry conditions. 
Permeability measurements under brine and gas flow are carried out during 
the tests. 

3.1 Work performed during 1993 
The constitutive model for the mechanical behaviour of porous salt 

aggregates is in a very advanced version. The model and examples of its 
capabilities were presented at the conference on "The Mechanical Behaviour 
of Salt" held in Paris /2/. On the other hand, the governing equations that 
serve as a basis for the numerical tool, have been revised in order to cast 
them in a final form. A paper for an International Journal /6/ has been 
written. 

The computer code CODE-BRIGHT (COupled DEformation, BRIne, Gas and Heat 
Transport) has already been used to carry out several computations ranging 
from verification of simple exercises to more complex and realistic schemes. 

The work at the laboratory includes two main parts: deformation and 
permeability tests performed at the DIT-UPC laboratory and, deformation tests 
performed at the University of Waterloo. 
3.1.1 Mechanical constitutive model 

The mechanical constitutive model includes creep behaviour caused by two 
different mechanisms of deformation: fluid assisted diffusional transfer 
creep and dislocation creep. The model, initially developed for isotropic 
stress states, has been generalized into three dimensions. The equations 
obtained from the geometry and physical basic mechanisms 111, /2/ have been 
transformed into a generalized version /5/ which can be implemented in the 

-674-



computer code. The comparison of the model and experimental results of 
preliminary laboratory tests performed at DIT-UPC has also been performed. 
3.1.2 Governing equations 

As a further step for improvement of the quality of the theoretical 
development of the governing equations, a paper intended to be published in 
the international journal "Transport in Porous Media" /6/ has been written 
including all the aspects of the new formulation. The paper has been 
submitted for review by the journal. 
3.1.3 CODE-BRIGHT computer code 

The computer code CODE-BRIGHT has been verified by comparison with 
analytical solutions available in the literature and other known (e. g. 
numerical) solutions. Following the verification, an application for the 
study of the borehole seal behaviour has been carried out. This computation 
was performed under axisymmetric and plane strain conditions using one 
dimensional elements. The results /4/, /5/ have shown relevant aspects of the 
behaviour of such sealing system, specially related to the coupling between 
thermal, mechanical and hydraulic problems. 

As a natural continuation of the work already developed, a simulation 
of a realistic scheme in two dimensions has been started. It consists of a 
gallery surrounded by the host rock. The gallery is filled with a low 
porosity material, say 10 to 20 1 (bricks are designed to have 10 1 of 
porosity). Convergence is induced by the lithostatic stress state gradually 
compressing the backfill. Coupling with hydraulic problem is also envisaged. 

The computer code CODE-BRIGHT is also participating in the European 
Validation Exercise of Gas migration models (EVEGAS™") . 
3.1.4 Experimental work. Tests in progress 

Using the equipment specifically developed for the study of the 
behaviour of porous salt aggregates, several tests have been carried out. 
These are: 
- one preliminary long term test under stress steps: 0.8, 4.0, 6.0 and 30.0 

MPa, grain size 520 p.m. Some permeability measurements. 
- two preliminary short term tests under 100 MPa and grain size 325 |xm. 
- three oedometric tests with low applied stress (steps: 0.2, 0.4, 0.8, 1.6 

MPa) with the following grain sizes: 110, 325 and 950 |xm. Brine per
meability tests are performed during deformation. Tests in progress. 

- three oedometric tests with high applied stress (steps: 2, 4, 8, 20 MPa) 
with the following grain sizes: 110, 325 and 950 |xm. Brine permeability 
tests are performed during deformation. Tests in progress. 

The results of the first long term test have been compared with the 
model predictions and several conclusions, about the model and about the test 
have been gained. Results from the test now in progress are being processed 
and analyzed. 

Mr. D. Chumbe has spent 6 months at the Salt Mechanics Laboratory of the 
University of Waterloo performing oedometric as well as triaxial tests and 
gaining experience with their specialized equipment under the supervision of 
Professor M. Dusseault. 
3.2 References 
/l/ S. OLIVELLA, A. GENS, E. E. ALONSO, J. CARRERA, 1993. Modelo constitu

tive para agregados porosos de sal. Memorias del 2° Congreso de Metodos 
Numericos en Ingenieria, Eds. F. Navarrina y M. Casteleiro, La Gorunya, 
Spain, June 7 - 11, 1993, Vol 1 pp. 471:480 

/2/ S. OLIVELLA, A. GENS, E. E. ALONSO, J. CARRERA, 1993. Behaviour of 
Porous Salt Aggregates. Constitutive and Field Equations for a Coupled 
Deformation, Brine, Gas and Heat Transport Model. Proceedings of the 
"3rd Conference on The Mechanical Behaviour of Salt". Organized by the 
Ecole Polytechnique, Paris, September 14 - 16, in press. 
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for Coupled Deformation, Brine Gas and Heat Transport Models. Pegasus 
Project Meeting, ECC, Koln, June 3 - A, 1993. 
S. OLIVELLA, A. GENS, J. CARRERA, E. E. ALONSO, 1994. A Model for 
Coupled Deformation and Non-isothermal Multiphase flow through Saline 
Media. Application to borehole seal behaviour. Submitted for review to 
the First International Congress on Environmental Geotechnics, 
Edmonton, Canada, July 10 - 15, 1994. 
S. OLIVELLA, A. GENS, J. CARRERA, E. E. ALONSO, 1994. A Model for 
Coupled Deformation and Non-isothermal Multiphase Flow in Saline Media. 
Submitted to the 8th International Conference of the International 
Association for Computer Methods and Advances in Geomechanics, 
Morgantown, May 22 - 28, 1994. 
S. OLIVELLA, J. CARRERA, A. GENS, E. E. ALONSO, 1994. Non-isothermal 
Multiphase Flow of Brine and Gas through Saline media. Submitted for 
review to the international journal "Transport in Porous Media" 
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Title: ACTIVE HANDLING EXPERIMENT KITH NEUTRON SOURCES 
Contractors; Deutsche Gesellschaft zum Bau und Betrieb von End-

lagern fiir Abfallstoffe mbH (DBE) 
Agence Nationale pour laGestiondes Dechets Radio-
actifs (ANDRA) 
Kernforschungszentrum Karlsruhe GmbH (KFK) 

Contract Wo: FI2W - CT 90 - 0069 
Duration of contract: 01.04.91 - 30.09.94 
Period covered: 01.01.93 - 31.12.93 
Project Coordinator: K. D. Closs (KfK) 
Project Leaders: H. J. Engelmann (DBE), J. M. Potier (ANDRA) 

A. OBJECTIVES AMD SCOPE 

The Active Handling Experiment with Neutron Sources (AHE) is a dem
onstration test which will be performed by DBE and ANDRA/CEA in the Asse 
mine with KfK acting as coordinator. Besides the CEC, the DBE contribu
tion is supported by the Bundesministerium fiir Forschung und Technologie 
(BMFT) under contract 02 E 8472 7. 

The objective of the AHE experiment is to investigate radiological 
aspects of handling high level waste (either spent fuel or vitrified high 
level waste) in an underground repository. Neutron dose rates are mea
sured resulting from direct radiation and from neutrons scattered by the 
surrounding host rock (rock salt). Computer codes and model calculations 
are to be verified by these experiments. Thus, an experimentally validat
ed tool will be available for future detailed repository planning with 
emphasis on minimizing the radiation exposure of the operating personnel. 

B. WORK PROGRAMME 

According to the Technical Annex of the contract, the overall pro
gramme consists of the following formal items 

Design planning 1991/1992 
Implementation planning 1992 
Construction and acquisition 1992/1993 
Execution and disposal 1993/1994 
Evaluation and description 1994. 

From a more practical point of view, the programme can be broken down 
into the following activities: 

1. Shielding and backscattering calculations for a POLLUX cask with spent 
fuel and a transfer cask with vitrified high level waste 

2. Design and construction of shielding casks which simulate a POLLUX cask 
and a transfer cask 

3. Planning of test programme with shielding casks 
4. Planning and design of instrumentation for experiment 
5. Execution of the measurements 
5.1 Above-ground measurements 
5.2 Underground measurements in the ASSE mine 
6. Evaluation and documentation of the results. 
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C. PROGRESS OF WORK MID OBTAINED RESULTS 

State of advancement 
It has been shown that a specially designed shielding cask with a 

Cf-252 neutron line source simulates the radiation field around a POLLUX 
cask loaded with spent fuel very very well and a transfer cask loaded 
with either spent fuel or vitrified waste quite well. The decision was 
therefore made to use only one shielding cask with a Cf-252 line source 
for the active test. 

The measurement programme for the active test has been prepared. The 
above and underground measurement programme will be performed by Physi-
kalisch Technische Bundesanstalt (PTB) under subcontract to DBE. A con
tract has been negotiated. 

The application for handling neutron sources in the Asse mine was 
submitted to the Mining Authority (Bergamt Goslar) on March 29, 1993, and 
the license was granted on November 16, 1993. 

Construction of the shielding cask is under way, and the neutron 
sources have been ordered. The cask will be delivered by the end of March 
1994, and the cask will be loaded with the neutron sources in April 1994. 
Thus, the active test can start in May 1994. Underground measurements in 
the Asse mine will last until Dezember 1994. Evaluation and documentation 
of the results will be performed from January to June 1995. 

Progress and results 

1. Shielding and backscattering calculations for a transfer cask 

POLLUX casks will be used for drift emplacement, and transfer casks 
will be used for handling canisters with chopped spent fuel pins or with 
vitrified reprocessing waste in a repository with the aim of emplacing 
the waste canisters into boreholes. The AHE project ist planned to com
pare the calculated dose-rates of a POLLUX cask and a transfer cask with 
and without salt environment with the measured dose-rates of a smaller 
experimental shielding cask with Cf-252 neutron sources. 

In the annual progress reports 1991 and 1992, only neutron dose-rate 
and neutron spectra calculations for the POLLUX cask and the shielding 
cask have been presented. The following contribution deals with calcula
tions for the transfer cask in order to study the influence of backscat
tering of neutrons in a borehole drift. It has to be checked, whether the 
same shielding cask which has been designed for the simulation of a POL
LUX cask can also be used for the simulation of a transfer cask. 
1.1 Description of the transfer cask 

The transfer cask will be designed for the onside transport of a 
canister with fuel pins or vitrified waste from the reloading station 
above-ground to the borehole drift underground. The design of the model 
transfer cask is given in Figure 1 and the material composition in Table I. 

The cask is made of nodular cast iron with embedded neutron modera
tor (PE). The top and bottom can be moved as a slider to fill the cask at 
the docking station above-ground or to empty it at the borehole slide un
derground. 
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Figure 1: Geometry of the generic model transfer cask 

Table I: Material composition of the transfer cask 

Material No. 

1 
(Fuel rods) 

2 
(Steel) 

3 
(Vacuus) 

4 
(Nodular cast Iron) 

S 
(PE) 

6 
(Nodular cast Iron) 

Composition 

0 
Zrly 
U-238 

C 
SI 
Mn 
Fe 
N1 

C 
SI 
Mn 
Fe 
Ni 

H 
C 

C 
Si 
Mn 
Fe 
Ni 

Nuclide Density 
[1/b a ] " 

1,627 E-2 
5,676 E-3 
8,137 E-3 

7,06 E-4 
5,85 E-4 
1,41 E-3 
8,16 E-2 
6,80 E-4 

1,354 E-2 
3,654 E-3 
4,670 E-4 
7,036 E-2 
9,471 E-4 

7,776 E-2 
3,914 E-2 

1,354 E-2 
3,654 E-3 
4,670 E-4 
7,036 E-2 
9,471 E-4 

D 1b = 10 M cm* 
Note: Neutron strength of fuel rods: 1,67 E8 n/s 

Calculations were made for the transfer cask in the transport drift 
and in the borehole drift the dimensions of which are 7.0 m width by 4.0 
m height and 5.5 m width by 7.0 m height, respectively. As an example, 
the results of the dose-rate calculations for the transfer cask in the 
borehole drift standing on the floor are shown in Figure 2. 

-680 



0,01 
100 200 300 400 500 600 700 800 900 1000 

distance from surface of Cask [era] 
total direct scattered 

Figure 2: Transfer cask with fuel canister in the borehole drift, standing on the floor 
Almost identical results were obtained for other positions and other 

drift dimensions. In order to analyse the difference between the neutron 
fields of the shielding cask and the transfer cask, the same set of cal
culations was carried out for the shielding cask under identical condi
tions. 

The results of the calculated total neutron dose-rates for the 
shielding cask and the transfer cask are shown in Figure 3. Higher values 
are obtained for the shielding cask, but the shapes of the two curves are 
the same. The same holds true for the neutron spectra of the two casks in 
1 m distance from the outer surface, as can be seen from Figure 4. 

100.00 
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ZOO 300 400 500 600 700 800 
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- • > - total —*— direct 

Transfer Cask 
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Figure 3: Comparison of the neutron dose-rates for the transfer cask and the shielding cask in the borehole drift, standing on the floor 
The reason that the dose-rates for the transfer cask are lower than 

those for the shielding cask is mainly due to the different source 
strength of the spent fuel contained in a POLLUX cask and those contained 
in a canister within a transfer cask. The shielding cask is designed such 
that it simulates a POLLUX cask, which contains 8 PWR fuel elements. On 
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Figure 4: Neutron spectra for the shielding cask and the transfer cask 

in the borehole drift, standing on the floor (values in 1 ■ 
distance froa the surface of the cask) 

the other hand, a canister with chopped fuel pins contains only the 
equivalent of half a PWR fuel element. 

From the calculation so far it can be concluded that the shielding 
cask also simulates the transfer cask quite well with respect to the 
shape of the neutron doserates and the neutron spectra. A second shield
ing cask to simulate the transfer cask is therefore not neccessary. 

2. Experimental programme 

Neutron doserates and neutron spectra will be measured aboveground 
(without neutron backscattering) and underground in the Asse mine (back
scattering included), in order to see how much the doserate is increased 
during underground waste handling due to neutron backscattering. 

2.1 Test components 

The main test components are the neutron source,the shielding cask 
which is used also as transport cask, the bearing support for vertical 
and horizontal positioning, and the neutron detectors. 
Californium252 neutron capsule 

The neutron source is a line source which consists of 40 Cf252 neu
tron capsules. The radioactive material is doublyencapsulated in welded 
stainless steel capsules, manufactured and examined by Amersham according 
to ISOstandard (ISO  International Organization for Standardization) as 
"Special Form Radioactive Material", see Figure 5. 

Technical data of a neutron capsule: 
Type of capsule: X.l 
Californium content: approx. 2 ug 
source strength: approx. 510

6 n/s 
activity: approx. 50 MBq 
length: 10 mm 
diameter: 7.8 mm 
halflife time: 2.65 years 
ISOstandard: C 66544 
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Figure 5: Cf-252 neutron capsule, dimensions in am 
Cf-252 is embedded in pellets or wires made from platinum/ iridium 

alloys or palladium and enclosed in a gas tight, inactive double-walled 
stainless steel container for safty and against the release of radioac
tive material during normal transport conditions, as well as their pro
tection against mechanical and thermal impacts and corrosion. 

Californiua-252 line source 
The Cf-252 line source consists of a bolted or welded high-grade 

stainless steel cladding tube which encloses 40 single neutron capsules 
with 20 intermediate spacers. 

Technical specification of 
number of neutron capsules: 
total Cf-252 content: 
total source strength: 
total activity: 
total length: 
outer diamter: 

line source: 
40 

approx. 
approx. 
approx. 

80 ug 
2-108 n / s 
2 GBq 
600 nun 
9 . 5 nun 

Shielding cask 
The AHE shielding cask is designed as type-A container according to 

the GGVS transport regulations (GGVS: Regulations on Road Transport of 
Dangerous Cargo). The structure of the shielding cask is comparable to a 
POLLUX cask. Technical data of the shielding cask were presented in the 
annual progress report 1992. The cask has a length of 1350 mm, a diameter 
of 912 and weighs something like 8 Mg. 

Bearing support 
The bearing support is a steel construction and is used to position 

the shielding cask in intended heights above the floor. A POLLUX radi
ation field is simulated by horizontal positioning of the shielding cask 
in the bearing support so that the axis center is 1500 mm above the 
floor, see Figure 6 (a). The radiation field of a transfer cask is simu
lated by vertical positioning of the shielding cask with its lower edge 
500 nun above the floor, see Figure 6 (b). Two lifting lugs on the outer 
cylindric casing are used to position the shielding cask within the bear
ing support; they are arranged in a manner that the required distances to 
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the floor can be reached in horizontal as well as vertical shielding cask 
position. Hoisting devices on cylindrical casing and on the lid are pro
vided for handling the shielding cask during transport and test pro
cesses. 

_^5^. s*^ S* ft ^ 

Figure 6: Test arrangement for the simulation of a POLLUX (a) and a 
transfer cask (b), all dimensions in mm 

Heutron detectors 
Neutron spectrometers to be used in radiation protection practice 

must cover a wide dynamic energy range (thermal to some tens of MeV) and 
should have an isotropic response and neutron detection efficiency large 
enough for the investigation of neutron fields causing a dose equivalent 
below 100 uSv/h. Two different types of spectrometer will be used in the 
experiment: 

- a set of Bonner spheres (BS) with small 3He proportional counters 
as the central detector for the entire energy range but with a 
limited energy resolution 

- NE 213 liquid scintillation detectors for proton recoil spectro
metry in the energy range above 0.5 MeV. 

A set of 12 BS with diameters from 5.08 cm (2") to 45.72 cm (18") 
was manufactured using polyethylene with a density of 0.946 g/cm3. Four 
3HE filled proportional counters will be used as central detectors, so 
four positions can be measured at the same time. 

The NE 213 scintillation detector has an equivalent response func
tion as the BS, but with a lower energy limit of 0,5 MeV. It is suited 
for the detection of fast neutrons. 

The neutron dose-rates will be measured with a dose-meter. 

2.2 Underground handling of the shielding cask and experimental area 

The shielding cask loaded with a Cf-252 line source will be deliv
ered by truck to the Asse mine. After unloading an incoming inspection is 
carried out in the shaft hall either with the help of the bridge crane 
(payload: 10 Mg) or with the help of a fork lift truck (payload: 15 M g ) . 
It includes visual examination, dose rate measurements and contamination 
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test. Afterwards, the shielding cask is transported to the hoisting shaft 
and brought into the mine. 

The shielding cask is transported from the shaft station to the ex
perimental area on the 800-m-level by the HAW-truck (see Figure 7) or by 
a fork lift truck. The location of the experimental area and the profiles 
of the drifts can be seen from Figures 8 and 9, respectively. 

a s s s s s s s s s s ^ ^ 

Figure 7: HAW-truck 
AHE-

•xplorttory drift 

vantllitlon holt 

Figure 8: 

tccui drift 

Location of AHE-drift and foraer dedusting drift on the 800-a-level of the Asse mine 

The handling of the shielding cask is intended in the AHE-drift on 
the 800-m-level of the Asse mine which has a cross section of 15.5 ma and 
which simulates an emplacement drift for a POLLUX cask. Moreover, tests 
will be performed in the neighbouring drift - the former dedusting drift 
- with an extended cross section of approx. 27 m' which is representative 
for a transport drift. Furtheron, measurements are planned on the 800-m-
level in the BGR-field (cross section approx. 40 m", representing a bore-
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Figure 9: Drift profiles for the AHE experiment, all dimensions in ■■ 
hole drift), in the shaft station on the 850mlevel and in a deadend 
drift. 

2.3 Measurement programme 

The above and underground measurement programme will be performed 
by Physikalisch Technische Bundesanstalt (PTB) under subcontract to DBE. 
The programme includes reference measurements of direct neutron radiation 
without the influence of backscattering by salt at the PTB area. Fur
theron the programme includes underground measurements, in which the ef
fects of neutron backscattering on rock salt and the drift geometry are 
to be investigated. 

1. Measurements of neutron energy distributions and neutron dose 
rates 
Neutron energy distributions and neutron dose rates are measured 
in 4 positions with detectors in a distance of 1 m from the 
shielding cask in the AHEdrift. Measuring detectors are posi

tioned along both, the POLLUX axis and the jacket, as well as 
above the shielding cask, see Figure 10. Measurements are carried 
out with the container lying on the floor and resting in the 
bearing support 1500 mm above the floor. 

Neutron dose rates and neutron energy distributions of the 
shielding cask will also be measured in horizontal and in verti
cal container positions in the BGRdrift and in the dedusting 
drift. 
Measurements in the vertical position require container position
ing in the bearing support in a way that the lower edge of the 
test container has a distance of 500 mm to the floor. A second 
measuring position requires the shielding cask standing on the 
floor in a vertical position. For reasons of symmetry, measure
ments are carried out with three detectors. 
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Figure 10: Measuring arrangement for neutron energy distributions 
2. Measurements of secondary Gamma-radiation 

Parallel to the above mentioned measurements of all shielding 
cask options and positions, secondary gamma-radiation will be 
measured in all three drifts. 

3. Measurements of local dose rate 
Additional measurements to determine neutron dose rates will be 
carried out using a rem-counter in different radial and axial po
sitions at the shaft landing and near the dead-end of an emplace
ment drift. 

Operational handling sequences with the shielding cask during the 
measurement programme as well as durations of stay in the vicinity of the 
shielding cask for those persons carrying out the measurements are com
piled in Table II. 

3. Status of the licensing procedure and the delivery of the components 
Handling of radioactive material in the Asse mine requires a license 

according to Article 3 of the StrlSchV (Radiation Protection Regula
tions). The application for handling neutron sources in the Asse mine was 
submitted from GSF, the owner of the Asse mine, to the Mining Authority 
(Bergamt Goslar) on March 29, 1993. 

The experiment was explained to the Mining Authority on April 7 and 
the requested additional documents were delivered on April 16, 1993. On 
Juli 23, a discussion took place with experts of the Tttv Hiedersach-
sen/Sachsen-Anhalt, the Mining Authority, GSF and DBE on the subjects of 
construction of the shielding cask and on radiation protection. The rec
ommendations of the Tttv concerning the load suspension devices and mate
rial composition were followed, requirements concerning radiation produc
tion are fulfilled. The principal concept of the experiment and the han
dling of the shielding cask were accepted. 

The license was granted November 16, 1993. 
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Table II: Above-ground and underground handling sequences with the 
shielding cask 

N" 

1 

2 

3 

4 

5 

6 

7 

8 

9 

OPERATION 

Aboveg round: 

Reloading of shielding cask from vehicle of 
delivery to an in-plantfork lift truck 

Transport of shielding cask with fork lift truck to 
hoisting cage 

Underground: 

Transport from shaft station to AHE test drift 
with truck 

Positioning of shielding cask in test place 

Transport to other AHE-test places 

Return transportation from test place to shaft 
station by vehicle 

Assembling of detectors 

Replacement of detector balls 

Measurement of neutron energy distribution 

Aboveg round: 

Return transportation from hoisting cage to 
reloading place with fork lift truck 

Reloading of shielding cask to the lorry by fork 
lift truck 

number of 
persons 
involved 

1 

1 

1 

1 

1 

1 

2 

2 

3 

1 

1 

DURATION 

30 min 

10 min 

20 min 

10 min 

lOmin 

20 min 

2.5 min 

2 min 

60 min 

10min 

30 min 

FREQUENCY 

1 

1 

1 

5 

4 

1 

25 

75 

60 

1 

1 

The buying order for the neutron source was dispatched October 7, 
1993. Amersham will deliver the neutron source in April 1994. After ter
mination of the test, the source will be sent back to Amersham. 

The shielding cask was ordered October 25, 1993. It will be deliv
ered by the end of March 1994. 

Above-ground and underground measurements will be performed from May 
to June 1994 and September to December 1994, respectively. Evaluation and 
documentation of the results will take place from January to April 1995. 

It is quite clear now, that due to the delay in granting the license 
the experiment cannot be terminated within the time frame of the existing 
contract. Time extension of the contract will be negotiated with CEC as 
soon as the active test has started. 

List of publications 
KHAMIS, M. et al, Berechnung der Neutronendosisleistung vom AHE-Ver-

suchsbehalter mit einer Cf-252-Linienquelle. Sammlung der Vortrage an-
laBlich des 4. Statusberichtes Direkte Endlagerung am 28. und 29. Januar 
1993. AE Nr. 27. Kernforschungszentrum Karlsruhe, Februar 1993, pp 5-1 to 
5-26. 
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Title : Thermomechanica] simulation of the near field of an emplacement borehole 
in a salt formation (Amelie Mine, France). "CP.P.S. Test" 

Contractors : CEA/ANDRA - Fontenay aux Roses, France, G.3S 
Contract N° : FI2W-CT92-0120 
Duration of contract 
Period covered 
Project leader 

April 92 - March 95 
January - December 1993 
J.-F. Laurens 

A/ OBJECTIVES AND SCOPE 

The aim of "CPPS" test is to study the near field thermomechanical behaviour in deep 
layered salt around a borehole waste emplacement under thermal loading. This is of major 
importance for predicting the behaviour of radioactive waste storage particularly as regards 
to the temperature and the pressure that the canisters will have to withstand. The influence 
of marno anhydritic layers will be studied too. 

The experiment is planed to include three tests in separate boreholes at Mine Amelie 
underground facilities, with identical heating probes but different types of thermal loadings 
and backfilling materials. The scientific interpretation of the results will be made by the 
G.3S (see figure 1). 

B/ WORK PROGRAM 

1 . CPPS ONE : Emplacing of a prototype heater with an annulus between the heater and 
the borehole as small as possible (< 5 mm) and heating after having observed the 
borehole convergency. 

2. CPPS TWO : Emplacing of a heater with an empty annulus and heating after having 
observed the borehole convergency. 

3. CPPS THREE : Emplacing of a heater with the annulus filled with crushed salt and 
immediate heating. 
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C/ PROGRESS OF WORK AND OBTAINED RESULTS 

State of advancement 

CPPS 1 probe was installed in December 1991. After a period of observation of the 
borehole creeping, the heater has been turned on in May 20

th 1992. The heating power 
was 2.4 KW. After two months the heating power has been raised up to 4 KW in order to 
speed up the borehole creeping. The heating has been shut down in February 17

th 1993 
after nearly 9 months. 

The fact that no major power cut happened during this nine months, will facilitate the 
scientific interpretation. 

The CPPS 2 and 3 probes have been built. They include new pressure sensors more 
accurate. 

They have been emplaced in December 1993. 

EXPERIMENTAL DRIFT INSTRUMENTATION 

KJLSUO 

• urfta THKicn 
• uvejjM nun 
• IOIIM neouc 
■ onoancrei mn » 

Figure 1 

1) Results obtained during the heating 

Heating power 

After nearly two months at 2.4 KW the power has been raised up to 4 KW. 
After eight months the power has been reduced to 2.4 KW and stopped after nearly nine 
months. 
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Borehole closure (see figure 2) 

At the end of the first heating step the closure rate was very low. 
Three days after the increase of power the borehole was in eontact with the probe, the 
stiffness of the probe was such that after the contact no deformation was allowed. 
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BOREHOLE CLOSURE 
Figure 2 

Temperature (see figure 3) 

During the first step the maximum temperature was 120°C on the surface of the probe. 
During the second step the temperature has reached 200°C at this place and it's nearly 
stabilised. 
At a distance of 70 cm from the axis of the probe the temperature reaches 70°C. 

One month after the shut down of the heaters the rock temperature has returned to its 
normal value. 
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Displacements in rock salt around the borehole (see figure 4) 

The displacements of the rock salt reaches 9 mm in surface whereas 4 mm at a depth of 
3.75 meters and 1 mm at a depth of 5.50 meters. 
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Figure 4 

Displacements at the floor of the gallery versus time (see figure 5) 

The maximum displacement induced by the heating was approximately 20 mm. 

PROBE # 1 
13 

mm 
11 

9 

7 

5 

3 

d = 0.00 
d = 0.50 
d = 1.00 
d = 2.00 
d = 3.75 
d = 5.50 

- d: distance au mur (m) 

750 875 1000 1125 1250 

TEMPS (jours) 

1375 1500 

DISPLACEMENTS AT THE FLOOR OF THE GALLERY 
Figure 5 

692 



Displacements at the floor of the gallery versus distance from the borehole and time 
(see figure 6) 

The heating has influenced significatively the floor of the gallery 12 meters away from the 
borehole center. 
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Dip angle of the floor around the borehole (see figure 7) 

One can clearly see the two heating steps. The angle varies according to the directions. 
Dut to the effect of the walls of the gallery the angle measured perpendicularly to the 
gallery axis is much greater than the one measured parallely. 
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Pressure (see figure 8) 

Though the measurements must be carefully interpreted, it seems that the pressure on the 
probe varies between 7 and 10 MPa. 
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KAZAN Y., BAZARGAN B., GHOREYCHI M. 
Premiers resultats thermomecaniques de I'essai CPPS sur le puits P1. 
Rapport interne ANDRA n° 624 RP G3S 92-009. 

KAZAN Y., GHOREYCHI M. 
Mesures realisees sur le site de I'essai CPPS jusqu'a I'ete 1993. 
Internal report n° 695 RP G3S 93-003. 
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The Cerberus test 

Title: CERBERUS Test 
Contractor: ONDRAF/NIRAS, Brussels, Belgium 
Contract RJ: FI2W/0003 
Duration of contract: 01-07-90 / 31-12-94 
Period covered: 01-01-93 / 31-12-93 
Project Leader: ONDRAF : J. Van Miegroet 

CEN/SCK: B. Neerdael, L. Noynaert 

A. OBJECTIVES AND SCOPE 
The CERBERUS test (Control Experiment with Radiation of the BElgian 

Repository for Underground Storage) is aimed at simulating the near-field 
effects in an argillaceous environment of a Cogema HLW-canister after 50 
years cooling time. 

It mainly consists of a mock-up containing a 60Co source of 397 TBq and 
2 electrical heating elements each dissipating 365 W placed in the Boom clay 
from the Underground Research Facility located at Mol. 

A monitoring of the thermo-hydro-mechanical fields and the chemical in 
situ conditions is foreseen. 

It allows to launch various validation exercises of computer codes such 
as the program DOSEGEO (computation of dose-rate), the program SOURCE 
(computation of pore water pressure around drilling and digging works) and 
the program TEMPPRES (computation of the thermo-hydro-mechanical behaviour 
of the Boom clay). 

B. WORK PROGRAMME 
The work programme can be subdivided in 2 main items, the monitoring 

programme and the validation of existing codes. 
The monitoring programme consists in the measurement of: 

- dose-rate; 
temperature and heat transfer parameters; 
pore water pressure and hydraulic conductivity and diffusivity; 
total stress; 

- pH/Eh; 
radiolysis effects; 

The codes involved in the validation and interpretation trials are : 
the model DOSEGEO which allows to compute the dose-rate around a shielded 
Y source; 
the model SOURCE which allows to compute the pore water pressure evolution 
around a piezometer screen at a constant temperature; 

- the thermo-hydro-mechanical model TEMPPRES. 
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C. PROGRESS OF WORK AND OBTAINED RESULTS 

State of advancement 
The test is fully operational since the end of November 1989. 

Progress and results 

radiation field 
The measurements of the dose-rate have been performed by means of an 

ionisation chamber. The measured values remain in good agreement with the 
results obtained with the model DOSEGEO. After compensation for the decrease 
of the 60Co source and of the iron shielding thickness, the dose-rate can be 
assumed to remain constant. 

thermal field 
Due to the decrease of the 60Co source, the temperature at all 

thermocouples and PtlOO probes are decreasing according to the values 
predicted by the model TEMPPRES. 

hydrological field 
The hydraulic conductivity values compensated to take into account the 

in situ temperature remain almost constant. At only one piezometer screen, 
the compensated hydraulic conductivity is still slowly decreasing. At this 
place, one has suspected that the heating phase had generated micro-cracks. 
The observed evolution of the hydraulic conductivity at this place can be a 
demonstration of the self healing capacity of the Boom clay. 

thermo-hydro-mechanical field 
A quasi steady state of pore water pressure is reached in the near 

field of the CERBERUS test indicating that the pore water pressure 
dissipation are now compensated by the pore water pressure regime imposed by 
the Test Drift. 

chemical field 
The main results are: 

the pH has reached a constant value of 6.9; 
the Eh still remains reducing (-202 mV versus SHE); 

radiolysis effects 
A concentration of 2.41 10"6 g H2/kg H20 has been detected after 4 years 

irradiation time, while a value of 0.52 10"6 g H2/kg H20 has been obtained 
after 3 years irradiation time. 

list of publications 
pm 
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Mine-by-Test 

Title; Mine-by-Test 
Contractor: NIRAS/ONDRAF 
Contract N°; FI2W/CT90/0003 
Duration of contract: from 1 July 1990 to 31 December 1994 
Period covered: from 1 January 1993 to 31 December 1993 
Project leader Niras: J. Van Miegroet 
Project leader SCK: M. Put and D. De Bruyn 

A. OBJECTIVES AND SCOPE 
The Mine-by-Test deals with the long-term behaviour of the so called 

Test Drift of the HADES Underground Research Facility. Follow-up and 
monitoring of the concrete lining and of the terminal shotcreted front ensure 
the Test Drift stability. Monitoring of the surrounding clay mass gives 
reliable data for assessing its rheological behaviour. 

B. Work programme 
Acquisition of field measurements and interpretation exercises are the 

two main items of the programme. 
Measurements in the clay mass around the Test Drift are gathered from: 

- one settlingmeter and one inclinometer devices installed above the Test 
Drift before the 1987 construction phase; 

- six piezometer nests, one series of pore water pressure cells and one 
multiple-point extensometer installed from the Test Drift. 

Monitoring of the concrete lining is ensured by: 
- 34 load cells installed between the liners and 42 total pressure cells 

embedded in these liners; 
- diametrical convergence measurements of seven instrumented sections. 

Follow-up of the terminal shotcreted front occurs through: 
- one multiple-point extensometer installed from the front up to 10 m depth 

in the clay mass; 
- 15 reflectors installed on the surface of the shotcreted shell. 

Interpretation of the collected data occurs with simple analytical 
elasto-plastic models or with finite-element analysis. 
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C. Progress of work and obtained results . 

State of advancement 
The Mine-by-Test is in a phase of long term survey. 

Progress and results 
Measurements in and around the Test Drift do not show major differences 

since the last annual report: 
- the total pressure on the lining still ranges from 1.7 to 2.4 MPa when 

calculated from load-cell measurements, pressure-cell measurements showing 
more scattering (from 0.5 to 3.3 MPa); several load cells, having reached 
their upper measuring limit, had to be disconnected to avoid mechanical 
disturbances in the data acquisition unit; 

- the average convergence of the lining amounts 1.24Z 2100 days after 
installation; 

- fracturing in the shotcreted shell still increases in a significant way 
(convergence of the shell amounts locally up to 400 mm), and as a 
consequence the entrance in this part of the underground facility is still 
prohibited. 

Besides the writing of the interim report for the period (01-07-1990 to 
31-12-1992), the interpretation task has been limited this year to the update 
of the comparison, between the instrumented sections, of the pressure acting 
on the lining (by way of pressure-cell and load-cell measurements) and of the 
lining convergences. 
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l i l le : CHARACTERIZATION OF CLAY UNDER THERMAL LOADING FOR 

UNDERGROUND STORAGE - "CACTUS" 

Contractors : CEA/ANDRA - Fontenay-aux-Roses - France 

Contrat n° : FI2W-001 
Duration of contract: from September 1990 to March 1993 
Period covered : January 1993 - March 1993 
Project leaders : M. RAYNAL, F. PLAS, B.VIGNAL 

A/ OBJECTIVES AND SCOPE 

The aim of CACTUS project is to study the near field thermo-hydro-mechanical couplings 
in deep clay around a waste emplacement borehole, under thermal loading by in situ 
experiments. This is a major importance for predicting the behaviour of radioactive waste 
storage, particulay as regards to the irreversible phenomena due to the effect of heating 
on stresses and pore pressure. The experiment includes two tests conducted in separate 
boreholes at Mol underground facilities, with identical heating probes and backfilling 
materials (clay mud) but different types of thermal loading and unloading cycles (Figure 
1)-

B/ WORK PROGRAM 

"CACTUS" project is composed from two tests : 

1. CACTUS ONE : Emplacing of a prototype heater with backfilling material (clay mud) 
and heating after hydro-mechanical equilibrium. It was planned as a preliminary test. 

2. CACTUS TWO : Emplacing of a heater with backfillng material and earlier heating. 

Both tests have the same peripheral instrumentation defined to follow the thermo-hydro-
mechanical respons of clay at different distances from the heating cells (figures 2, 3): 

- 24 thermal sensors are located on the heater and 30 are distributed in five peripheral 
boreholes. 
- Water pressure is measured in the mud on the probe and inside the clay formation with 
CEN/SCK piezometrie nists. 
- Water content and density in clay are obtained using a neutro-gamma probe inside 
another borehole. 
- Mechanical measurements are total stresses (10 Glotzl cells placed in two boreholes) 
and vertical displacements. 
- The variation of diameter and the strain of the heating cell body are also measured. 
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C/ PROGRESS OF WORK AND OBTAINED RESULTS 

State of advancement 

CACTUS 1 has been installed in May 1990 and power was switched on in September at 
a level of 1200 watts. This first heating cycle was interrupted in November after an 
electrical insulation fault has been detected. 
Heating started again at the same power in March 1991 and stopped in January 1992, 
the cooling-down phase being observed since March 1994. 

CACTUS 2 was re-designed and thoroughly tested after probe 1 problems, leading to 
significant increases in costs and delivery time. Therefore the second probe was installed 
at Mol in December 1991. Heating started in February 1992 and stopped at the begining 
of March 1994. 

Progress and results 

CACTUS 1 

1/ Before heating, the peripheral instrumentation has made it possible to accurately 
observe the behaviour of the clay under isothermal conditions. When drilling the 
borehole, a drop in the pore pressures was particulary observed, (figure 4) i.e. hydro-
mechanical expansion of the clay. Radial stresses dropped while tangential one rose 
(figures 5, 6). After emplacement of the probe, the pore pressures ans stresses re
established a new state of equilibrium as the clay closed around the probe and the 
backfilling. 

2/ When heating started, the pore pressures immediately increased and reached a peak 
in 20 days. These however began to dissipate while the temperatures continued to 
rise (figure 7), tending towards a state of initial equilibrium after 200 days (figure 4). 
This is because the Boom clay, of which permeability is very low, first reacts under 
undrained conditions. The final value is different from the value prior to heating. The 
total stresses (radial and orthoradial) increased in correlation. Stress level remained 
high during all the heating phase (figures 5, 6). 

Measures of water contents and dry specific densities indicate an initial phase in 
which the clay expands followed by progressive collapse which appears to correspond 
to the dissipation of the pore pressures (figure 6). This behaviour may denote 
temperature consolidation, well-known in clay media. 

3/ When cooling down, the pore pressure and the total stresses dropped. The evolution 
is similar to what occured during heating, with variation in other way. 

4/ During Thermal Cycle 2, mechanical and hydraulical behaviour are identical as during 
cycle 1 (figure 4, 5). This seems not to be the case of density and water content : 
cycle 1 should evidence irreversible effects (thermal consolidation) whereas cycle 2 
deformations were reversible (figure 6). These observations are consistent with the 
concept of thermal hardening. 

-700-



CACTUS 2 

Only one thermal loading and unloading cycle has been initiated. Compared to probe 1, 
the only difference is that the heating has begun after a shorter waiting time after 
emplacement (figure 2 a 4). The results indicate that the behaviour is similar to that of 
CACTUS 1, i.e. irreversible deformations. 

List of publications 

PICARD JM., BAZARGAN B., ROUSSET G. and VIGNAL B. 
"Behaviour of Boom clay under thermal loading : first results from CACTUS 1 in situ test" 
Braunschweig workshop on pilot tests on Radioactive Waste Disposal in Underground 

facilities - June 19-21 1991. 

PICARD JM. 
"Coupled Thermo-Hydro-Mechanical Modeling of in situ heating experiments in Boom 
clay" 
Workshop on "Thermomechanics of clays and clay baniers" - October 20-22, 1993 -
Bergamo - Italy 

List of references 

PICARD JM.: Essai thermo-hydro-mecanique dans une argile profonde (essai CACTUS) 
- Rapport d'avancement n°1 - Commission of the European Communities - Mars 1991 

PLAS F. : Essai thermo-hydro-mecanique dans une argile profonde (essai CACTUS) -
Rapport d'avancement n°2 - Commission of the European Communities - October 1991 

PICARD JM. : Rapport d'avancement n°3 - Commission of the European Communities 
- Mars 1992 

PICARD JM. : Rapport d'avancement n°4 - Commission of the European Communities 
- Octobre 1992 

PICARD JM. : Rapport final - Commission of the European Communities - Septembre 
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figure 1 - Mol Underground facilities : Emplacement of CACTUS tests 

figure 2 - Scheme of a CACTUS test 
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figure 3  CACTUS 1 : position of instrumentation 
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figure 4 - CACTUS 1 and 2 : Evolution of water pressure from January 1, 1990 
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figure 5 - CACTUS 1 and 2 : Evolution of radial stress in the clay formation from January 1, 1990 
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figure 6 - CACTUS 1 and 2 : Evolution of orthoradial stress in the clay formation from January 1, 1990 
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figure 8  CACTUS 1 and 2 : Evolution of water content and density in the clay formation 
from January 1, 1990 
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DEMONSTRATION OF THE IN SITU APPLICATION 
OF AN INDUSTRIAL CLAY-BASED BACKFILL MATERIAL 

(BACCHUS 2) 

Title : Demonstration of the in situ application of an 
industrial clay-based backfill material (BACCHUS 2) 

Contractors : SCK/CEN, ANDRA, ENRESA 
Contract N° : FI2W-CT91-0098 
Duration of contract : from 01-10-1991 to 30-04-1995 
Period covered : from 01-01-1993 to 31-12-1993 
Project leaders : G. Volckaert (coordinator), C. Mayor, B. Vignal 

A. OBJECTIVES AND SCOPE 

The BACCHUS 2 experiment aims at the optimization and the demonstration 
of an installation procedure for a clay based backfill material. The 
installation procedure, materials and techniques have to be as close as 
possible to realistic industrial processes and capabilities. 
The backfill material consist of a mixture of high density clay pellets and 
clay powder. The experiment is developed in cooperation with ENRESA and 
ANDRA/CEA. 

The instrumentation of the experiment must be optimized in such a way 
that it can be used as a validation experiment for the hydro-mechanical 
model developed under CEC contract FI2W-CT90-0033. 

The BACCHUS 2 project also includes the characterisation of the 
granular backfill, and the retrieval and the expertise of the BACCHUS 1 test 
mock up. 

B. WORK PROGRAMME 

The work programme consists in the three following points: 
1. Study and optimization of the backfill material 

The sealing material consist in a mixture of clay pellets and clay 
powder. The ratio powder/pellets and the density, size and water content 
of the pellets will be used as parameters in the optimization process. 

Fundamental properties of this mixture such as the hydraulic 
conductivity and the swelling pressure will be measured. 
2. Recuperation of the BACCHUS 1 experiment 

The BACCHUS 1 mock-up installed in '88 will be retrieved by overcoring. 
The aspects and hydro-mechanical properties of the retrieved Boom clay seal 
and the FoCa-bentonite buffer will be studied. 
3. In-situ demonstration of the application of the backfill material 

The demonstration will consist in the sealing of the large borehole 
(50 cm diameter) left after the retrieval of the BACCHUS 1 mock-up. The 
backfill material described under point 1 will be installed around a central 
filter tube which will be used as support and access tube for the 
instrumentation. 

Probes for water content measurement, based on the experience gained 
by CEA in the BACCHUS 1 project, will be embedded in the backfill material. 
Also the instrumentation installed previously in the host clay around the 
BACCHUS 1 mock-up, can be further used to monitor the host clay behaviour. 
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PROGRESS OF WORK AND OBTAINED RESULTS 

State of advancement 

The characterisation of the granular backfill has been completed. The 
hydraulic conductivity and swelling pressure have been measured as a 
function of the dry density. X-ray tomography has been applied successfully 
to measure the evolution of the density distribution during hydration. 

The BACCHUS 2 mock-up was constructed and the instrumentation was 
installed on it and tested. The thermal pulse system, which will be used to 
follow the hydration of the backfill, was completed. This system consists 
in three plates with in total 63 themocouples and a heater. 

The drilling works for the retrieval of the BACCHUS 1 experiment were 
started in May 1993 and, on the 29th of June 1993, BACCHUS 1 was brought to 
surface in good condition. The remaining borehole was immediately cleaned 
and the BACCHUS 2 mock up installed in it without major problems. 

The expertise of the retrieved BACCHUS 1 mock up has allowed to 
determine the cause of the early breakdown of the heater and to check the 
quality of the hydrated buffer material. 

The evolution of the total stress and the pore water pressure in the 
host clay around the BACCHUS experiment and in the backfill of the BACCHUS 
2 experiment was closely followed. All sensors still seem to work 
satisfactorily. The state of hydration of the BACCHUS 2 backfill was 
followed using the thermal shock system. 

Progress and results 

Characterisation of the granular backfill 

In Table I the hydraulic conductivity and/or the swelling pressure of 
seven clay backfill samples with a dry density of 1.6 g/cm3 (3 samples), 1.7 
g/cm3 (4 samples) and 1.8 g/cm3 (3 samples) are given. The clay backfill 
samples are 50/50 mixtures of Boom clay powder and high density Boom clay 
pellets. 

As expected the hydraulic conductivity decreases with density and 
swelling pressure increases. At a dry density of 1.8 g/cm3, the hydraulic 
conductivity of the backfill is about two times the mean hydraulic 
conductivity of the in situ clay and the swelling pressure is about equal 
to that of the in situ clay. The evolution of the swelling pressure can be 
explained as follows: 

- first the clay powder and pellets take up water rather fast. For the 
powder, this is due to its high hydraulic conductivity and for the 
pellets, this is due to the high suction potential (thus high driving 
force) and the high surface to volume ratio; 

- as the clay pellets take up water, they develop an important swelling 
pressure and start to swell and to compact the powder surrounding them. 
As the pellets continue to swell their swelling pressure decreases. 

- this process will continue until an equilibrium between the swelling 
of the pellets and the compression of the powder is reached. 

- As the water uptake by the pellets is a faster process than the 
compression of the powder surrounding them, the "macro" swelling 
pressure goes through a maximum. 

This explanation is confirmed by the X-ray tomography observations. X-ray 
tomography has been applied to monitor the progress of a hydration front 
through two backfill samples with a density of respectively 1.7 g/cm3 and 
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1.8 g/cm3. The changes in the mean density and the standard deviation are 
less pronounced for the denser sample (R1D1.8S1T). It is clear that the 
higher the mean density of the sample the lower the difference with the 
density of the pellets and the lower its standard deviation will be. If the 
density is higher, the porosity will be lower and thus the change in density 
during hydration is lower. This is also apparent from Table II which 
compares the mean radiological densities and their standard deviations for 
plugs R1D1.7S3T and R1D1.8S1T. In both cases the density of the samples 
becomes more homogeneous. In Table III the mean radiological density and its 
standard deviation of one pellet in sample R1D1.7S3T before and after 
hydration are given. The mean radiological density and the standard 
deviation drops during hydration. This proves the swelling of the pellet. 

Retrieval of the BACCHUS 1 mock-up and installation of BACCHUS 2 
It was foreseen to drill twelve 100 mm diameter boreholes around 

BACCHUS 1, then to perform a large diameter drilling around BACCHUS 1 over 
its full length (14.5 m) , to retrieve BACCHUS 1, to clean the remaining 
borehole and finally to install BACCHUS 2. In practice some major 
difficulties were encountered and the original plan needed to be adapted. 

First, two freezing tubes used during the construction of the gallery 
have complicate the drilling. Indead, to cut through the freezing tubes a 
special drilling head was made. 

At the depth of the BACCHUS 1 experiment (13 to 14.5 m) very wet clay 
with a water content up to 30 weight Z was encountered. In one borehole 
water inflow occurred. This water originated from the water accumulated in 
the central tube of the BACCHUS 1 experiment. This humidity made the 
drilling difficult and caused a quick convergence of the borehole. Therefore 
several boreholes needed to be redrilled or cleaned by applying a special 
drilling technique. 

During the large diameter (540 mm) drilling, the freezing tubes caused 
trouble again. A special 540 mm drilling head was constructed to cut them 
through. At a depth of about 13 m, the friction had become so large that 
further drilling became very time consuming. Therefore it was decided to 
stop drilling and to install two hydraulic jacks, about 60 tons of force 
each, to push up BACCHUS 1. On the 29th of June 1993 BACCHUS 1 was brought 
to surface in good conditions. 

The remaining borehole was cleaned and BACCHUS 2 was installed without 
major problems. Figure 1 shows the finalised BACCHUS 2 mock up just before 
installation and Figure 2 shows one of the three grids with 21 thermocouples 
used for the thermal pulse measurements. 

Figure 3 shows how the BACCHUS 2 borehole was backfilled. In total 900 
kg of the granular backfill material (50/50 pellets/powder mixture) was 
applied and a mean density between 1.5 and 1.6 g/cm3 was obtained. The 
density can only be estimated because the exact form and diameter of the 
borehole are unknown. An important difference between the top level of the 
backfill and the level of the support plate of the thermocouples was 
measured at the first and third thermocouple level. This causes an extra 
uncertainty in the estimated densities. 

BACCHUS 1 expertise 
The FoCa clay blocks were no longer in contacts with their upper 

flange. Water and clay mud have infiltrated this flange through the openings 
for instrumentation cables and the Glbtzl load cells. In this flange the 
three heating elements were connected in parallel to their alimentation 
cable. One branch of the connection was completely destroyed by the 
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infiltrated water. This is certainly the reason of the breakdown of the 
heater in 1989. The heater was completely filled with water. 

The carbon steel bolts used in this flange showed strong general 
corrosion (1 to 2 mm). All stainless steel (304) parts, which had been in 
direct contact with the borehole walls, showed severe pitting corrosion. 

The joints between the FoCa and Boom clay blocks had well sealed. In 
the FoCa clay blocks the original position of the joints could only be 
traced back thanks to the instrumentation embedded in them. 

First results on BACCHUS 2 
The thermal conductivities derived from the thermal pulse measurements 

performed until now, show no systematic difference between the three 
thermocouple levels. This shows the homogenity of the backfill (constant 
density). Also the change in thermal conductivity with time seems to be very 
limited indicating that up to now the hydration of the backfill is very 
limited. 

Figure 4 shows the total stress evolution on the central tube of the 
BACCHUS 2 mock up. Only on the south side of the central tube the pressure 
has clearly raised. Probably the pressure raises very slowly because the 
backfill is compressible. The drilling works lead to a strong decompression 
around the borehole so that at this interface the stress will only increase 
slowly after the sealing of the borehole. 

Figures 5 shows the evolution of the pore water pressure in the clay 
host rock. All filters show a sharp pressure drop soon after the start of 
the drilling works. All pressures drop to about 3 to 4 bar except the 
lowermost filters. The lowermost filters seems to be less affected by the 
drilling works and their pressure starts to raise soon after the 
installation of BACCHUS 2. These filters are situated at the same depth as 
the BACCHUS 2 bottom flange. This explains why they are less affected. 

Conclusion 
The characterization of the granular backfill was finalised. The 

hydromechanical properties are of the same order of magnitude as those of 
the in situ Boom clay. 

BACCHUS 1 was successfully retrieved and BACCHUS 2 successfully 
installed. The expertise of BACCHUS 1 has shown that water infiltration have 
caused the early failure of the BACCHUS 1 heater. The first results of 
BACCHUS 2 show a very slow pressure build up. 

List of publications 

111 G. Volckaert, B. Neerdael, M. Dardaine (CEA) 
Demonstration of the in situ application of an industrial clay-based 
backfill material: Bacchus 2. 
Prog. Report 1-10-1991/30-6-1992 
CEC contract FI2W-CT91-0098 

HI G. Volckaert, M. Dardaine (CEA) 
Demonstration of the in situ application of an industrial clay-
based backfill material : Bacchus 2 
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CEC contract FI2W-CT91-0098 
Ed. : SCK, R-2953, 1993. 
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Table I Characterisation of the granular backfill material 

s a m p l e number 

R 1 D 1 . 6 S 1 
R 1 D 1 . 7 S 1 
R 1 D 1 . 7 S 2 
R 1 D 1 . 6 S 2 
R 1 D 1 . 7 S 3 
R 1 D 1 . 6 S 3 
R 1 D 1 . 7 S 4 
R 1 D 1 . 8 S 1 
R 1 D 1 . 8 S 2 
R 1 D 1 . 8 S 3 

d r y 
d e n s i t y 
g / c m 3 

1 . 5 8 6 
1 . 6 9 0 
1 . 7 0 0 
1 . 6 0 0 
1 . 7 0 0 
1 . 6 0 0 
1 . 7 0 0 
1 . 8 0 0 
1 . 8 0 0 
1 . 8 0 0 

h e i g h t 
cm 

7 . 3 4 
6 . 8 9 
6 . 8 5 
7 . 2 8 
4 . 3 4 
7 . 2 8 
6 . 8 4 
4 . 0 9 
6 . 4 7 
6 . 4 7 

p (b) 1 s,max 
MPa 

_ (a) 

0 . 6 
-
0 . 3 5 
-
0 . 2 2 
0 . 5 4 
_ 
0 . 9 5 
0 . 8 2 

p (c) 

MPa 

_ 
0 . 5 6 
-
0 . 2 8 
_ 
0 . 0 9 
0 . 3 8 
_ 
0 . 7 9 
0 . 7 6 

K ( d ) 

m / s 

3 . 0 10" 1 1 

7 . 7 10" 1 2 

9 . 9 10" 1 2 

1 . 4 1 0 - 1 1 

8 . 2 10" 1 2 

1 . 5 1 0 " u 

8 . 6 1 0 - 1 2 

6 . 0 10" 1 2 

6 . 3 10" 1 2 

5 . 2 1 0 - 1 2 

(a) 
(b) 
(c) 
(d) 

not determined 
maximum swelling pressure 
equilibrium swelling pressure 
hydraulic conductivity 

Table II : Mean radiological densities and their standard deviations 
for plugs R1D1.7S3T and R1D1.8S1T 

c o d e 

R1D1.7S3T 

R1D1 .8S1T 

t i m e 

s t a r t 
end 

s t a r t 
end 

mean r a d . d e n s . 
HU 

1 1 3 3 
1 3 7 5 

1 2 4 4 
1 4 1 0 

s t a n d a r d 
HU 

374 
1 1 0 

283 
1 2 5 

d e v . 

Table III : Mean radiological densities and their standard deviation 
of one pellet in sample R1D1.7S3T 

t i m e 

s t a r t 
end 

mean r a d . d e n s . 
HU 

1 6 9 6 
1424 

s t a n d a r d d e v . 
HU 

67 
47 
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Figure 1: View of the BACCHUS2 mock-up 
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Figure 2: View of one of the three grids with 21 thermocouples for the 
thermal pulse measuring system. 
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Figure 3: The BACCHUS 2 mock up after installation of the granular 
backfill and the plates with thermocouples. The estimated 
backfill density is also indicated. 
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MODELLING AND TESTING OF THE HYDRATION 
OF BACKFILL AND SEALING MATERIALS 

Title : Modelling and Testing of the Hydration of Backfill 
and Sealing Materials 

Contractors : SCK»CEN, CEA, UWCC, UPC 
Contract N° : FI2W-CT91-0033 
Duration of contract : from 01-07-91 to 30-06-94 
Period covered : from 01-01-93 to 31-12-93 
Project leaders : G. Volckaert (coordinator), C. Imbert, H. Thomas, 

E. Alonso 

A. OBJECTIVES AND SCOPE 

If compacted clay-based materials will be used for the backfill and 
sealing of radioactive waste repositories the hydro-mechanical behaviour of 
unsaturated materials have to be understood. When these materials are used 
as a backfilling around HLW packages, their behaviour during saturation is 
further complicated by the thermal transient due to the heat emission of the 
waste. 

Elasto-plastic models of the Cam-Clay type are not able to describe the 
irreversible volumetric strain (swelling or collapse) or the evolution of 
the mechanical property limits due to changes in the water content. In the 
case of partly saturated clay materials the suction phenomena, which have 
a strong influence on the hydraulic, mechanical and thermal properties of 
the material, are to be considered. 

The goal of the study is to analyze and model the behaviour of a clay 
based engineered barrier during its hydration phase under real repository 
conditions. The hydro-mechanical and thermo-hydraulical models will be 
coupled to describe stress/strain behaviour, moisture migration and heat 
transfer. 

In this project the CEA and SCK»CEN are responsible for the main 
experimental work and the research groups at the universities of Cardiff and 
Catalunya are performing the modelling work. 

B. WORK PROGRAMME 

1. Hydration experiments 
Uniaxial experiments determining the influence of the suction potential 

on the hydration rate, swelling or swelling pressure, will be performed. 
The progression of the hydration front will be followed by x-ray tomography. 
2. Hydro-mechanical experiments 

These experiments will determine the mechanical characteristics as a 
function of the water content and the suction potential of swelling clay at 
room temperature. Tests with imposed suction potential will be performed. 
3. Modelling 

The first step will be the adaptation of the existing models to dense, 
swelling clays. In the heat and moisture transfer model, strain and 
deformation effects will be included as independent variables, while in the 
moisture migration and stress/strain behaviour model, expansive soil effects 
will be included. 

In the second step a coupling of the models will be done by the 
automation of the data transfer from one model to the other. 
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C. PROGRESS OF WORK AND OBTAINED RESULTS 

State of advancement 

SCK-CEN 
A second hydration experiment on Boom clay was performed and the 

hydration profiles were measured non destructively by X-ray tomography. 
The water content-suction relation was experimentally measured for Boom 

clay at different initial densities and at 25 °C and 40 °C. 
A first suction controlled oedometer experiment was performed to study 

the swelling-collapse behaviour of Boom clay under constant vertical stress 
and decreasing suction. 

CEA 

The CEA has performed oedometer experiments on the French reference 
clay FoCa-7 and on Boom clay using samples with different initial suctions. 
The experimental results have been compared qualitatively with the 
predictions of the model of Alonso and Gens. In a second type of 
experiments, the free swelling of FoCa clay under different imposed suctions 
was measured. 

UPC 

The hydro-mechanical code NOSAT was further improved with regard to the 
correct representation of a "no tension" material. An improved modellisation 
of the BACCHUS 2 in situ backfill test was performed taking into account the 
installation phase. The new "no tension" version of the NOSAT code was 
applied. 

Experiments on Boom clay were performed to determine the water 
retention curve and the swelling-collapse behaviour under hydration and 
controlled suction. The results will be used for the BACCHUS 2 
modellisation. 

Tests on a sand-expansive clay mixture were performed to test the 
theoretical predictions of a newly developed model for expansive soils. 

A suction controlled triaxial cell was designed. The system includes 
a laser system for the measurement of radial deformations. 

UWCC 

Five numerical codes have become operational at UWCC. These codes can 
handle problems with different degrees of complexity ranging from relative 
simple heat and moisture transfer problems to complex problems with 
deformation calculations coupled with heat, water and gas transport. These 
models are currently being applied to experiments. 

Progress and results 

SCK-CEN 
In a first hydration-X-ray tomography experiment a clay plug of 20 mm 

was used. The hydration took place quickly so that it was difficult to 
follow the progress of the hydration front. Therefore a second experiment 
using a 70 mm long clay plug was performed. The progress of the hydration 
front could be clearly measured as shown in Fig. 1. 

The water content suction relationship for Boom clay was measured for 
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an initial dry density of 1.1 g/cm3, 1.6 g/cm3, 1.7 g/cm3 and 1.8 g/cm3. The 
experiments were performed at 25 °C and 40 °C. The suction was controlled 
by saturated salt solutions and the temperature by the climatic cabinet in 
which the experiments were performed. The clay samples were unconfined and 
initially dry. The equilibrium water content of the samples was independent 
of the density. The equilibrium water content at 40°C is lower than at 25 °C 
for suctions below 50 MPa. At higher suction no difference is observed. 

A suction controlled oedometer experiment was performed on Boom clay 
compacted to a dry density of 1.7 g/cm3. A constant vertical stress of 2 MPa 
was applied on the sample. The deformation of the sample was measured while 
the suction was gradually decreased. The suction in the sample was 
controlled by circulating air with a constant relative humidity on both the 
bottom and top of the sample. The relative humidity of the circulating air 
was controlled by the use of saturated salt solutions. 

CEA 

Oedometer tests were performed on FoCa clay powder with different 
initial suctions. To control the initial suction the clay powder was first 
stabilized in an atmosphere with constant temperature and relative humidity. 
The suction-water content relationship has been determined for FoCa clay. 
To test the model developed by Alonso and Gens, five different stress-
hydration paths were applied in the oedometric tests. An important 
consequence of this model is that for the same maximal stress applied during 
compaction, the swelling of an unsaturated clay sample under a constant 
vertical stress is larger than for a saturated sample when it is unloaded 
to the same stress. This feature was confirmed by the oedometric tests. 

The free swelling of highly compacted FoCa clay was measured as a 
function of the suction. All samples has an initial water content of 10 % 
and were compacted to 60 or 100 MPa corresponding with an initial dry 
density of respectively 1.84 g/cm3 or 1.89 g/cm3. The moisture content and 
swelling of each sample was measured once it has reached equilibrium. The 
results are shown in Fig. 2. The samples swelled with decreasing suction. 
Only at very high suctions (> 150 MPa) a small shrinkage occurred. 

UPC 

Advances in the computer code NOSAT 
In the preliminary analysis of the BACCHUS 2 experiment reported last 

year, strong tension stress states were calculated at some stages during the 
wetting process. It is unlikely that the expansive fill and the natural clay 
could develop such tension stress states. Therefore the NOSAT code was 
modified to include a "no tension" material option. Some parts of the code 
were reprogrammed to: 

- identify the tension stress states and define the residual stresses. 
Two cases were considered: nodes whose principal stresses are all in 
tension and mixed compression-tension cases; 

- include an iterative procedure in the mechanical part of the code 
which applies external nodal forces compatible with a no tension 
material. 

Modelling of the BACCHUS 2 experiment 
This modellisation still has a preliminary character as the soil 

parameters are still being determined. However, important improvements were 
introduced compared to the first modelling work. In particular special 
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attention was given to: 
- the definition of the initial conditions. The simulation of the 

installation of the experiment has required the following 
computational steps: drilling of the borehole and installation of 
the backfill inside the annular space between the test probe and 
the natural clay. The final stress state was taken as initial 
condition for the coupled flow-deformation analysis; 

- the modelling of the boundary conditions at the probe-backfill 
contact; 

- the "no tension" analysis and its comparison with the elastic case. 
Figure 3 shows the computed radial displacements at steady state for the 
elastic as well as the "no-tension" analysis. Maximum displacements occured 
at the backfill-natural clay interface. The "no-tension" analysis leads, as 
expected, to larger overall displacements. 

Laboratory experiments 
Three series of conventional oedometric test were performed on Boom 

clay compacted to three different dry densities i.e. 1.2 g/cm3, 1.7 g/cm3 and 
2.0 g/cm3. These densities correspond respectively with the density of Boom 
clay powder, the mean density of the BACCHUS 2 backfill and the density of 
the Boom clay pellets in the backfill material. Also suction controlled 
tests were carried out. The results will be used in the BACCHUS 2 modelling 
exercise. 

Progress was made in the design of a new suction-controlled triaxial 
apparatus. Compared to conventional triaxial equipment, the size of the test 
samples was reduced to facilitate the suction equilibration. The air 
pressure method will be applied to control suction. Volumetric deformations 
will be measured by laser transducers scanning the length of the sample. The 
design presently being built is shown in Fig. 4. 

More comprehensive stress paths involving suction and loading cycles 
have been applied to dry-of-optimum compacted samples of sand-expansive clay 
mixtures. The main reason for testing this mixture is to have a relatively 
pervious material with reasonable equilibrium times. Tests results were 
compared with the theoretical predictions of the new elastoplastic model 
developed under contract FI2W-CT91-0102. 

DWCC 

Temperature/capillary potential/air pressure model 
Attention has been focused on the interface between unsaturated and 

saturated behaviour under isothermal conditions. In particular, as the soil 
becomes saturated, the dissolution of air in the pore water was 
investigated. For isothermal cases the model was applied to experiments 
published in literature while for the non isothermal case the model was 
verified by comparing results with alternative numerical simulations. The 
application of the verified model to the experimental work of SCK»CEN has 
been started. 

Soil suction/air pressure/deformation model 
The model was applied to a full scale field problem about the seasonal 

ground movements of an unsaturated soil. In Fig. 5 the comparison between 
predicted and measured displacements is shown. The model was also further 
expanded to include the elastoplactic constitutive relationships of Alonso 
and Gens /!/. 
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Soil suction/temperature/air pressure/deformation model 
As stated in last yearly report the development of the software 

framework within which the overall model can be accommodated, was completed. 
Several research models were developed within this framework. Three 
constitutive relationships were examined and three software models based on 
respectively a non-linear elastic approach, an elasto plastic relationship 
and a thermoplastic analysis were produced. In Table I an overview of the 
developed models is given. Application of these models to the laboratory 
experimental work performed under contract FI2W-CT91-0102 by CIEMAT is now 
under way. In first instance, the simplest model, the non-linear elastic 
constitutive approach, is applied before attempting the more complex 
elastoplastic models. 

References 
/l/ Alonso E., Gens A. and Josa A., A constitutive model for partially 

saturated soils. Geotechnique, 40, 3, 405-430, 1990. 
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materials. 
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hydration of clay backfilling and sealing 

Table I : Overview of the codes developed by UWCC 

Software 

HM 
HMA 
HMAE 

HMAEP 

HMATP 

Purpose 

Coupled heat and moisture transfer in unsaturated soil 
Coupled heat, moisture and air transfer in unsaturated soil 
Coupled heat, moisture, air and deformations in unsaturated 
soil, with deformations calculated by elasticity theory, 
combined with a state surface approach 
Coupled heat, moisture, air and deformations in unsaturated 
soil, with deformations calculated by an elasto/plastic 
theory 
Coupled heat, moisture, air and deformations in unsaturated 
soil, with deformations calculated by a thermo/plasticity 
theory 
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Figure 1 : Evolution of the hydration profile in a Boom clay plug with a dry density of 1.7 g/cm3 as measured by Xray 
tomography 
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Figure 4 : Design of the new suction controlled triaxial apparatus 
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MODELLING AND VALIDATION OF THE THERMAL-HYDRAULIC-
MECHANICAL AND GEOCHEMICAL BEHAVIOUR OF THE CLAY BARRIER 

Title : Modelling and validation of the thermal-hydraulic-
mechanical and geochemical behaviour of the clay 
barrier 

Contractors : SCK'CEN, ENRESA, CIEMAT 
Contract N° : FI2W-CT91-0102 
Duration of contract : from 01-10-91 to 30-09-94 
Period covered : from 01-01-93 to 31-12-93 
Project leaders : G. Volckaert (coordinator), C. Mayor, E. Alonso, 

J. Samper, M. Villar 

OBJECTIVES AND SCOPE 

When considering compacted clay-based materials as engineered barrier 
in the immediate environment of a HLW container, not only the 
hydromechanical performance needs to be studied but also thermal and 
hydrochemical evolution needs to be known. 

The influence of temperature on the hydrological, mechanical and 
chemical field, was studied for each of these fields separately. However 
to be able to assess the overall performance of the clay barrier, it is the 
objective of this project to model the combined effect of temperature on the 
hydromechanical and hydrochemical field. 

The development of codes for the simulation of multiphase flow under 
nonisothermal conditions and their application to the interpretation of the 
experimental work will be carried out by CIMNE (UPC-DIT) under subcontract 
with ENRESA. 

The laboratory experiments will be designed by CIEMAT in cooperation 
with the modellers and the SCK«CEN. 

B. WORK PROGRAMME 

Code development 
To simulate multiphase flow under nonisothermal conditions a code will 

be developed and, on the one hand coupled to a chemical transport code and 
on the other hand to an elasto-plastic model adapted to account for 
expansive material effects. 
Experiments 

Tests will be carried out on ad hoc designed cells that will allow to 
determine the evolution of temperature, pressure and fluid concentration 
fields, produced in the clay barrier by heating of the central zone and by 
flow of water. 
Model application 

The thermo-mechanical and thermo-chemical models will be used in the 
interpretation of the above experiments and experiments carried out in 
complementary CEC programs (contracts n° FI2W-CT90-0033, FI2W-CT91-0098). 
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PROGRESS OF WORK AND OBTAINED RESULTS 

State of advancement 

Experiments 
At CIEMAT one thermohydraulic cell, four membrane cells and ten suction 

controlled oedometers are now fully operational. For the cementation and 
mineralogical transformation studies an alteration cell was constructed and 
four experiment were already performed. An oedometric cell with suction and 
temperature control was designed and constructed. The development of an 
experimental set up for the extraction of interstitial clay water was 
delayed. A "squeezing" apparatus which allows for pressures up to 100 MPa 
is actually under construction. 

UPC has developed an oedometer with suction and temperature control. 
It has now been put into operation and commissioning tests were carried out 
with success. First experiments on Boom clay were performed. 

Due to the lack of data on dissolution rate constants for clay 
minerals, laboratory experiments were conducted using smectite samples 
similar to those being studied by ENRESA for the backfill clay barrier. 

Model development 

Thermo-hydro-mechanical 
The constitutive model was further developed to include expansive soil 

and thermal effects. In particular, the effect of microstructural strain on 
irreversible macrostructural strain and the effect of cementation were 
included. The formulation of the thermo-plastic constitutive law for 
unsaturated soil was completed. 

The development of the 3D finite element coupled code has well 
advanced. A coupled ID programme is being developed to check the results of 
the main code and to use as testing ground for new algorithms before they 
are incorporated in the main code. 

Thermo-hydro-chemical 
To optimise the solution for complex coupled solute transport 

chemical equilibrium problems, three one dimensional coupled codes were 
developed. These codes account for reactions taking place in the aqueous 
phase and mineral dissolution/precipitation reactions under isothermal 
conditions. 

Progress and results 

CIEMAT 
In the thermo-hydraulic cell five experiences were performed on a 

Spanish montmorillonite compacted to a dry density of 1.65 g/cm3. Three 
different initial water contents were applied i.e. 11Z, 15Z and ZOZ. A 
punctual and axial heater were used. The samples were hydrated by injecting 
water at 1.1 MPa while at the same time the sample was heated. During the 
experiment the temperature distribution, water uptake and pressure were 
measured. The final density, water content, electrical conductivity, free 
silica, specific surface and pore size distribution were determined 
destructively at the end of each test. The main conclusions drawn from these 
experiments are: 

- the hydration is mainly affected by the initial water content and not 
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by the thermal gradient; 
- the final water content distribution is related to the thermal 
gradient; 

- at the water inlet, the density decreases due to swelling and by 
consequence increases in the surrounding areas; 

- dissolved species migrate to the heater and create a local saline 
environment. 

The "water content versus suction" curves were determined for 
montmorillonite with different initial water contents and dry densities, and 
for Boom clay. A logarithmic relationship was observed between the water 
content and suction. The relation seems to be independent of the initial dry 
density or water content. 

The first set of suction controlled oedometer tests consist in a 
drying-hydration cycle at constant vertical load followed by a loading-
unloading cycle at a given suction. The experiments were performed on 
montmorillonite. An example of the result of such a test is given in Fig. 
1. The results will allow to test the UPC geomechanical model. 

Triaxial tests were performed to study the influence of the water 
content on the friction angle and cohesion. In these tests the suction is 
not actually controlled. The results are summarized in table I. 

UPC (main sub-contractor to ENRESA) - geomechanics 

Constitutive model development 
To incorporate the expansive soil effects mathematical expressions were 

selected for the description of: 
- the microstructural behaviour; 
- the relationship between microstructural volumetric strain and 
irreversible macrostructural strain. 

These mathematical models were compared to experimental results on compacted 
clays reported in literature. This activity was iterative. Comparisons 
between model predictions and experimental results have suggested 
modifications of the particular equations selected initially and further 
refinements of the model. 

The effects of cementation were incorporated in the general unsaturated 
constitutive model. Figure 2 shows the basic mechanisms of this model 
extension in the suction-stress space. The main effect of cementation is an 
increase in both cohesion and strength compared to the destructured soil. 
The effect of an increase in suction on a cemented soil, is more important 
than on a destructured soil. 

To include temperature effects, the unsaturated elastoplastic model was 
coupled with the thermo-plastic model developed by Hueckel and co-workers. 
In this model the elastic behaviour is derived from a thermoplastic energy 
potential, which is a function of suction and temperature. 

Code development 
The microstructural level was introduced into the code by applying a 

"mixture theory" on the governing equations. Mass conservative numeric 
schemes and a range of time integration schemes were included in the code. 
The code was partially tested. 
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Laboratory testing 
An oedometer apparatus with suction and temperature control has become 

operational. The test specimens are compacted directly into the oedometer 
(see Fig. 3). This improves the specimen repeatability and minimizes the 
risk of uncontrolled water content changes. Oedometer tests on Boom clay 
under suction control were carried out at 22 °C, 58 °C and 80 °C. The aim 
of these tests is to determine the dependence of the expansivity of 
unsaturated Boom clay on temperature. 

UPC (main sub-contractor to ENRESA) - geochemistry 
To obtain data on the dissolution rate constants for clay minerals, 

dissolution experiments on smectite at 80 °C under alkaline conditions pH 
8.8 were performed. Two types of experiments were performed: flow-through 
kinetic experiments to measure the dissolution rate of the smectite and 
batch experiments to obtain equilibrium data. Figure 4 shows some 
preliminary results for the dissolution rate as a function of the saturation 
state expressed as the ion activity product (IAP). The dissolution rate 
increases with increasing undersaturation. 

Three different numerical models were prepared for the solution of the 
coupled solute transport and chemical equations. The first is based on the 
direct substitution of the chemical equations into the transport 
differential equations. At the present stage, this approach can only 
consider kinetically controlled reactions, the second one is based on a 
sequential iteration scheme which solves separately the transport and 
chemical equations. So far this approach was implemented only for chemical 
equilibrium conditions. The third approach is the simplest and consists in 
coupling an existing chemical speciation code (in this case PHREEQE) to a 
transport code. Results obtained with the various approaches including 
equilibrium and kinetical calculations, are being compared. The advantages 
and limitations of each of them are being evaluated. 

SCK/CEN 

In order to coordinate this project with the related projects 
"BACCHUS 2" (contract n° FI2W-CT91-0098) and the project on modelling and 
testing of the hydration of clay backfilling and sealing materials (contract 
n° FI2W-CT90-0033) two meetings with the partners of the three contracts 
were organised. 

List of publications 

E. Alonso, A. Gens, M. Villar, J. Samper, G. Volckaert 
Model development and validation of the thermo-hydraulic-mechanical and geo-
chemical behaviour of the clay barrier. 
Seniestrial progress report 1st sem 1992, CEC contract FI2W-CT91-0102 
SCK/CEN R 2962 

E. Alonso, A. Gens, M. Villar, J. Samper, G. Volckaert 
Model development and validation of the thermo-hydraulic-mechanical and geo-
chemical behaviour of the clay barrier. 
Annual progress report 1992, CEC contract FI2W-CT91-0102 
SCK/CEN R 2975 
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Table I Results of triaxial tests on montmorillonite showing the effect 
of water content on cohesion and friction angle 

Water content 

10Z 

15Z 
20Z 

Range cr3 

Low (0.5-3 MPa) 
High (10-30 MPa) 
Low 
Low 
High 

Cohesion 
MPa 
0.1 
7 
0.8 
1.2 
3 

Friction angle 
o 

33 
8 
31 
21 
2 
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Figure 2 Basic mechanisms of the yield model, under isotropic stress 
conditions, for a unsaturated cemented soil. 
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Figure 3 Oedometer apparatus with suction and temperature control. 
The mould and piston for 'in apparatus' compaction are shown. 
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Figure 4 The dissolution rate dependence on saturation state expressed 
in terms of ln(IAP) (IAP = ion activity product) 
Experimental conditions: pH=8.8, T=80°C, duration 300800 h, 
dioctohedral montmorillonite. 
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Title : Acquisition and regulation of water chemistry in an argillaceous medium 
(ARCHIMEDE) 

Contractor : ANDRA, BRGM, CEN/SCK 
Contract N° : FI2W-CT92-0117 
Duration of contract 
Period covered 
Project leaders 

January 92 - December 94 
1993 
Dr. T. Merceron (ANDRA, Fontenay aux Roses, F 
Coordinator), J.R. Mossmann (BRGM, Orleans, F) 
B. Neerdael (CEN/SCK, Mol, B) 

A) OBJECTIVES AND SCOPE 

Clay is a candidate environment to host highly radioactive waste disposal. The 
radionucides can progressively arise from the waste into the host geological formation over 
a long period of time. The understanding of the behaviour of natural elements in clay 
formations is an unavoidable step towards the understanding of the fate of such 
radionuclides. Further laboratory studies are also needed to help forecast, by analogy, the 
behaviour of radioelements released from deep radioactive repositories. 

The ARCHIMEDE project aims at three major goals : 

i.- understanding the mechanisms of acquisition and regulation of formation water 
chemistry in clay environment, as a result of water-rock interactions ; 

ii.- testing and validating physico-chemical parameters that describe the clay 
formation and its properties, and that feed geochemical models ; 

iii.- applying these results at modelling a real clay environment : the Boom Clay 
Formation. 

Rock sample characterization is generally realised in the laboratory after sampling. 
Sampling techniques usually applied can sometimes significantly disturb the original 
geochemical and microbial state of the sediment. In this study special attention has been 
paid to prevent such drawback : the Boom clay formation (solid, fluid and gaseous phases) 
was sampled from the Underground Research Facility in Mol (Belgium) under anaerobic 
and aseptic conditions, and experimental works were designed in order to measure non 
conservative (pH, Eh) or potentially versatile parameters (interstitial fluids, trapped gases, 
cation exchange capacity) directly in the formation. Microbiological techniques are 
developped for natural sample and willcomplement classical bacteriological studies using 
conventional microbial ecology techniques. 
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Four scientific teams are in charge of animation of the different phases o> ih< 
project, under the coordination of ANDRA - DEEC (France) : SCK/CEN (Belgium). 
CEA-DSD (France), BRGM (France) and GRAM SA with the collaboration of CNRS 
(France). The ARCHIMEDE project will be achieved within three years (1992-1994). 

B.) WORK PROGRAMME 

The four main topics of the project are as follows : 

1. fluid and solid sampling, in situ measurements : all teams are involved in this 
topic which is planned over 1992 for sampling and over 1993 for in situ measuring ; 

2. fluid (CEA-DSD) and solid (BRGM) characterization. The main step of the 
project is planned over 1993 ; 

3. microbial investigations (GRAM SA) will spread over three years (1992-1994) ; 
4. fluid-rock interaction modelling (CEA-DSD and BRGM) will integrate the result 

obtained after the characterization step and will occui from late 1993 on. 

C. PROGRESS WORK AND OBTAINED RESULTS 

The second term of the ANDRA/CCE "ARCHIMEDE - Argile" project allowed a 
series of experiments to be performed in the laboratory as well as on the field aiming at 
precisely characterizing the Boom Clay Formation. The project is well on schedule : 

- as far as microbiology is concerned, bacterial characterisation using conventional 
microbial ecology techniques is finished. Genetic sequencing of strains is on course. The 
first results obtained so far allow to distinguish essentially between bacterial strains brought 
into the formation by human activities or through materials used for building the 
underground gallery. Lack of detailed knowledge on autochthonous strains results partly 
from the fact that they are probably not abundant, and partly from lack of relevant data in 
the genetic data base for these strains. Further work will allow to task with this aspect of 
research ; 

- as for geochemistry, two approaches aiming at modelling fluid chemistry 
acquisition and regulation have been investigated. The first approach, developped by CEA 
follows a global path based on the study of the behaviour of chemicals in interstitial fluid 
and in the surrounding aquifers. The second approach, developped by BRGM relies on the 
knowledge of clay/water interaction mechanisms and is based on small scale (local) 
equilibria. Both approaches lead to a model demonstrating that it is now possible to 
realistically forecast the behaviour of a rock/water system in clay based upon a few 
geochemical relationships. 
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2. Participant N 2 (CEA/DCC, France) 

2.1 .Fluid phase characterisation 
Interstitial fluids have been collected with the participation of the SCK/CEN staff in 

stainless steel cells, directly connected to the piezometers. Attention is focused on a good 
conservation of samples without oxidant contamination. So far, only the first piezometer 
has been sampled. Fluids are fractionated, filtered and conditionned in the laboratory for 
further analysis. Anions are determined on a 0.45^m filtered and non acidified subtraction, 
and cations on a 0.45/im filtered and acidified (pH: 1-2) aliquote. Trace elements and 
particularly metal ions are measured from an ultrafiltered and acidified fraction in order to 
prevent from any particular contribution. For fluids from aquifer, filtration and 
acidification are made directly on the field. In situ measurements are also required for 
some parameters such as pH, Eh, alkalinity and sulfide. Fluids are kept under N2 flow 
during the titration of sulfide by potentiometric measurement with HgC12. 

Analyses of fluids have been carried out using ion chromatography (major anions 
and cations), polarography (Cu, Co, Ni), atomic absorption spectrometry (Fe, Mn, Al), 
laser spectrofluorometry (U). Further analysis of trace elements (Rb,Sr, Cs, Ba) will be 
carried out by ICP-MS. 

Specific devices have been tested during this project : a specific system to sample 
interstitial fluids for transition metals analysis.has been connected to a dialysis cell, 
especially designed to prevent metal contamination. The first fluids are about to be 
collected ; fiber optics has been successfully tested to measure in situ pH with a precision 
around 0.1 pH unit. 
Groundwaters are sampled from different boreholes, reaching the rupelian aquifer at 
different depths from 50 to 530 m. The sampling system is set up at the required depth and 
a column of water is moved to the surface by a N2 flow under pressure, after several 
flushes. 

2.1.1. Results 
2.1.1.1 .Interstitial fluids 

The chemical composition of interstitial fluids is generally homogeneous and 
independent of the distance from the main gallery. Bicarbonate is the major anion (1.25 
.10"2 M) and Na the major cation (1.2. 10" 3 M), pH is alkaline (8.5) and Eh is typical of 
reducing conditions (Eh = -310mV versus H + /H2, Cerberus data). 

Generally, natural solutions exhibit mixed redox potentials, which are impossible to 
relate to a single dominating redox couple in solution. As it was shown during Cerberus 
test, Eh values remain remarkably stable during all the campaign, around the value of -310 
mV. In this case, if this redox potential is significant, we must identify the involved redox 
couples. So, different species sensitive to oxidation are investigated to characterize redox 
conditions of pore-fluids. 

The first results are as follows : 
i.- evolution of NH4 concentrations since the first sampling, to reach high 

concentrations of a few 10"4 M, after a great decrease 
ii.- very low level of thiosulfate concentrations in the first samplings 
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iii.- Fe and Mn concentrations controlled by siderite and rhodocrosite solubility. 
It appears very important to follow these evolutions of NH4 and thiosulfate with 

time. 
The comparison of interstitial fluids with those obtained by squeezing (collaboration 

with BGS Keyworth) has shown that the chemical compositions are very similar in absence 
of oxidation (Table 1). In other cases, an oxidising perturbation seems to have occurred for 
solid samples taken between 3 and 12 meters from the gallery. Beyond this limit, samples 
do not exhibit any apparent oxidising perturbation. The preservation of solid samples from 
oxygen is very difficult. In many cases, the oxidation of pyrite, which is a common 
mineral in Boom clay, occurs, releasing sulfate and protons in solution. This oxidation 
process combined with ion exchange and mineral dissolution (carbonate, clay minerals), 
leads to fluids with neutral pH and high concentrations of SO4 and Na. In this case, it 
seems that reactions of ion exchange are largely predominant. 

In the future, it can be interesting to identify the origin of the oxidising perturbation 
: does it occur after or before sampling ? For exemple, can this perturbation be due to the 
tunnelling ? Analysis of d ^ o and d^^S isotopes performed on interstitial fluids have 
shown that a main source of oxygen in dissolved sulphates ( d ^ O -5 to -10 %o SMOW) 
from oxidised samples is interstitial water oxygen (d^O ~ -7 %o) and not directly 
atmospheric oxygen ( d ^ O " 23 %o). 

2.1.1,2.Fluids from Rupelian aquifer 
The regional hydrogeological conditions are fondamental to quantify and to predict 

the possibility of migration of radioelements from waste disposal. Moreover the similarity 
between the chemical composition of the rupelian aquifer (in Mol) and the interstitial fluid 
implies to know the relationship between aquifers (particularly Rupelian) and interstitial 
fluids. 
These waters evolve from sodium-bicarbonate to sodium-chloride fluids, with CI 
concentrations around 100 mM. Generally alkaline pH decreases from 8.5 to 7.0 in CI rich 
fluids (located in the northern part of the aquifer), whilst sulfate concentrations increase 
steadily, from 1.10~6 M to a few 10_3 M. Bicarbonate concentrations are globally constant. 
Therefore, the CI increase is the major trend of evolution of the Rupelian aquifer. 
O and H isotopes measurements have been performed and showed a marine origin for these 
waters. According to mixing model with sea-water, the marine contribution is expected to 
be up to 16% to the north of the area. So, the chemical composition of these fluids is the 
combined result of mixing with a marine component and water-rock interaction leading to 
Na, Ca, K, Mg/Cl ratios lower than those obtained by mixing only. This model should be 
further precised by the study of halogen elements and isotopic measurements ( O, S, H) 
The first step concerning global equilibria of the system is based on speciation calculations 
and saturation indexes of the main minerals. The PHREEQE software / l / has been used. 
All the studied samples (interstitial and aquifer) are saturated with respect to chalcedony. 
In interstitial fluids, Ca and Mg are controlled by carbonate solubility, but a slight 
oversaturation is observed in most locations of the Rupelian, except for chlorinated fluids 
which are near saturation. This oversaturation could be explained by an extra production of 
CO2, resulting from the degradation of organic matter. 
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In natural solutions, Fe is generally assumed to be at the valence II, despite positive 
measured redox potential, Fe (III) is rapidly removed from solution, as oxide or oxi-
hydroxide mineral phases. In interstitial fluids and in the aquifer, Fe + + , FeCC>3 and 
FeHCC>3 + are predominant species and Fe concentrations are also controlled by carbonate 
solubility. Chlorinated fluids are however undersaturated with respect to siderite and 
rhodocrosite. The relatively low concentrations of Fe could result of oxidation of pyrite, 
with beginning of oxides and oxi-hydroxide precipitations. If oxidation of pyrite 
(microbially catalysed) is incomplete, such as in marine sediments 111', this oxidation 
produces sulfur species which cannot be measured by classical analytical methods : 
polysulphides, or colloidal sulphur. In this case, the acidification is lower and the SO4 
release is expected at a lower extent, and occurs later in the presence of 02- Further d ' ° 0 
and d34s isotopes measurements should precise the origin of the sulphates in the aquifer 
and SEM observations of suspended particles could allow to validate the existence of 
colloidal sulphur or any trace of sulfide mineral in suspension. 

2.2.Future work 
In a first step, we will focus our attention on redox characterisation and identify 

which are the main redox couples in equilibrium. 
In a second step, we should understand the mechanisms governing how interstitial 

water has acquired its chemical composition. Is this composition determined by equilibria 
with aluminosilicates or by reactions of ion exchange ?. 

The examination of ion correlations in aquifers and Boom Clay Formation 
interstitial fluid allows to evaluate equilibrium constants for the Na-K -Al-SiC>2 system. 
These constants are very close to those usually retained for albite and microcline equilibria. 
It is hence proposed that regulation of fluid geochemistry in Boom clay derive from 
equilibria with aluminosilicates. 

Finally, these concepts will be applied to trace elements (alkali and alkaline earth 
elements, and transition metals) in order to define the main processes (complexation, 
sorption, precipitation, ...) controlling their mobility in solution. 
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3. Participant N° 3 (BRGM, France) 

3.1. Solid phase characterisation 
Solid phase of the clay sediment is made up of the constitutive minerals and organic 

matter (Table II). When it turns out to modelling, fluid geochemistry can be considered as 
the consequence of the interaction between interstitial water and minerals, whereas the role 
of organic matter is not always taken into account. Thus solid phase characterisation has 
been undertaken in the scope of determining how and which mineral or organic phases take 
part to the geochemical processes of fluid chemistry acquisition. 

The mechanisms potentially involved are dissolution-precipitation, ion exchange and 
organic matter transformation. Thus, solid phase characterisation involves not only 
mineralogical determination, but also testing for rock properties or the determination of 
mineral and organic phase evolution state. 

To achieve this, a set of experiments has been conducted on fresh (i.e. undisturbed) 
or oxidized (i.e. disturbed) clay, some of them on site just after sampling in order to work 
on as fresh material as possible, some other in the lab when specific conditions or methods 
were requiered. Some tests are also carried out on the field, aiming at evaluating the Boom 
Clay Formation properties on a real scale. 

The confrontation of the results obtained should help us disentangle the complex 
geochemical system formed by the mixture of clay, organics and water. 

3.1.1 Results 
The main results obtained so far concern the rock forming mineral composition and 

the main mechanisms involved in the water-clay interaction. 
The bulk mineralogy of the clay can be summarised as quartz (20 to 25 %), pyrite, 

carbonates and some feldspar (plagioclase and microcline) all present in a few percent, in 
addition to a clayey phase that makes up about 60 % of the sediment. The clay mineralogy 
is dominated (about 50 % of the clay fraction) by illite smectite mixed layers (randomly 
inter stratified, containing about 55 % illite), micas (mainly biotite and detrital illite and 
glauconite, making up altogether about 28 % of the clay fraction), kaolinite (around 20 % 
of clay) and up to 4 % of chloritic minerals. Pyrite appears as aggregates of euhedral 
crystals and framboids. In oxidized samples, this pyrite is partly replaced by anhydrite, and 
ferric sulfate and jarosite form if intense oxidation is maintained. 

Total cation exchange capacity (as measured using Cobaltohexamine chloride) 
amounts to about 25 meq/lOOg dry sediment, 20 of them due to effective exchange with 
clay minerals, the rest being due to interference with other phases. After oxidation, the 
amount of exchanged calcium and magnesium significantly increases, indicating that clay 
can still incorporate these elements when rendered available by slight oxidation. 

Carbonates are disseminated in the clay and appear mainly as calcite and dolomite 
from micro fauna tests. Mass balance calculation shows that at least during moderate 
oxidation, only part of the available carbonate is enough to account for measured alcalinity. 

After pyrolysis, organic matter shows low maturation (Tmax = 430 C) with 
anomalously low Hydrogen Index (HI ~ 60) suggesting oxidation. Palynofacies studies 
along with carbon dioxid as main naturally released gase demonstrate that this organic 
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matter is on the contrary well preserved, and probably not oxidised. It is essentially marine 
in origin (type III to type II), with some detrital organic inputs. It is suggested that clay 
matrix effect is responsible for hydrocarbon trapping during pyrolysis leading to an 
underestimation of the real Hydrogen Index. 

Rock Eval pyrolysis performed after removal of the inorganic phase yielded IH 
values of 330, well in agreement with this type of organics. Several other indices point 
towards an intimate mixture of organic matter with clay. SEM examination of stained 
preparations, along with heavy metal mapping will allow to visualize organic matter 
partition within the sediment. 

At present, these results have allowed to propose a model to explain the present 
porewater chemistry in the undisturbed clay. 

In this model, the redox potential is maintained reducing by organic matter, whereas 
pH is buffered by carbonate dissolution and cation exchange with clays is responsible for 
the chemical pattern of Boom clay interstitial fluid. Clay minerals (mainly illite-smectite 
mixed layers) exchange principally sodium and a few potassium against protons, and 
sodium against calcium and magnesium produced by carbonate dissolution. Aluminum is 
apparently governed by kaolinite. 

3.2.Future work 
Further investigations are currently carried out in order to refine the model, 

principally in the view of a better account for exchange mechanisms. The final model will 
be later complemented in order to take into account also trace element geochemistry. 
In the oxidative disturbed state, the system becomes more complex. 

Pyrite oxidation yields high acidity that is eventually no longer buffered by 
carbonates. Porewater becomes enriched in sulphate.The geochemical system seems to 
stabilize to pH around 2 to 3 and probably passes under control of aluminosilicates. 
The pattern suggested for the undisturbed state is no longer valid in this case : more phases 
are involved and dissolution - precipitation or transformation mechanisms might well 
become dominant. More specific investigations should be conducted in order to better 
evaluate the geochemical system induced by oxidation of this clay. 
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4. Participant N 4 (GRAM SA, with CNRS, France) 

4.1. Microbiological study 
Bacteria can survive and even proliferate within deep-subsurface conditions /3,4,5/. 

The opening of a gallery induces drastic modifications to these environments, stimulating 
or inhibiting microbial activities. The new interface between subsurface sediments and 
human activity can be a propitious medium for bacteria brought by human activity. A study 
has thus been undertaken to investigate the nature and numbers of autochthonous bacteria 
present in the Boom clay deposit before any human processing, and the behaviour of 
allochthonous bacteria liable to be introduced in the deposit during the human activity in 
the gallery. 

4.1.1 .Sampling conditions 
Three 40cm long core samples were sterile collected at 1, 10 and 20 meter depth 

from the gallery respectively, with the help of the SCK/CEN staff. Interstitial fluid 
microfauna was also recovered from sterile piezometers. Air and tool bacteria were 
sampled in order to check for allochthonous contamination. 

We have analyzed the number of bacteria as a function of depth in clay deposit 
from the gallery as well as their activities as estimated in situ. Preliminary data of 
numerical taxonomy coupled with molecular phylogeny have been used in order to assess 
whether the bacteria isolated from clay samples are indigenous to the geological deposit, or 
if they are allochthonous organisms recently introduced from the surface. 

If bacteria do survive in subsurface environments, they can often be present in quite 
low numbers. In these conditions, and even when the most stringent precautions are taken 
to work under aseptic conditions (wear of sterile gloves and protective masks by operators, 
accurate cleaning and sterilisation of all equipment), the bacteria that always contaminate 
any human or mechanic operation are extremely difficult to distinguish from the true but 
rare autochthonous bacteria. 

5.1.2 Bacteria distribution 
Large number of living bacteria (loG-lO5 CFU g"1) and molds (lO^lO4 CFU g"1) 

were characterized within a few centimeters from the gallery wall. Less bacteria were 
observed as depth increased. Beyond 80 cm very few bacteria (10^-10^ CFU g"l) were 
counted. Highest counts were recorded in aerobic conditions; microaerophilic and 
anaerobic bacteria were lacking or poorly represented. Two samples of clay collected at 
760 cm and 1960 cm from the gallery wall appeared sterile under all culture conditions. 
In pore water samples collected at 3, 7 and 15 m depth, total counts ranged from 2,4 \$ 
to 1,2 10^ cells ml"l. Viable counts ranged from none to 3x10^ colonies mH. Bacterial 
densities in water do not correlate with sampling depth. 

In clay, bacterial respiration appeared significant only within the outerlayer (less 
than 80 cm of depth from the gallery wall), decreasing from 92 to 0.2 nanomole CO2 1"* 
h"l from the surface to 80 cm depth (Figure 4). Less than 2 picomole CO2 1"* h~l were 
produced in deeper samples (15m, 19m). In collected water, bacterial respiration ranged 
from 3 to 80 picomole CO2 l"1 h_1, assimilation ranged from 0,5 to 230 picoat CI - 1 h 1 . 
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5.1.3 Assessment of bacterial origin 
A total of 163 bacterial strains were isolated. One hundred and six strains were 

isolated from clay and water samples: 80 from clay samples (gallery surface: 20; 5 cm: 15; 
15 cm: 10; 30 cm: 8; 80 cm: 7; 100 cm: 2; 550 cm: 1; 735 cm: 7; 760 cm: 1; 900 cm: 5; 
1100 cm: 1; 1780 cm: 2; 1960 cm: 1), and 26 from pore water samples (300 cm: 1; 700 
cm: 12; 1500 cm: 13). Forty seven strains were also isolated from different samples of the 
gallery atmosphere and 10 were collected on the tools. A combined study by numerical 
taxonomy and molecular phylogeny was used to try to assess the indigenous or 
allochthonous origin of these bacteria. For phenotypic identification each strain was 
described by 107 morphological, physiological and biochemical features 161. Strains were 
compared and clustered using KHI2 coefficient and variance analysis. For molecular 
phylogeny, species identification was obtained by comparing the 16S ribosomal RNA 
(rRNA) sequence of each species to sequences obtained in an already existing rRNA 
databank /7,8,9/. Most of the strains isolated from samples collected beyond 80 cm from 
the gallery wall cluster (phenotypically and genetically) with strains isolated from the 
gallery atmosphere or from the coring tools. They were considered as contaminants 
resulting from the processing of the samples. On the other hand, 57 strains (all but three) 
isolated from the surface of the gallery down to a depth of 80 cm appeared well separated 
from other strains, and were considered as autotochthonous. The phenotypical description 
allowed to identify each bacterial strain according to the reference manuals /10,11,12/. 
This identification was in good agreement with both the above mentionned phenotypical 
and genetical clusterings. The bacterial strains isolated from the surface of the gallery to a 
depth of 80 cm were identified as soil bacteria (mostly Nocardioides, Alcaligenes, 
Azotobacter, Acinetobacter, Paracoccus and Pseudomonas). Most bacterial species 
considered as contaminants belong to taxonomic groups recognized in previous studies as 
contaminants ordinarily present in a human environment (Staphylococcus, Streptococcus) 
or as airborne bacteria (Bacillus). 

5.2 Future work 
Our analyses clearly demonstrate that there is a gradient of bacteria in the studied 

sediments. Bacteria proliferate at the interface between the clay sediments and the gallery 
due to human activity. This fauna might originate primarily from the grouting material 
used, mainly made up of a mixture of quartz, sand and concrete. 

Bacteria are very rare if not nonexisting in the undisturbed deeper depth of the clay 
sediments. If methods such as numerical taxonomy or molecular phylogeny had not been 
used to assess for bacterial diversity and identity, the study would have led to a completely 
false representation of the numbers of bacteria present in the clay, of their nature and 
geochemical roles. 

It appears that most bacterial activities identified in this study were located within a 
penetration gradient in the outer most layer of the clay, near the gallery wall filling 
material.Work is in progress in order to analyse by combined classical and molecular 
methods the species that have been isolated and to characterize by molecular methods 
bacteria potentially living in clay, but that might been difficult to detect because many 
bacteria are not amenable to cultures. 
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7. Tables 

Table I : Chemical composition of interstitial fluids and aquifer. 

(1) (2) (3) 
pH 8.75 7.65 8.5 
Eh(mV) 38 130 -310 
Alkalinity 17.9 13.2 12.5 
S 0 4 0.013 4.06 0.05 
CI 0.77 92.7 0.5 
S i 0 2 0.14 0.21 0.14 

The concentrations are expressed in mM/1; (1) : Mol; (2) : Meer, (3): 
interstitial fluid. (1) and (2) represent the two end-members of the 
Rupelian aquifer. 

Na 
K 
Ca 
Mg 
NH 4 

(1) 
17 
0.25 
0.16 
0.04 
N.D 

(2) 
110.2 
1.06 
0.81 
1.83 
N.D 

(3) 
12.7 
0.25 
0.06 
0.12 
0.13 

Table II : Boom Clay mineralogy. 

WHOLE ROCK 

QUARTZ 

MICROCUNE 

PLAOIOCLASE 

PYRITE 

CARBONATES 

SULFATES 

CLAY FRACTION 

C L A Y F R A C T I O N 

I S MIXED LAYERS, 

I S MIXED LAYERS, 

ILUTE + MICA 

K.AOUN1TE 

CHLORITE 

OXIDES (Ti, Fe) 

RANDOM ( R — 

OREDERF.D ( R 

25 
20 
4-5 

=0) 
>3) 

% 

20-25 
4-5 
4-5 
4.5 
< 5 
< 5 
60 

% 

50 
Trace 
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Title: Phenomenology of Hydrical Exchanges Between Underground atmosphere 
and Storage host-rock 

Contractors : Agence Nationale pour la gestion des Dechets RAdioactifs (ANDRA) 

- France -

Contract n°: FI2W-CT-91-0116 

Duration of contract: January 1992 to December 1994 

Project leader: JM. PALUT 

Al OBJECTIVE AND SCOPE 

The aim of the PHEBUS project concerns the study of the hydrous behaviour of a clay formation 
around ventilated excavations. It consists of a modelling, a laboratory mock-up and an in situ test 
carried out at Mol facility in Belgium. Potential effects of clay desaturation around ventilated 
galleries should be changes in permeability, fissuration or mechanical hardening. These effects may 
particularly influence lining concepts as well as sealing concepts. 

In a first phase, this consists in developping methodological tests not on core samples but on 
remoulded highly compacted clays. This procedure provides an appropriate control of the hydrical 
and mechanical history of the sample, making it possible to understand the real hydrous phenomena. 

An in situ test will then be carried out to validate the mock-up results. Using an appropriate 
apparatus, this phase permits to reach some parameters and their time-dependence that can't be 
measured on a mock-up. This short scale will allow to evaluate the usefullness of a gallery 
ventilation test and to assess its technical feasibility : ventilation system, lining conception and 
planning. 

Bl WORK PROGRAM 

Bl. MODELLING 

This part consists in developing a simplified model of the hydrical transfer, in isothermal conditions 
and without mechanical coupling (constant volume and porosity). This allows to study the 
parameters sensibility and to propose a first evaluation of the hydrical behaviour of the clay medium 
under a ventilation effect (orders of magnitude of water fluxes, desaturation area and phenomenon 
duration) on the basis of the present data. 

B2. MOCK-UP TESTS 

The mock-up tests aim to well understand the phenomenology of hydrical exchanges between a 
controlled humidity air and the initially saturated clay, and to validate the model. It consists to 
design and manufacture an apparatus to test under high stress a clay with a cylindrical opening in 
the centre that simulates the ventilated gallery. At the end of each test, the mock-up is dismantled 
in order to measure the hydrical state around the opening. 
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B3. IN-SITU TEST 

This phase will be carried out in the Mol underground laboratory. It will consist in drilling an 
horizontal borehole with a porous lining and an adequate peripheral instrumentation. The ventilation 
of this borehole will be controlled (dry temperature and relative humidity) and the amount of 
extracted water measured. Simultaneously the measurement of the clay hydrical state around the 
borehole will allow to evaluate the desaturation line. The experimental results will be compared to 
the model predictions. 

CI PROGRESS WORK AND RESULTS 

State of advancement 

The modelling phase have been completed. The main parameters are the relative humidity of the 
air and the saturated clay permeability. It shows that the desaturation effect will concern a few 
meters area around the openings, sufficiently to affect the clay mechanical parameters and so the 
mechanical interaction between the clay and the lining. Under repository conditions the desaturated 
area should be independent of the radius of the gallery. 

The modelling was used to dimension the mock-up apparatus. It mainly consists in an oedometer 
and a controlled ventilation system. Both have been delivered and tested during the year 1993. The 
first experiment carried out with Boom clay started in October and is still in progress. 

Concerning the in situ test, the design of the equipement of the main borehole have been settled 
with the help of additional experiments. Peripheral boreholes have been drilled sucessfully and 
installed with instrumentation. 

Progress and Results 

B.l MODELLING 

The model is based on the analysis of the different types of pore water in clay (free, capillary and 
adsorbed water). In deep clay most of the water is in adsorbed state. The model considers the 
specific transfer mechanisms of each type of water. It has been shown that, when the gas phase is 
under constant pressure, the total water transfer could be addressed with one parameter similar to 
a diffusion coefficient and function of porosity and water condition. At saturation, this parameter 
is equal to the permeability. Both mock-up and in situ test have been dimensioned on this basis. 

With a permeability of 10"12 m/s and for various relative humidities, we calculate the water flux per 
surface unit, the total water volume and the desaturation front. The water flux decreases rapidly 
and reaches after two months a pseudo-permanent state independent of the relative humidity. For 
our experiments that means that it wouldn't be significant to continue after 2 months. 

B.2 MOCK-UP TESTS 

The mock-up apparatus is based on an oedometer for high stress (0-20 MPa) which includes an 
additional cylindrical hole in the centre (fig. la). Each experiment comprizes three steps. 
The first one consists in consolidating a paste obtained from natural clay to get a highly-compacted 
remoulded clay. During the first experiment in progress with Boom clay, the consolidation up to 
5 MPa lasted five weeks (fig.l b). 
In the next step, an air flux of controled humidity circulate through the central hole to desaturate 

748 



the compacted clay and to simulate the ventilation in an underground gallery (fig. 2a). A relative 
humidity of 33 % is applied to the air by the mean of saturated salt solutions which capture the 
water in excess. This step is still in progress and should last about 3 months. Preliminary results 
show a good agreement between the amount of water collected and the model prediction (fig. 2b). 
Therefore, compaction re-started when ventilation was put on ; this unexpected observation will 
probably lead to improve the apparatus by addition of mechanical measurements in the clay. 
The third step of the moke-up tests is dismantling and sampling of the remoulded clay to measure 
parameters such as water content vs distance to the central ventilated hole. 

B.3 IN SITU TEST 

The principle of this in situ test is to blow a dry air flux into a borehole in order to desaturate the 
surrounding clay through a porous lining. The water is extracted from the air at the output of the 
test chamber and measured. Peripheral instrumentation provide data about clay at different distances 
from the chamber (dry density, water content). 

Location and dimensions of the test chamber have been defined according to the model calculations 
(cf. fig. 3a, 3b). The test zone will be located between 11 and 14 meters depth, far enough to 
reduce the mechanical or hydrical effects of existent excavations. The lining of the test chamber 
consists of a perforated casing supporting a porous medium of 300 mm in diameter which also 
supports pressure sensors. In 1993, in order to settle the definitive design of the chamber, 
preliminary laboratory tests were carried out to determine if the geometry choosen for it was 
appropriate from an aerodynamic point of view . 

The controlled ventilation and water extraction system is still under definition, based on saturated 
salt solutions. 

In October 93, the CEN/SCK drilled three boreholes for peripheral instrumentation consisting of 
water pressure and total pressure. The requirements concerning orientation of these boreholes have 
been filled and the installation of their equipement was satisfactory. These boreholes are also usable 
for water content measurements, carried out with the gamma-neutron probe already used in Mol, 
but accomodate to focus the measurements in one direction. 
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HYDROGEOLOGICAL CHARACTERISATION OF HARD FRACTURED ROCK 
AT SELLAFIELD 

Contractor: United Kingdom Nirex Limited 
Contract No: F12W/0114 
Duration of Contract: 1 April 1992 to 31 December 1994 
Period Covered: 1 January 1993 - 31 December 1993 
Project Leader: Dr A J Hooper 

A. OBJECTIVES AND SCOPE 
The overall objective of the project is to decrease uncertainties 
in the hydrogeological and structural characterisation of a 
volume of rock at Sellafield in Cumbria. This rock is currently 
being considered as a potential host for a low and intermediate 
level solid radioactive waste repository in the United Kingdom. 

The specific aims of the work are to perform geophysical and 
hydrogeological tests in and between two boreholes in a fractured and 
layered volcanic rock sequence, the Borrowdale Volcanic Group. 
Geophysical data will be integrated into a model of the rock volume. The 
results of single and crosshole hydrogeological testing will be used to 
clarify the lithological and structural features or combinations which control 
groundwater flow in the Borrowdale Volcanic Group. 
This model will be applied to develop and validate concepts of 
groundwater flow in the immediate vicinity of the proposed repository. 

The work is being performed in conjunction with Sir Alexander Gibb and 
Partners, acting as Geological Consultant. In addition, the following 
contractors have been defined: Schlumberger, Golder Associates UK Ltd. 

B. WORK PROGRAMME 
1. Review methodologies and prepare Design Intent Memorandum. 
2. Geophysical testing in Sellafield Borehole no 4. 
3. Cross-borehole geophysical testing. 
4. Single borehole hydraulic measurements in Borehole 4. 
5. Design of cross-borehole interference testing. 
6. Cross-borehole interference testing. 

C. PROGRESS OF WORK AND OBTAINED RESULTS 

State of Advancement 
During the year, cross borehole seismic tomography has been completed between 
Boreholes 2 and 4 and the results have been reported and interpreted. Tasks 1, 2, 3 
and 4 are now complete. A programme design for the cross borehole interference 
testing between Boreholes 2 and 4 has been produced, based on pre-modelling using a 
fracture network model of the study area. Task 5 is thus complete. Progress towards 
the implementation of the crosshole testing has been made. Monitoring equipment has 
been installed in Borehole 4. Initial background results from this equipment have been 
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obtained. Equipment for the source borehole is being procured. There have been 
technical problems with the monitoring equipment installed in Borehole 4; the 
equipment is under repair at the present time. The method of source signal generation 
has been evaluated, to ensure that it will provide data amenable to numerous forms of 
analysis. The collection of field data from this task is programmed to commence in 
February 1994, assuming full operation of the monitoring equipment. 

Progress and results 
Task 1 Review methodologies and prepare Design Intent Memorandum 

This task is now complete. More detailed analyses regarding the design of the 
crosshole interference testing have been conducted under Task 5. 

Task 2 Geophysical testing in Boreholes 4 and 2 
Wireline logs and VSP have been run in Boreholes 2 and 4. The data have 

been plotted as composite plots with core logs and correlated between boreholes. A 
summary of the main structural features is shown in Figure 1. Faults intersected by 
the boreholes have been identified. Two main zones of fault deformation have been 
identified (Faults 1 and 200) which appear to be composite zones of deformation with 
several fault strands and associated synthetic and/or antithetic faults. They also appear 
to be associated with sets of sub-parallel fracture envelopes. 

Task 3 Cross borehole geophysical testing 
Crosshole seismic testing has been conducted between Boreholes 2 and 4 and 

excellent results have been obtained. Tomographic inversion of these data confirm the 
geological structure identified from the core and from the wireline logs, as presented in 
Figure 1. Some additional interborehole features have also been identified. 

Borehole radar was not performed between Boreholes 2 and 4. A trial of 
omnidirectional cross borehole and directional single borehole radar conducted in 
Sellafield Borehole 7 indicated that the results would not significantly enhance data 
already obtained from the dual laterolog and the cross borehole seismics. 

Task 4 Single borehole hydraulic testing in Borehole 4 
This work was primarily carried out in Borehole 2 and the data indicate 

significant variability in both transmissivity and pressures. There is no clear 
correlation between zones of enhanced flow and major structure, although there is a 
possibility that the flow is associated with fracture envelopes around the major 
structures. Pressures increase with depth. The data are presented in Figure 2. 

Task 5 Design of cross borehole interference testing 
Pre-modelling of the crosshole interference testing has been performed using 

the FRACMAN discrete fracture network code. FracMan Pathways and Network 
Analysis have been used to investigate the best packer spacing, and the response to 
both constant head and constant rate pumping using generalised radial flow theory. In 
addition, the finite element code MAFIC is used to simulate flow in the network due to 
pumping. The results have shown that the maximum monitoring interval length for 
regions with a good chance of responding is 20m, and that first response should be due 
within 5 days of pumping. Based on this, six source zones have been identified in 
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Borehole 2, and Borehole 4 has been divided into 29 monitoring intervals. These are 
shown in Figures 3 and 4 respectively. All source zones in Borehole 2 will be 
monitored whilst any one zone is being pumped to provide greater definition of the 
intraborehole fracture network connections. Constant rate pumping will be performed 
at a rate of order 10"5m3s"1 initially for a period of up to 30 days. Recovery will also 
be allowed. The test programme will be divided into at least two phases, such that the 
results of the first two tests can be used to optimise the future test programme. 

Task 6 Cross borehole interference testing 
A 29 zone Westbay multipacker monitoring string was installed in Borehole 4 

in October 1993. Background pressure data from the borehole are now being 
collected. However, a mechanical failure in the string was identified in December 
1993 and is currently under repair. This may mean that data from one of the 
monitoring zones will be lost. A twelve packer string, with Baker packers run on a 
central tubing is being manufactured to be installed in the source borehole by April 
1994. It is intended to conduct early crosshole works to evaluate the resolution of the 
source signal and to obtain early data. Using this information, the premodel will start 
to be constrained prior to completion of the twelve packer string manufacture. 

List of publications 
The following topical reports are due for completion in February 1994. 

1. An Approach to Hydrogeological Characterisation of Hard Fractured Rock at 
Sellafield. A. K. Littleboy. 

2. Borehole Radar Applications at Sellafield. S.J. Emsley. 
3. Crosshole Seismic Studies at Sellafield. S.J. Emsley. 
4. Post Completion Testing - Crosshole Seismic Tomography - Sellafield 

Boreholes 2 and 4. Nirex Report No. 385. 

Documents regarding the design of the crosshole programme have been 
produced. An assessment of the characteristics of the flowing features in Boreholes 4 
and 2 have been produced during the period. 
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ANNEX : List of organisms and companies participating in the programme during 1993 

AEA(UKAEA)-Dounreay 

AEA(UKAEA) Harwell 

AEA(UKEA)-Windscale 

AEA(UKAEA)-Winfrith 

ANDRA 

ARMINES 

ATKINS 

BAeSEMA 

BAM 

BERTDST & c m 

BGS (NERC) 

AEA(UKAEA) 
Dounreay Nuclear Power 
UK-THURSO, CAITHNESS KW14 7TZ 

AEA(UKAEA) 
Harwell Laboratory 
Didcot 
UK-OXFORDSHIRE OX11 ORA 

AEA(UKEA) 
UK-CUMBRIA CA20 1PF 

UKAEA-AEA Technology 
Winfrith Techn. Centre, B44 
Dorchester 
UK-DORSET DT2 8DH 

Agence Nationale pour la Gestion des Dechets Radioactifs 
Route du Panorama Robert Schuman 
B.P. 38 
F-92266 FONTENAY-AUX-ROSES 

Association pour la Recherche et le Developpement 
de Methodes et Processus Industriels 
Ecole Nationale Superieure des Mines de Paris 
Rue Saint Honore 35 
F-77305 FONTAINEBLEAU 

WS Atkins International Limited 
Woodcote Grove, Ashley Road 
UK-EPSOM, Surrey KT18 5BW 

BAeSEMA Systems Division 
20/26 Lambs Conduit Street 
UK-LONDON WC1N 3LF 

Bundesanstalt fur Materialforschung-u-Prufung 
Unter den Eichen 87 
D-W1000 BERLIN 45 

Bertin & Cie 
Centre de Bayonne Z.I. 
F-40220 TARNOS 

British Geological Survey 
Natural Environment Research Council 
Kingsley Dunham Centre 
UK-KEYWORTH, NOTTINGHAM NG12 5GG 

763 



BNFL 

BRGM 

British Nuclear Fuel Pic 
Risley 
UK-Warrington, Cheshire WA3 6AS 

Bureau de Recherches Geologiques et Minieres 
Service Geologique National 
B.P. 6009 
F-45060 ORLEANS Cedex 2 

BS 

CEA 

Brenk Systemplanung 
Ingenieurbiiro fur Wissenschaftlich Tech. Umweltschutz 
Heinrichsallee 38 
D-5100 AACHEN 

Commissariat a l'Energie Atomique 
Rue de la Federation 31-33 
F-75752 PARIS Cedex 15 

CEA-Cadarache Commissariat a l'Energie Atomique 
Centre d'Etudes de Cadarache 
F-13108 ST. PAUL-LEZ-DURANCE Cedex 

CEA-FAR Commissariat a l'Energie Atomique 
Centre d'Etudes de Fontenay-aux-Roses 
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European Commission 

EUR 15853 — Community's research and development programme on 
radioactive waste management and storage - Shared 
cost action (1990-94). Annual progress report, 1993 

Luxembourg: Office for Official Publications of the European Communities 

1994 - VII, 772 pp., num. tab., fig. - 21.0 x 29.7 cm 

Nuclear science and technology series 

ISBN 92-826-8397-4 
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In December 1989, the Council of Ministers of the European Union adopted the fourth 
R&D programme on 'Management and storage of radioactive waste' for the period 
1990 to 1994. 

Contract negotiations for selected research proposals lead to the signature of contracts 
with some 115 bodies in charge of carrying out the working programme. This annual 
report, covering 100 contracts running in 1993, presents for each contract the 
objectives, the whole research programme and a synopsis of progress and results 
achieved as prepared by the contractor under the responsibility of the project leader. 

Part A deals with the study of management systems, treatment and characterization of 
waste, general aspects of the waste disposal and the safety of geological disposal 
systems. The ongoing activities on construction and operation of underground facilities 
in candidated geological media for disposal are presented in Part B. 
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