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I. Summary of Project Global Objectives and Achievements

The main objectives of the RARE (Retrospective Assessment of Radon Exposure) project are
to study the chain of processes in the indoor environment which leads from airborne radon to
trapped long-lived radon daughters (LRnDs) and to reveal those exposure conditions in which
the trapped activity concentration is a useful estimate of the lung cancer risk caused by radon
exposure.

Based on the experience gained from the first phase of the RARE project (CEC Contract
No. B17-CT90-0013) the project period 1992-95 has resulted in necessary and important
developments for practical application of RARE methods. Major advancements in background
discriminating track-etch devices for specific measurement of implanted ?'’Po have been made
and together with progresses in the volume-trap approach, large-area alpha spectrometry, and
chemical analyses of surface activities, there now exist a whole range of RARE techniques that
can be applied for instance in radon epidemiology investigations. The development of reliable
2190 track-etch devices is of special significance, making large-scale and non-destructive in situ
investigations of implanted ?'°Po feasable. The volume trap technique developed and investigated
by Mol is also of great importance as the surface trap problem of plate-out variabilities is
avoided.

The task of using the track-etch techniques for autoradiographic measurement of
implanted *°Po has been approached from several different angles. Three different track-etch
materials have been investigated using commercial available CR-39, LR115, and Makrofol. The
two latter materials must be supplied with attenuation foils in order to be sensitive to the 5.3
MeV alpha particle from *'°Po. In order to obtain reasonable specificity and sensitivity for
implanted *'Po in glass surfaces it is necessary to correct for alpha background. The bulk alpha
activity of glass materials can vary substantially but is dominated by energy degraded low-energy
alpha particles. SSI has investigated three different background subtraction techniques, the
Front/Back, Absorption foil, and the CR-39/LR115 difference methods. The Front/Back method
works well but requires that the backside of the glass sample is accessible to measurement and
that it has not been exposed to the indoor atmosphere, a fact that exclude this method from being
generally applicable. An absorption foil of thickness 1.8 mg/cm? between the glass surface and
the CR-39 reduces the 2'%Po tracks by 20% and the background tracks by 50%, but according to
SS1 this absorption method has certain drawbacks apart from being less specific. Handling thin
foils in practice is awkward and it is also difficult to avoid additional background tracks. As a
consequence SSI has abandoned the absorption method in favour of the CR39-LR115 difference
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method.

The alpha energy acceptance window for Kodak LR115 is below the alpha energy of
29pg (5.3 MeV). Autoradiography with CR-39 and LR115 track-etch detectors side by side
means that CR-39 measures 2'°Po + background, while the LR115 film only responds to the
alpha background. The use of two different detector materials is laborious but yields excellent
results. Tested on well known 2'°Po surface activities on glass panes of different background
intensities the CR-39/LR115 difference method gave a standard deviation of less than 1 Bq m?
in the ?'°Po determination. One restriction in the applicability of LR115 films is that exposure
to UV light (sunlight) is deleterious, as pointed out and shown experimentally by Gent.

Another technique for specific 2'°Po measurement with track-etch detectors is based on
the fact that the area of the track opening in the CR-39 surface is related to the alpha particle
energy. By a careful standardization of all exposure and etching conditions it is shown by UCD
that an operational energy resolution of 0.5 MeV can be achieved. By mounting two discs of
CR-39 on perspex frame a device for a simultaneous measurement of 2'°Po, airborne radon gas,
and plate-out has been developed by UCD. The ?'°Po and radon gas sensitivity quoted by UCD
is 71 tracks em? per kBq h m? and 1.66 tracks cm? per kBq h m™ respectively. By comparison,
SSI reports for their CR-39 device a '°Po sensitivities of 80 tracks cm™? per kBq h m, while the
Makrofol detector used by the Gent group is less sensitive, 22+0.6 tracks cm™ per kBq h m™2.

Radiochemical separation methods to extract and measure 2'°Bi from glass surfaces have
been utilized by HASRIAE. A comparison of radiochemistry and CR-39 autoradiographic
methods on the same sample showed consistent and well correlated (1> =0.93) results. Though
destructive to the sample, the radiochemistry method applied to surface traps is an important
complement to surface alpha spectrometry. By radiochemistry 2'°Pb can be analyzed more
directly and the demand on sample surface flatness can be relaxed.

Radiochemical methods are necessary when utilizing LRnD trapped in porous materials
(i.e. volume traps). Mol has calibrated polyester samples in a radon room and by correcting for
the sample density the linear increase of 2!°Pb volume activity a, of the porous material follows
the equation a, =0.0481+0.0009 mBq cm?/(kBq m* y). Using 100 cm® of polyester material the
detection limit at 30% uncertainty is estimated to 100 Bq m™ over 20 years. The first in situ
exercises involving volume traps were performed by the Mol group during the contract period.

Pulse ionization chambers (PIC) have been used by Gent and LU for large-area alpha
spectrometry. By improving the shielding characteristics of the chamber the energy resolution
of the LU detector is now below 40 keV (FWHM) for several hours measurement on 20 cm
diameter glass samples. The versatility of the PIC detector as a laboratory instrument has been
demonstrated by LU. The 2"°Po areal distribution on glass samples from radon houses has been
measured by scanning the surface with a collimated (circular or slit) detector. By this scanning
technique the fall off in implanted activity in the glass very close to the surrounding frame was
revealed. PIC detectors have been very useful to the program as reference alpha spectrometers
of large-area glass sheet *'°Po sources.

Many field measurements using the different RARE techniques mentioned above have
been designed and tested. The evaluation of the obtained results is not straightforward, especially
in the case where the exposure age and history of the samples investigated are not well defined.

LU has followed four framed glass samples in a high level radon dwelling occupied by
an elderly couple. During a period of 3.5 years radon was measured by track-etch detectors (from
SSI) attached to each sample, and each time the radon detectors were exchanged a measurement
of the implanted 2'°Po activity was taken by the PIC detector. The results stress the importance
of exposure geometry. The growth of implanted *'°Pb was very consistent at all four locations,
despite large seasonal variations in radon concentration, but the 2'Pb growth rate on the two
objects placed deliberately at recessed positions was low by 45 and 65%, respectively, compared
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to the two frames openly exposed on a wall. When also the existing glass objects in the house
were analysed an exposure period up to about 45 years was covered. For such a long time span
it is always difficult to estimate the true radon exposure, but even so there is a clear tendency that
the oldest samples contains lower activity of implanted ?'°Pb than expected. The observation that
the ratio of implanted *°Pb to integrated Rn decreases faster with exposure time than
theoretically predicted, is also made by HASRIAE, investigating dwellings in Hungary, and by
UCD using their 2°Po track-etch devices in 41 houses in Belgium, Germany, Ireland and
Sweden. Further investigations are needed in order to establish the reason why the effective half
life of implanted 2'°Pb in glass objects appears to be less than 22 years.

RARE techniques utilizing LRnD activities left behind in dwellings are a true low-
radioactivity task and involves many complexities and it is strongly recommended that RARE
methods are applied with care. Since small track-etch devices for 2'°Po measurements are
available, many-sample-per-house investigations can now be performed within a reasonable
budget. Such a multi-approach, with both surface and volume traps is recommendable in order
to increase the accuracy in the assessment of risks connected to radon exposure. It should be
noted that with a limited budget there exists no alternative methods to the RARE techniques that
can quantify radon exposure in retrospect and that can be applied on a large-scale basis.
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Head of preject 1: Dr. Vanmarcke

IL. Objectives for the reporting period

Investigation of volume-traps as long-term radon monitors by analysing the «-activity of S
deposited inside the material :

1 Selection of appropriate material.
2 Determination of the conversion factor between the «-activity and the radon exposure
3 Investigation of the influence of specific material properties

Performence of in-situ measurements.

III. Progress achieved including publications

In order to retrospectively radon exposures in dwellings it has been proposed to measure the
21OPo-activi'cy implanted in glass-surfaces [1,2]. Since this signal depends on the plate-6ut of the
short-lived radon decay products it is strongly influenced by the attachment rate to aerosol
particles and the fluctuations in plate-out rate due to local turbulences, the precision of this
method is at best about a factor of 2 [3,4]. Therefore, SCK*CEN started measuring the
21OPo—activity of the decay products deposited in volume traps, e.g. spongy materials used for
mattresses. Since these materials have a long diffusion length for radon, but are inaccessable for
its decay products, the signal should be better related to the radon exposure.

Experimental conditions and analysis

Recently produced polyester material has been exposed to radon-laden air. The exposures
correspond to radon concentrations between 390 Bq/m’ and 3.9 kBg/m’ over a 20 years period
After a waiting period of about 138 d in a radon-free environment (< 20 Bq/m3) to let 2'°Po
approaching radioactive equilibrium, samples of about 100 cm® were cutted from the inside and
treated chemically to separate 2% The efficiency of the separation procedure was determined
individually by adding a radioactive tracer material (“*°*Po) For details it is referred to
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refs. [5,6,7]. At the end of the procedure the polonium autodeposited on a silver-plate, which
finally was analysed by means of a-spectrometry.

Polyester samples with four different densities have been investigated In Fig 1 the measured
specific sample activity a; (mBq/g) is shown as a function of the radon exposure. Measurements
on unexposed samples for background determination are included. Different symbols refer to
different sample densities p,. All data show a perfectly linear dependence on the radon exposure
The calibration factor, i.e. the slope, decreases with increasing sample density p,. This effect
is due to the decreasing ratio of the air volume to the polyester volume. The relative uncertaintv
on the calibration factors are of the order of 2 %.
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(=] (=] o (=] o
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Fig. 1: Specific sample activity a, as a function of the radon exposure. Different symbols refer
to different sample densities The lines indicate the respective linear regression fit to the
experimental data.

Discussion

Our results indicate that this technique is more accurate by at least one order of magnitude
compared to other common methods based on the measurement of ?1%po implanted in glass
surfaces In case of polyester matenals the detection limit for a measuring period of about 108 h
is estimated to about 2 kBq/m y at 30 % uncertainty This corresponds to an average radon
concentration of 100 Bq/m over 20 years
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In a next step the data have further been reduced by multiplying them by the correspondmﬁ
sample density p, The resulting volume activity a,, expressed in mBq/cm should be
independent of p, . Furthermore, assuming the diffusion length for radon much larger than the
dimension of the matenal the conversion factor ay;, can be directly derived from the
number of deposnted %pb-atoms per unit exposure (kBq/m3 y)

ayqy = 00455 mBq/cm3/(kBq/m v) (1)

In order to compare this value with the experimental data a correction factor k; for the effective
free air volume inside the sample material has to be applied to the data, which is defined by

kfz(pm_ps)/(pm' pl)! (2)

where p_ and p, are the density of the material (polyester p, = 105 g/cm) and
air (p; =0 00125 g/cm ), respectively. Thus, the volume activity ay, is calculated by

ay = psa/ke &)

In the present case an average value R—[ = 0 969 has been applied to the data. In Fig 2 the
volume activity a, (symbols) is shown as a function of the radon exposure together with the
corresponding linear regression fit (full line) The fitted slope, i e the conversion factor,

aygy = 0 0481 £ 0 0009 mBg/m’ / (kBg/m’ y) , 4

which is in very good agreement with the expected value from eq (1) Therefore, considering
the volume activity ay, of a sample this new retrospective radon monitor is not only very accurate
as well as verysensitive, but applicable to all types of volume-trap materials

First in-situ monitoring

Up to now two different samples could be acquired from dwellings with different radon histories
First, mattress filling material (wool) from a house with actually very low radon concentrations
was analysed. The sample density p,; during exposure could be estimated to 0.0285 g/cm3
(= 13 %). From ﬁve measurements of about 5 d an average volume activity of about
(5.5+19 qu/cm was obtained corresponding to a radon exposure of only 0.2 kBq/m y
(%35 %|ga £ 13 %|y,). The data are shown in Fig.3 (). Considering an exposure period of
25y, this result demonstrates the high sensitivity of this monitoring method.

The second sample was a wrapped table-cloth, which is entirely not a volume trap. However, it
was stocked in a cupboard 10~cm above the floor during about 38 y and radon could have been
diffused through the inner layers. Due to the inhomogeneity the sample density p,, dunno
exposure could only been estimated with an uncertainty of more than 20 % to 0.28 g/cm The
data in Fig 3 (A) roughly divide into two groups, which might be attributed to surface effects
from different layers of the table-cloth The average volume activity was determined to
(3.72 £ 043) mBq/cm Wthh corresponds to an annual average radon concentration of
(15£02fy, + 03]y) kBq/m’. The reported average radon concentratxon obtained by CR-39
track-etch detectors during two succeeding years was (32 £ 1 5) kBq/m [8] However, the
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reported annual average concentrations differ by more than a factor of 6. Taking this into account
the agreement is remarkable and shows the flexibility of the presented retrospective radon
monitor with respect to the investigated sample material
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Fig 2 : Volume activity ay as a function of the radon exposure The full line indicates the linear
regression fit to the experimental data. 7
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Head of project 2: Dr. McLaughlili

II. Objectives for the reporting period

The main objective for the reporting period was to develop and
field test practical passive alpha track detector methods
suitable for large scale in-situ measurements of recoil implanted
Polonium-210 in glass surfaces in dwellings. A principal aim of
this work was to develop these alpha track techniques to be of
assistance to radon epidemiological studies of the general
population by improving retrospective radon exposure estimates.
In addition,using room models, these techniques could be used to
determine whether a significant difference exists between present
and past radon levels in dwellings.

IT1. Progress achieved including publications

Detector Development.

A new detector configuration for use in dwellings was developed
together with a protocol for its use. A number of different
configurations were constructed and tested for field suitability.
The final design chosen is shown in Figure 1. Two discs of the
alpha track plastic CR-39 are mounted on a perspex frame. When
the detector frame is attached using a strong adhesive tape to
a glass surface as shown in Figure 1 surface A of one CR-39 disc
is in direct contact with the glass. It records alpha activity
from both Po-210 on the glass surface and also from the intrinsic
bulk alpha activity of the glass. By means of alpha track
geometry analysis,as described later, those tracks due to Po-210
may be identified. Surface B of the second CR-39 disc faces into
an 8 mm deep air cavity thus forming a small radon diffusion
chamber. Surface B is thus used to obtain the contemporary radon
gas concentration in a room of a dwelling during the exposure
period. Surface C which faces into the room air behaves as an
open face detector and records alpha particles from airborne
activity and from plateout shortlived radon progeny activity. As
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the central part of Surface C is covered with an adhesive paper
disc alpha tracks are only recorded on the annulus around this
disc. If the adhesive disc were not used optical effects due to
the high track density on surface C would make it difficult to
acheive accurate alpha track counting on surface B.

Figure 1
CR-39  Perspex Frame Perspex Frame
l l CR-39:39.mm Di §R % 65 mm »
' l¢—— 45 mm——»p]

Counter Sunk Screws

A SurfaceA: 210 Po in Glass Signal

B : surfaceB: 22

C : SurfaceC: 2% by Plateout Signal

Rn Signal

This detector configuration is,in principle,capable of giving
quantitative information on the following:

(a) The recoil implanted Polonium-210 surface activity on the
glass (from the analysis of alpha tracks on surface A).

(b) The contemporary concentration of Radon-222 in the dwelling
air (by means of surface B track density)

(c) The contemporary equilibrium surface activity of Polonium-214
by means of surface C used as a surrogate for the glass surface.

The sensitivities,to their respective sources, of surfaces A and
B were as follows :

Surface A (for Po-210): 0.198 (+/- 0.0184) tracks.m2.Bq'.m?’.sec
This sensitivity was determined on the basis of pulse ionisation
chamber measurements of Po-210 on glass surfaces carried out by
contract partners at Lund and at Gent Universities.

Surface B (for Rn-222): 1.66 tracks.cm2.kBq''m®.hr:’

This sensitivity was determined by intercalibation against
standard closed radon detectors and by the use of radon gas
standards from the National Physical Laboratory (UK).
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As the alpha track density on surface C is a complex function of
of airborne activity and plateout conditions each detector must
be individually analysed for the Po-214 activity measurement.

The principal methods used to identify alpha tracks from
individual emitters such as Po-214 or Po-210 was based on the
analysis of track geometrical <characteristics. Two such
approaches were used. In the Dublin 1laboratory by means of
Americium-241 sources and electrostatically collected shortlived
radon progeny an image analysis system (Quantimet Q520) was used
to establish the relationship between alpha track area (the area
of the track intersection opening at the CR-39 surface) and alpha
track energy. Track area is determined on the basis of the
product of major and minor axis. An example of this for an
electrostatically collected Po-218/Po-214 is shown in Figure 2.
It should be noted,in keeping with CR-39 track formation
characteristics for the etching conditions used,that the higher
energy and longer range Po-214 alphas produces track areas at
the surface which are smaller than those for the lower energy
alphas from Po-218.
Figure 2

120

100

80

Number of Tracks

20

Track Area (sq.microns)

It was found that an operational alpha energy resolution of about
0.5 MeV could be acheived. As track formation in CR-39 changes
with the age of the plastic an improvement on this energy
resolution for field measurements cannot be realistically
expected. In a second approach to alpha energy identification a
nunber of detectors already processed and analysed in Dublin were
sent to the TASL laboratories at Bristol University for analysis.
The TASL/Bristol method of analysis measures a number of separate
geometrical features of each track at different depths in the CR-
39 and uses them in iterative equations that describe track
formation. A number of self calibrating relationships between the
track parameters are applied that allow adjustment to be made for
such phenomena as plastic ageing. A comparison carried out
between the Dublin and Bristol methods of analyses showed that
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the mean values for Po-210 levels on glass agreed within 3.5 %.

Field Work

In order to minimise background effects and other potential
contributors to measurement error a strict protocol was
formulated for field trials of the detectors. This protocol
covered detector transport,placement in dwellings and the
recovery phase. Its main features are as now described.

Control detectors were used in all cases. Detectors were at all
times,except during exposures, kpet in heatsealed radon proof
bags. Before attaching a detector to a glass surface the surface
was cleaned using alcohol. Following cleaning the portion of the
glass surface to be measured was covered with a sheet of thin
cardboard (a plateout shield) for a period of at least an hour
if possible. This plateout shield fulfilled two objectives.
Firstly it allowed recently deposited shortlived radon progeny
activity on the glass to decay to acceptable levels. This might
otherwise contribute significantly to the track density on
surface A of the detector when exposed to the glass. Secondly
the plateout shield prevented the fresh buildup of plateout
activity on the glass during the period of its use. In order to
minimise background effects the detector was removed from its
heat sealed radon proof bag and immediately mounted on the glass
following the removal of the plateout shield. After the period
of exposure,which ranged from some days to a number of weeks the
detector was removed and immediately sealed in a radon proof bag
together with a background control detector for dispatch to the
laboratory. Where possible such heat sealing took place in a low
radon environment (i.e. outdoor air) to avoid the inclusion of
high radon content dwelling air with the detector.

As part of the protocol a detailed guestionnaire was prepared and
used in field measurments. This contained questions relating to
dwelling occupants and information on the dwelling and its use
which were considered relevant to interpretation of the detector
data. The most important parameter that was sought was the age
of the glass chosen for measurement. Where possible a photograph
of each detector mounted on the glass and its surroundings was
taken. This together with information on room surface to volume
ratios,ventilation patterns and aerosol conditions were needed
to apply modified Jacobi room models in the interpretation of
detector data. As aerosol or ventilation measurements cannot for
practical/economic reasons be part of 1large scale field
measurements only approximate assessments of these parameters can
be made from answers to questions relating to smoking,cooking and
ventilation habits of the occupants.

In the main phase of the work field measurements were
successfully carried out in a total of 41 houses in a number of
countries : Belgium,German,Ireland and Sweden. In the case of the
German exposures these were in houses chosen with the assistance
of BfS (Berlin) in a former uranium mining district in the east
of Germany. In the last three months of the contract period
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detectors of a modified form were placed,in collaboration with
BfS,in a further 15 houses in this area. At the time of writing
these latter detectors are still been analysed.

The field exposure conditions for the detectors were quite
varied. The ages of the glasses chosen for Po-210 measurements
ranges from about 1.3 to 75 years and included window
glasses,mirrors,furniture glass and picture frame glass. The
contemporary radon levels in these houses ranged from about 20
to 20000 Bg/m’.

The results of most of these field tests are presented in Figure
3 where the ratio of the measured Po-210 surface activity on the
glass to the contemporary Radon-222 concentration is plotted
against the age of the glass. Included in Figure 3 are three
curves labelled High,Medium and Low. The High and Low curves
represent the boundaries,using a modified Jacobi room model
procedure, of the likely extremes of plateout conditions in most
normal dwellings and the Medium curve represents typical likely

conditions. The table below gives the values of relevant
parameters used to generate these curves.

Plateout Ventilation Room surface Attachment

regime rate(hr™) to volume rate

ratio (m™) const.(hr™)

Low 1.5 2 500

Medium 0.55 3 50

High 0.2 4 5

Plateout/deposition velocities of radon decay products used here

are : 5 m.hr™ (unattached) and 0.05 m.hr™.(attached)
Figure 3
“0p6P2Rn ratios plotted against the age of the glass
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Many of the experimental points lie well within the envelope
bounded by the High and Low curves. The data points for seven
houses with glasses of age less than three years are clustered
together and because of measurement uncertainties at low Po-210
levels it is difficult to decide if they 1lie within the
acceptable plateout boundary curves. Of some interest to
retrospective radon exposure assessment are a number of points
obtained from houses in the former uranium town of Schneeberg.
A group of points in Figure 3 for glasses of age between 60 and
75 years from these houses all lie below the Low plateout curve.
This indicates that for a substantial period in the past it is
likely the radon levels in these houses were much lower than at
present. This is not an unreasonable hypothesis as mining
galleries lie directly under many of these houses and since the
cessation of mining ventilation has been reduced or eliminated
with a consequential increase in house radon levels compared to
those during the past period of mining. The ongoing analysis of
the most recent exposures to glasses in another uranium mining
town in the east of Germany will in part be used to address this
hypothesis.

The field tests have demonstrated that the use of passive alpha
track detectors for the assessment of radon exposure in the past
based on Po-210 measurements on glass surfaces is a viable
technique. It is a technique that can easily be integrated in
future radon epidemiological studies of the general population.

Publications

Mc Laughlin,J.P. and Fitzgerald,B. "A new technique to
measure the activities of short-lived radon progeny
deposited on surfaces." Radiation Protection Dosimetry, Vol
45,115 ,1992.

Mc Laughlin,J.P. "Radon in the Context of Indoor Air",
Annelen van de Belgische Stralingbescherming Vol 19,Nosl-
2,1994.

Mc Laughlin, J.P. and Fitzgerald,B "Models for determining
the response of passive alpha particle detectors to radon
and its progeny in cylindrical detecting volumes."
Radiation Protection Dosimetry,Vol 50,241,1994.

Fitzgerald,B. and Mc Laughlin,J.P. " The measurement and
assessment of Polonium-210 surface activity on glasses in
dwellings."™ Natural Radiation Environment VI International
Symposium, Montreal Canada,June 5-9 1995.
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Head of project 3: Dr. Falk

I1. Objectives for the reporting period

To develop a field method for the measurement of 2°Po implanted in indoor glass
surfaces, using autoradiographic alpha-track methods.

To test and compare the developed methods on glass panes with well known
1% surface activity,with special consideration to variation in background
activity.

To study the feasibility to use a combination of CR-39 and Kodak LR-115
detectors for measurement of ’°Po and background on glass panes during
laboratory and field conditions.

Adoption of the technique to field measurement.

III. Progress achieved including publications

Autoradiographic alpha-track methods for the measurement of 2'°Po implanted in
glass surfaces have been investigated with the aim to find a simple and reliable method for
field use.

There are several sources of error assoc1ated with estimation of past radon
concentratlon from measurements of 1mp1anted ®Pb in indoor surfaces. The ’ *plate-out” of
*22Rn decay products on surfaces is dependent on many factors as aerosol concentration, air
movements etc. and may result in non-uniform surface activity distribution as well as different
activity levels for same radon exposure.These aspect has been studied by collegues in the
RARE- group.

One hrmtmg factor when using autoradiographic alpha-track methods for the
measurement of >'°Po implanted in glass surfaces is the alpha particles emitted from
background activity in the glass and the different activity levels found among glass panes .The
energy spectrum of the alpha-particles emanating from the background source differs however
from the *'°Po surface source.

An alpha-spectrum taken with a large area pulse-ionisation chamber (Cooperation with
University of Lund, Samuelsson) from a glass surface show a continuous energy spectrum
from the alpha act1v1ty in the bulk material and on top of it a narrow energy peak from the
surface 1mp1anted 10po activity. This fact can be used to discriminate the background from
the signal.
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The CR-39 detector, with simple number of tracks counting technique, we use for
ordinary radon detectors (Mellander et al., 1992) is also used for the measurement of the
surface implanted 296 activity

Another technique, where the track dimensions are used to analyse the energy of the
alpha-particle detected, was investigated by others in the "RARE-group”.

Three different methods have been tested and evaluated

In the first method, which is the simplest, is the CR-39 detector surface attached
directly against the glass surface to be investigated. The track density is in this case the sum of
the *'°Po alphas and the alphas from the glass itself. When the backside of the glass has not
been exposed to indoor atmosphere, e.g. a glass pane covering a photo, an additional CR-39
detector can be attached to the backside for a specific background measurement.

The second method tested is based on an absorption technique. With this technique,
two CR-39 detectors were used. One detector is directly attached against the glass surface.
The other detector has an absorber placed between the glass surface and the CR-39 detector.
The absorber chosen is a mylar foil coated with a thin layer of aluminium and with a total
thickness of 1.8 mg/cm? . The thickness of the absorber was chosen so that most of the alpha
particles emitted from the surface will penetrate the absorber and leave tracks, while alpha
particles emitted from activity within the glass to a lesser extent will be recorded, due to
absorption both in glass and in the absorber. Both detectors are placed side by side on the
same glass surface.

In the third method, two different detector materials are used, CR-39 and KODAK
LR-115 cellulose-nitrate film. The KODAK LR-115 is sensitive to alpha particles with
energies in the range 1.2 - 4.8 MeV while the CR-39 is sensitive for alpha-particles up to
much higher energies. As the alpha particles from 2'°Po have an energy of 5.3 MeV, they will
not be detected by the LR-115 while a part of the background alphas will be detected. By
using the LR-115 and CR-39 side by side on glass panes the background of the glass is
measured by the LR-115 and the background and signal by the CR-39 detector.

Sensitivity and background levels

Earlier measurements show that the intrinsic background allpha~activity of the glass is
an important limiting factor for the measurement of low levels of *°Po surface activity.
Autoradiographic exposure of several glass panes with known 2% surface activity has been
performed and analysed. These glass panes have been measured with a well calibrated large
pulse ionisation chamber at Lund University (L. Johansson, B. Roos and C. Samuelsson.
Alpha-Particle Spectrometry of Large-Area Samples using an Open-Flow Pulse Ionization
Chamber, Appl. Radiat. Isot. 43(Y2) 119-125 (1992).) The back side of the glass panes all have
an insignificant surface activity of 20pyg,

For all three methods investigated it is necessary to ensure that the background alpha
activity surface distribution is uniform. The back side of several glass panes were covered
with CR-39 detectors and exposed. No significant unevenness could be found. Figure 1 is an
example of results obtained from this study.
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Glass pane without Po-210 surface activity.
Track density measured at 36 different places.

tracks/cm?2
3 Mv 254123
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Fig.1 Measured unifomity of background alpha-activity

Simplest technique

To establish the relation between the surface activity of 2'°Po and the net track density for the
CR-39 detector a number of glass panes with known surface activity of 2°Po were
autoradiograpically exposed during 100 days. Both the front side and the back side of the
panes were monitored.

Figures 2 and 3 shows the relation between the >'°Po surface activity and the track density for
seven different glass panes. The results of repeated exposures are also shown in the figures.

00 Tracks/cm? for 1 hour exposure

B Front side a B8
@ Back side

075F [}

025

0.50F l r..
s e
" 8.
o

000l . - ) -
0.0 25 50 75 100
Po-210 surface activity (Bg/m?)

Fig 2. The relation between the 29pg surface activity and the track density
for CR-39 detectors placed both on front side and back side of glass
panes .Most of the samples were measured twice..
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Tracks/cm? per hour of exposure

(CR-39 frontside) - (CR-39 backside)
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Fig 3. Net track surface density as function of surface activiy

The sensitivity as tracks-cm * (per hour the detectors have been in contact with the active
surface )/Bq-m” (**Po surface activity) is shown in Figure 4 as a function of the *°Po surface
activity. The sensitivity is found to be the same within a standard error of about 5% when the
backside of the glass is used as background

Sensitivity

(tracks/cm2/h} / Bq (surface activity)
0.10F

o ® o °
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0.0 25 5.0 7.5 10.0

Po-210 surface' activity (Bg/m2)

Fig 4.Sensitivity for CR-39 to surface activity of A0py,

The detector efficiency for *'°Po alphas is 28 %. As can be seen in Fig 2, the background track
density shows a substantial variation between different glass panes. This variation of the
background activity is found to be so large that only higher radon levels with exposure times
over 15-20 years could be measured with acceptable accuracy. The method is however useful
if one can measure the unexposed backside of the glass pane with another detector
simultaneously.

Absorber technique

The use of two CR-39 detectors in parallel on the same side where one has an absorber
between glass surface and detector surface enable a rough estimation of the background
activity for each separate pane. The 1.8 mg/cm? absorber is found to reduce the 2pg tracks
with 20 % and the background tracks with 50 %. There are however a couple of drawbacks
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with the absorption method. When handling the detectors with absorber foil between the glass
pane and the detector, additional background tracks could not be avoided. This uncertainty
combined with the fact that the signal is reduced and the difference between two fairly similar
numbers gives an unnecessary high uncertainty at low surface activity. Nevertheless it is
found that the sensitivity of the CR-39 absorption technique can be satisfactory if the glasses
are exposed to normal or higher levels of radon in houses for more than 15 years.

The (CR-LR) difference technique

The use of the two different detector materials is more laborious as it involves establishment
of two different routines for handling and etching the detectors. More care has to be taken
when using the LR-115 material as it is much more sensitive to impurities and temperature
gradients during the etching with NaOH compared to CR-39.

The evaluation of this method is done by exposures of LR-115 and CR-39 in parallel on seven
different glass panes with known 2194 surface activity. Both the "active-" and the "back-"
side of the glass panes were exposed to the two sets of detectors for 81 days. To assess the
internal background from the detectors a number of detector sets was “"exposed” to an inactive
surface (blank measurement) of Plexiglas during the same period. The results of these
measurements are presented in Fig 5 and 6. Figure 5 shows the results obtained from
measurement with LR 115 on seven glass panes both on front side with known 2196 activity
and on the back side. Repeated measurements are also shown in the figure.

Tracks/cm?/h for LR 115, for front side
and for backside of same glass

Tracks/cmz/h
30
@ front

0.25}F [ back g
0.20F ® 9

1
o1sf g u

|
0.10¢ E
0.05F i
0.00 L L L -
0.0 25 5.0 7.5 100

Front side Po-210 activity Bg/m?

Fig 5. Tracks/cm?h on LR115 for frontside and for back side of same glass
Front side has known 2!°Po activity, backside no 210p,, activity.
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Fig 6. Deviation between given and measured *'°Po surface activity
on glass panes using (CR-LR) difference technique

Measurements with CR-39 and LR-115 side by side on the backside of the glass panes gave
the relation between the background sensitivity for the two different detector materials. By
knowing the 2'°Po surface activity and the time the detector had been in contact with surfaces
the following relation was obtained.

1%y surface activity (Bq-m™>) = (CR, - 1.97*LR,)/0.081

where CR,, and LR, is the net tracks/cm® per hour of exposure of the detectors to
the glass panes. An exposure to an inactive surface of Plexiglas is used to assess
the intrinsic background of the two detector materials.

Applying this relation to repeated measurements of these panes both on front side and back
side show that the (CR-LR) difference method gave correct value with a standard deviation of
less than 1 Bq-m™, see Fig 6. This result can be compared with results from a single
measurement with one CR-39 detector giving deviation from the correct value between 1.8
and 6.1 Bq-m‘2. The conclusion from these measurements using the (CR-LR) difference
method is that there is no need to separately measure the background of the glass pane, which
under field conditions generally often is impossible.

Field studies and conclusions.

To investigate how the method performs during field conditions, 20 sets of "(CR-LR)
detectors” and radon detectors were distributed to 10 colleagues at our institute.. After 81 days
of exposure the glass detectors as well as radon detectors were evaluated. With the
experiences gained from this field study an additional set of 21 dwellings were monitored in
the same way for about 3 month. These dwellings in middle of Sweden were a part of a
selection of detached houses investigated for other reasons. All these dwellings had been
monitored for radon previously.

Fig 7 show the relation between measured surface activity of 2%pg on glass panes and
estimated radon exposure.
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Fig 7. Measured relation between surface acitivty of 21%py on glass panes
and estimated radon exposure of the glass panes. The measured
values are normalised to an exposure time of 20 years.

Radon exposure is estimated by using available radon concentration data and the time each
separate surface items had been exposed. For most cases a mean value of earlier and actual
radon data is used. As a complete radon history of the dwellings is not obtainable large
uncertainties are attributed to the exposure data. To have comparable data the surface activity
of 21%Po is normalised to 20 years exposure in the figure. The normalisation, where the build-
up and decay of 219pp, and 2'°Po is taken into account, is done with the assumption that the
radon concentration and the glate-out rate had been the same over the years. From these field
studies it is obvious that the *'°Po surface activity is correlated to the past radon history. It can
also be seen in the figure that there are quite large differences in estimated radon exposure for
the same measured 2'°Po surface activity. This difference include, beside the uncertainty in
radon exposure estimation, also the different plate-out rates for the actual surface, which
depend on aerosol concentration, air movements, ventilation rate etc. Despite these and
possible other uncertainties, it is demonstrated that the measurement of long-lived radon
progeny on hard surfaces can be used to estimate the past radon history for the subject and is
thus a complementary and alternative technique for assessing the radon exposure in radon
epidemiological studies. Another advantage of the method is that a single measurement of
personal belonging, as e.g. a mirror,or a alarm clock, will act as a personal radon exposure
meter even if the person has changed dwelling several times. The method also gives the
possibility to assess radon data from dwellings that no longer exist.

Publications:

H. Mellander and A. Enflo. The alpha track method used in the Swedish radon
epidemiological study. Rad. Prot. Dosim. 45, 1/4 pp 65-71 1992.

R. Falk, H. Mellander L. Nyblom and I. Ostergren. Retrospective Assessment of Radon
Exposure by Measurements of 2% Embedded in Surfaces Using an Alpha Track Detector
Technique. Presented at NRE-VI, June 5-9, 1995, Montreal, Canada. Submitted for
publication in Environmental International, 1995.
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Head of project 4 : Dr. A. Poffijn

IL. Objectives for the reporting period

s Jacobi Room Model calculations to investigate the influence of the different indoor
parameters with respect to the implanted 20pg activity.

¢ Development of a secondary reference ionization chamber for calibration of passive
retrospective detectors.

¢ Development of a simple and easy to use passive retrospective detector for later use
in epidemiological studies.

1. Progress achieved inciuding publications

For a given radon concentration, the total amount of implanted 2'°Po is determined by
different parameters. This can be described by the Jacobi Room Model (Jacobi, 1972; Raabe,
1969). The most important parameters are the ventilation rate (l,), the attach rate to aerosols
(X) and the deposition rates on surfaces (la, and l4,). These parameters are mainly determined
by local conditions in the dwelling such as aerosol concentration and distribution, ventilation

atterns, ... In order to estimate the influence of the different parameters on the total implanted
%Po activity, computer simulations have been performed on the basis of the Jacobi Room
Model. These simulations show that, for a given radon concentration, the influence of the
ventilation rate on the implanted 210p, activity is negligible. The attach rate and thus the
aerosol conditions of the dwelling however have a big influence. This can result in a
difference of a factor 2 depending on smoking or non-smoking conditions. The influence of
the deposition rate is less important as this parameter is relatively constant for different
dwellings (Vanmarcke, 1986).
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Theoretical calculations on the behavior of radon progenies in glass have been conducted
(Cormelis, 1993). These calculations are necessary to obtain an answer on questions like how
far the implanted layer of radon progenies extends into the glass and to what extend dust and
grease deposited on the glass surface may influence the full implantation of the radon
progenies. The most fundamental reason for these calculations however is to know the escape
probability of the implanted *'°Pb recoil nuclei towards the surface of the glass. This value is
needed as a parameter in the Jacobi Room Model that gives a relation between the radon
levels in air and the *'°Po activity implanted in glass.

*“Pb and 2'°Pb distributions have been evaluated, starting from a thin 28pg or 2"*Po source
deposited on a flat surface. For this purpose, we applied a procedure based on the theory of
low energy heavy ion ranges in amorphous media. During our experiment, we encountered
*4Pb ions with recoil energies of 112 keV and *'°Pb ions with recoil energies of 146 keV.
Using these parameters together with parameters for the average composition of glass, depth
distributions for *'*Pb and 2'°Pb can be calculated (fig 1). These calculations show that the
implanted layer thickness for both nuclei is not bigger than 55 nm.

The o decay of **Po coming from implanted 21pb modifies this implanted distribution
because of the recoil energy the daughter nucleus gets. This results in deeper implantation on
the one hand and loss due to ejection out of the glass on the other hand. This escape
probability follows from the calculations and is 29.8 %. The resuiting distribution is also
given in fig 1. In reality, the *'°Po distribution will always be a mixture of both 1%} curves.
The portion of each line depends on the air activity properties and especially on the
attachment rate to aerosols.
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A pulse ionization chamber of the open flow type was constructed as a secondary standard for
calibrating active glass sheets (Meesen, 1992). This chamber is of the same design as our
partner from Lund University. The active measuring surface is 380 cm’. The obtained o
energy resolution is 100 keV. A typical spectrum from a glass sheet is given in fig 2.

2000 i { { { L t {

1500 ~ I~

1000 ~ -

number of counts

500 B

0+ s i T T | T
0 200 400 600 800 1000 1200 1400 1600

Fig. 2 : o spectrum of implanted *'°Po in glass. Measured by a pulse ionisation chamber.

For large scale measurements of the implanted 2'°Po activity, different passive detectors have
been developed by the different partners in the project. The detector developed in Gent
(Meesen, 1993) is based on polycarbonate Makrofol foils with a diameter of 47 mm
(frequently used in radon detectors based on diffusion chambers). In our standard etching
conditions, the foils have an optimum sensitivity for o. particles with energies between 0.3 -
2.0 MeV (Vanmarcke, 1986). Because of this energy window, it was necessary to lower the
energy of the o particles emitted by 2% (5.31 MeV). For this purpose, a 23 um layer of
Mylar is placed between the glass plate and the detector material. The choice of this thickness
has been confirmed by Monte Carlo simulations of o particles emitted from a simulated 2'%Po
layer in glass. The combination of Makrofol detector and Mylar is mounted on the glass by
means of an adhesive tape, large enough to hold the detector firmly to the glass for a long
period. This total setup is called the «210pg detector”.

In order to calibrate the 2!°Po detector, a large flat reference source with high implanted 2'°Po
activity was needed. This source was prepared by constructing a box of glass with dimensions
50x 50 x 2 cm (Meesen, 1992). This box was flushed with radon gas in a closed circuit
during 105 days. This resulted in an average implanted 210py, activity (after ingrowth) of
2000 Bq/m” with a variation of 15 % over the surface of the glass.

The *'°Po detector was calibrated by exposing different series of detectors on one spot of the
glass plate. The activity on the calibration spot as measured by a calibrated surface barrier
detector was 2160 = 90 Bg/m>. The response curve is shown in fig 3. The slope of the linear
fit gives a response factor of 22.0 + 0.6 (tracks/cmz)/(h kBq/mZ).
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Fig. 3 : Response curve for retrospective *!°Po detector.

Tests have shown that long time storage of Makrofol detectors can increase the number of
background tracks on the foils (Meesen, 1995). Because of the low surface activities to
measure, a low background is desirable. To reduce the number of background tracks, the foils
are heated to a temperature of 100 °C during 48 hours before o irradiation. This procedure
reduces the number of background tracks from 36 £ 5 (tracks/cmz) to7x4 (tracks/cmz). The
sensitivity is reduced by 10 %. The long term stability of this heat treatment is good.

During their exposure in dwellings, the passive 2'°Po detectors can also be exposed to direct
ultra violet light from the sun. The influence of this part of the light spectrum has been
investigated. These tests consisted of illuminating different kind of passive detectors with
ultra violet light during 2 and days before and after mono energetic o exposure. These 7 days
simulate direct sunlight during 4 to 6 months, depending on the season and the country. The
results give an indication that Makrofol shows little or no effect from UV illumination. CR-39
gave less tracks after UV exposure and showed an increase in bulk etch rate. The LR-115 gave
poor results. Even after an exposure of only 2 days, the red color of the film disappeared
completely after etching. These results show that exposure sites facing direct sunlight have to
be avoided.

Considering our current calibration, the 20pg detector can measure 1 Bg/m’ of implanted
10pg activity with an accuracy of 16 % (1) in 6 months. This corresponds with 50 Bg/m’
radon during 10 years of exposure (calculated by means of the Jacobi Room Model with
appropriate parameters). Preparations for using the detector on a large scale in the framework
of a national survey are being made. As the radon measurements itself last for 6 months, the
lower sensitivity of Makrofol compared to CR-39 and LR-115 gives no big problems.
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Head of project 5: Dr Fehér

IL. Objectives for the reporting period (15.9.1993 till 30.6.1995)

1. Development of a method for a long-term integrating radon concentration
measurement to monitor the experimental irradiation to be performed for
testing the retrospective methods. Calibration were performed at NRPB,
Harwell, UK and at the EML, New York, U.S.A.

2. Development of radiochemical and SSNTD methods to measure the
concentration of 210Bj and 210Po in glass, and comparison of two methods.

3. Taking into consideration the effects of dirtiness during the exposure and
cleaning of the glass surface.

4. Investigation of samples from Matraderecske and other areas of interest in
Hungary.

III. Progress achieved including publications
1. Long-term integrating radon concentration measurement in air

For the purpose the same sysem as developed at NRPB (U.K.) was
introduced. The dosemeter is a small and robust diffusion chamber which
excludes radon progeny and detritus whilst allowing access of radon gas, this
subsequently decays and the emitted alpha particles are detected by an SSNTD of
CR-39 type. The evaluation is performed by an image analyzer. The system was
first calibrated on the 1991 intercomparison at the NRPB and then at the EML
(New York) in 1993. This resulted in a licence enabeling us to perform
measurements in dwellings and work places with official consequences. We
patticipated on the next intercomparison in Harwell in 1995, too. The preliminary
results reported ensures us that our measurements fall into the acceptable range
of the nominal radon concentrations.

2. Development of methods for estimation of 219Pb surface concentration in
glass

2.1. Radiochemical method for estimation of 210Bj surface concentration

The radiochemical method for detecting the beta patrticles emitted by the
210Bj, consists of the following steps.
- Preparation: the glass sheet (typically 360 cm?) is cleaned with CCl,.
- Etching: the glass sheet is immersed at room temperature in a 250 ml solution
of 0.33 mole HNO; + 0.18 mole HF and 75 mg Bi + 10 mg Pb carriers (the
210Pb contamination of the carriers is less than 0.2 mBg/sample). The etching
velocity is calculated from the Si content of the solution and values between 0.04
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and 0.05 um/min are accepted. The etching time is adjusted (4-5 min) to achieve
a removed layer of 0.2 pm.

- Separation of the Bi and determination of 210B; activity: after treating the flouride
solution with boric acid and alkalifying, the Bi carrier is filtered as Bi(OH); but the
Pb carrier remains in the solution. After washing, the precipitation is dissolved by
2 mole hot HNOs, after alkalifying the solution with NaOH, the Bi carrier is
reduced by formaldehyde. The chemical yield is about 100%. The precipitate is
deposited on a tray of 50 mm in diameter and after drying it is covered with
aluminium foil of 1.5 mg/cm2. The separation of 210Bi from 210Pb mother
element is tested by half life measurement. The beta activity of the 210Bi is
measured by a Berthold LB770 flow beta counter. The typical background is
0.6 cpm, the counting timeis 20 hours, the minimum detectable level is
0.2 Bg/m?2 (~7 mBg/sample) with 95% confidence.

- Calibration: the procedure detailed above is repeated with 210Pb standard
solution of 2 Bq activity. The averaged efficiency is 0.38 + 0.04.

2.2. SSNTD autoradiography method for meassurement of 219Po surface
concentration

- Track detector materials: Two types of SSNTDs were chosen: Kodak
Pathé LR115 and CR-39 called TASKTRAK from TASL, Bristol, UK. Properties
found: LR115 sensitivity to alpha particles falls in the energy range of 1.6-4.7 MeV.
Therefore, a Mylar filter of 1.1 mg/em? should be applied to extend the sensitivity
for higher energy particles as 210Po and 241Am alphas. The detection efficiency
versus removed layer thickness was determined for both normal and etched
through tracks. Critical angle was found to be 38¢ for over etched tracks (Fig. 1).
A thin 241Am alpha source of 5.5 MeV was used. The alpha energy was degraded
by Mylar foil of 1.1 mg/cm?2 (1, 2 or 3 layers). The open markers represent the
normal tracks (dark spot on a red background) while the filled-up markers
indicate the etched through tracks (green spots on black background). The solid
and the dashed lines represent measurements using two different parameter
set-up for the image analyzer i.e. solid line: when shape factor of 1-1.4 was used,
dashed line: no shape factor was used. The removed layer was measured by a
thickness measuring device called TESATRONIC DIGITAL (manufactured by
TESA GmbH, Swiss). The error bars represent 3c.

The same investigations were carried out for the CR-39 detector using a
thin 241Am alpha source. For the critical angle a value of 62¢ was found.

- Considerations for track analysis and calibration: Since the 219Pb and its
decay products are embedded within the upper glass layer of 0.04 um thick, the
energy of the 210Po o particles emerging from the glass and entering the track
detector remains around 5.3 MeV. The etchable range in the plastic detectors is
about 30 um. For calibration an 241Am source is applicable with o energy of 5.5
MeV.
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Fig. 1 Alpha particle detection efficiency for LR115 type detector versus
the removed layer thickness.
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In the case of the detector LR115 a 9.4 pm thick layer should be removed
to be able to count the over etched tracks with the possible maximum efficiency
of 38%. (Track etch rate is 4.1 umy/h, bulk etch rate is 2.54 umyh). The parameters
of the image analyser should be adjusted in such a way that it detects only green
spots on black background with a shape factor between 1 and 1.4 if a green light
filter is in use. Once the proper adjustment is performed all the other tracks are
considered as background ones and automatically discriminated.

For CR-39 a layer of about 10 um should be etched off to achieve an
efficiency of 80%. If this is done so, then the tracks are etched down to the end of
their etchable range resulting in conical tracks with sharp peak. Such kinds of
tracks appear under the microscope as very dark spots with a good contrast and
the shape factor is in between 1 and 1.5 (Track etch rate is 2.65 umvh, while the
bulk etch rate is 1.77 prmvh).

- Condition of exposures:

The glass surfaces were cleaned with CCl, before mounting the track
detectors. The detectors were preetched for two hours to allow the development
of background tracks that then were counted. Detectors were fixed to the glass
surface by a chemically neutral vax applied on the edges. The exposure took place
in a desiccator filled up with "old Nitrogen gas" to ensure a Radon free
environment during the exposure time.

The background surface activity concentration was found to be 1.7 Bg/m?.
From the measured track density the surface activity concentration was calculated
in the following way.

It was assumed that within the critical angle (6.) the detection efficiencies
{(n) are 38% and 80% for LR115 and CR-39 detectors, respectively. This means
that two correction factors had to be applied to calculate correctly the total alpha
activity (A;) within the upper 0.04 um thick layer of the glass.

360
_2-4

A==

Bq 1 ni’;

where T is the measured track density in m after subtracting the background
and t is the exposure time in sec.

2.3. Comparison of two methods

In each case the surface activity concentration was measured by the
radiochemical (RC) and the SSNTD methods. We made 3-7 parallel measurement
by the two methods on each glass sample. The empirical standard deviations
varied between 10 and 25% for both methods. The result of comparison of two
methods is given Fig. 2. The radiochemical and SSNTD methods agreed well
within the empirical standard deviations.
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Fig. 2 Intercomparison of RC and SSNTD methods

3. Studies on glass surfaces
3.1. Some investigations on old glass surfaces

A second 0.2 pm layer of glass was etched from its exposed side following
the first radiochemical procedure to look at the remained 219B;j in the glass. The
surface activity of 210Bi ranged from 0.7 to 1.2 Bg/m2 in this depth. It
corresponds to the 1.7 Bq/m?2 background of fresh glass sheets.

The exposed side of glass was covered with paraffin to etch its overleaf and
measure 219Bi in it. The average surface activity of 210Bi was found to be 1.0 +0.2
Bg/m? on overleafs of some old glass sheets, therefore we have not used any
coating layer on glass for etching later.

The surface of glass samples, that were from the same old glass sheet,
were covered with different kinds of dirtiness in several smaller or larger spots. A
part of spots could be removed with mild wipe of CCl, but not all. We wanted to
know how much of 210Bi was in dirtiness and how much of it was implanted in the
glass.
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- The glass surface was rubbed off 10 times with fresh soaked glass fibre
filter type GF/A (Whatman) in CCl,. The pieces of GF/A were collected and left
them in cc. HNOs with Bi carrier in it to steep off Bi for 20 hours. 210Bj was
prepared from HNOj; solution and measured, the glass sample was processed as
usual. This method could remove different parts of all 210Bj (in dirtiness and glass
together) between 12% and 58%.

- Some glass samples were immersed into 0.5 mole HNOj3 solution with Bi
and Pb carriers in it to soak off 210Bj from their surfaces for 20 hours. 210Bj was
prepared from HNO3 solution and the glass sample was processed as usual. The
removable parts of all 210Bi (in dirtiness and glass together) ranged between 7%
and 22% this way.

3.2. Investigation on influence of dirtiness

Fresh glass sheet was cut into pieces to measure them directly in a
Berthold LB770 flow alpha and beta counter. After cleaning, the glass samples
were measured for alpha and beta background. Samples were coated with
vaseline in 4 steps of thickness from 2.104 mg/em? some of them rested
uncoated. Samples were exposed in a cave for 60 days and radon concentration
was measured there in air with SSNTD all the time.

After the exposure when the 219Bj had obtained the equilibrium with 210Pb
on samples they were measured without any cleaning. Vaseline was washed off
with benzine and samples were measured again. The expected result was that the
surface activity on the samples would be different in wide range but it was not. In
spite of different thickness of covering vaseline layers the rested activities on the
samples did not differ from each other significantly neither for alpha nor for beta.
Only 10% parts of activities could be removed this way. This experience is
unexpected and we have no reasonable explanation to it. It needs to investigate
these phenomenon in details in the future.

4. Investigation of glass samples from Matraderecske (a village) and Sopron
(a town)

The results are presented in Table 1.

In Fig. 3 we present the measurements in a different way. The ratio of the
210Bj concentration and the time integral of the radon concentration measured in
air versus the glass exposure time is given. It can be observed that the values
measured in the village compared to values measured in a given town more or
less follow the same curve. This means that the local geological conditions do not
influence the surface activity caused by the unit time integral of the radon
concentration in air.

There may be several reasons why the ratio decreases with exposure time;
Samuelsson in Sweden obtained similar results, i.e. the radon concentration or
the plate-out rate were less in the past and/or the randomly performed cleaning
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Location | Average Radon’ | Exposure Time | Surface Activity™
Concentration of Glass
kBq m? year Bq m?
Village V1 3.7 16 38
V2 0.98 34 8.9
V3 0.89 42 6.6
\'Z; 1.6 38 16
V5 1.1 20 13
Town T1 0.23 30 4.1
T2 0.27 8 3.6
T3 0.56 15 6.2
T4 0.19 12 2.8
TS 0.17 15 2.1
T6 0.15 - 11 1.5
T7 0.26 55 24

Overall error * 24%
** 17%

Table 1 Measssured Average Radon Concentration Exposure and
Glass Surface Activity

and the gradual deposition of dirt, as well as the corrosion of the glass surface all
may cause the same effect. Taking our own result into consideration we may
exclude the drastic change in the radon concentration during the long exposure
time of the glass since in both places i.e. village and town and also in Sweden, the
shape of the curve is similar. Further investigations are necessary to establish the
determining reason for the decrease of the ratio function. '

Bearing in mind all the uncertainties of the measurements it is concluded
that the radon concentrations in the places from where the glass samples were
collected have not changed during the exposure time by more than a factor of
two.

By means of the radiochemical method about 10 glass samples can be
investigated daily; the only disadvantage of the method is that it is destructive,
measurements cannot be repeated on the same surface.
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Fig. 3 Measured Ratio of Glass Surface 210Bi Activity Concentration
and 222Rn Concentration Time Integral vs. Exposure Time
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Head of project 6: Dr. Samuelsson

IL. Objectives for the reporting period

To improve the design and the performance of pulse ionization chambers (PIC) as reference
detectors for alpha spectrometry (*'°Po) of large area samples from dwellings. To support
partners with large-area alpha reference sources and with reference ?'°Po measurements. To
investigate the durability of and local variations of implanted 2°Pb activity during authentic
living conditions. To investigate the surface homogeneity of 2'°Pb activity on glass samples taken
from dwellings. To evaluate the time behaviour of implanted activity in dwellings.

IIL. Progress achieved including publications

A new pulse ionization chamber has been built with technical assistence from the Technical
University of Denmark (Dr. Niels Jonassen). The major modification compare to the older

generation chambers is a modular design,
facilitating construction, decontamination,
and electrode exchange of the chamber.

The new detector is as before of the open-
flow type suitable for non-destructive
alpha spectrometry of semi-infinite glass
samples. By a system of aluminium
collimators the area investigated can be
reduced from the area corresponding the
the maximum diameter of 26 c¢cm (530
cm?). The sensitivity and energy resolution
of the PIC detector as a function of
collimator area/diameter is given in Figure
1 and 2 respectively. One and the same
glass sample, taken from a radon dwelling,
and with a homogeneous surface distribu-
tion of implanted Po-activity has been
used. As seen from the figures, the
outermost ring of the sample in the
uncollimated geometry does not contribute
significantly to the alpha count rate,
instead the energy resolution is deterioated
due to oblique alpha particle emission. In
normal use the PIC detector used in Figure
1 and 2 is always collimated down to a
diameter of 20 cm, which give optimum
sensitivity and a resolution better than 40
keV (FWHM).

Four new framed glass samples (28 cm x
35 cm) were hanged in a high level radon
dwelling in December 1990 and have until
July 1994 on a regular basis been taken to

Alpha count rate as a function of collimation

Glass object exposed in a dwelling
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Figure 1. Sensitivy of the PIC as a function of area
of collimation. The sample area outside ¢ =20 cm
(314 cm?) contributes very little to the countrate in
the full energy peak.

Alpha energy resolution as a function of collimation
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Figure 2. PIC energy resolution corresponding to
Figure 1.
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the laboratory for analysis of the implanted LRnD
activity and exchange of two radon track etch -

detectors (supplied by partner 3, R. Falk, SSI) R EQ!
1,5 ( " ’ 1

attached to each frame. Two of the frames (OP1 and
OP1) have been openly exposed in the bedroom f
hanging on the wall, while the two other frames |
have been deliberatly exposed in recessed positions. | | I
i
|
l

Object B2 stands close to the ceiling on top of a 0s Lt e |
bookshelf in the livingroom, leaning against the |~
wall behind the bookshelf. A low vase has part of
the time been positioned in front of frame B2 0 05 ! 15 2 25

(Figure 3). Frame B! hangs on a wall in the dining (m)

area beneath a close staircase. The radon Figure3 Exposure geometry, object B2.
concentration results exhibit large variations (Figure

4), mainly due to seasonal variations. The dining area values (frame B1) are consistantly lower
than at the other three positions.

Radon Concentration (Bq m> )
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[ * . .
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Figure 4. Radon concentration as measured by track-etch detectors at each sample position. The
date at the end of each exposure period is given (yymmdd).

The measured growth of 2'°Po has been converted to implanted >'°Pb activity under the
assumption that the radon concentration and plate-out conditions have been constant in each time
period between measurements. The implanted 2'°Pb activity is plotted against the radon exposure,
as accumulated by the radon track-etch detectors, in Figure 5. Considering the large variations
in radon concentration, the 2'°Pb growth rates are smooth, indicating the mean deposition velocity
of radon decay products is approximately constant at each frame position throughout the
observation period (3.5 y). On the other hand, in the blocked view positions the relative plate-out
rate is low by 45% (B2 above bookshelf) and 65% (B1 under the staircase) respectivly. The
results of Figure 5 stress clearly the importance of exposure geometry. Only glass objects
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Implanted Activity 2°Pb (Bqm-=)
L
20 |  m Bl Blocked view - under staircase .
% B2 Blocked view - on bookshelf 0
B¢ ¢
e OP] Open view - on wall .
1 5 * ¢ OP2 Open view - on wall S
* *
. * %
10 * .
| . « . "
* * "]
51 . * . - e
- ]
]
0 = ‘
0 2 4 6 8 10
Exposure (kBq year ms3 )

Figure 5. The implanted 2°Pb activity, as calculated from '°Po measurements on the four
framed glass sheets. The exposure time equals 3.5 years.

exposed during similar conditions can be compared with each other without the introduction of
correction factors. It should be noted that none of the four frames in Figure S resides close to
radiators or ventilation openings.

For the same dwelling as above the ratio of implanted *'°Pb to the estimated radon exposure for
existing glass sheets is plotted against exposure time in Figure 6. The shape of the theoretical
ratio, corresponding to constant radon concentration and constant plate-out and implantation
rates, and the results from Figure 5 are included for comparison. The older samples of Figure 6
exhibit a consistantly lower 2°Pb/radon ratio than expected from the open-view (OP1&2)
exposure results of Figure 5. This low ratio may reflect a half life of implanted 2'°Pb in glass less
than 22 years or merely recessed exposure positions or lower radon concentrations or lower plate-
out rates of the past. The number of family members as well as smoking habits have changed
over the years and it is not
possible at the moment to

determine the major reason for
the time behaviour in Figure 6.

Implanted Activity 2'° Pb (Bq mr2 )

Radon Exposure (kBq year mr3 )
5

The smalll implantat.ion depth . % Living-room
favours high-resolution alpha * < Bedroom
spectr.oscopy but . raises 3| ‘e Dining Area
questions of durability and

; X * = Theory
interference from dirt on the |2~ "

surface. All our experience from *

glass measurements supports the Iy = P N

hypothesis that the removal of |, L ‘ L
implanted LRnD is only caused | 0 10 20 30 40 30

by radioactive decay. Normal
glass-cleaning procedures will

Exposure Time (year)

not influence or remove the Figure 6. The implanted *'°Pb activity calculated from
implanted activity. The results pulse ionization chamber measurement of 2!°Po on existing
illustrated in Figure 5 support glass sheets and on the four samples of Figure 5.
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this conclusion. The glass sheets of Figure 5 have been thoroughly washed in our laboratory 3-4
times a year, prior to each measurement, a procedure that apparantly does not effect the

implantation process.

It is easy to show experimentally that
it takes a destructive cleaning
method to remove the implanted
20py/21%Pg activity from glass sheets.
Cleaning repeatedly with a
household detergent and lukewarm
water seems not to tear off any
activity (Figure 7), but the implanted
activity is apparently removed if
glass surface is treated with abrasive
agents (Figure 8). It should be
remembered however, that implant
integrity may be impaired during
long-term exposure to water con-
densing conditions, due to surface
corrosion of glass.

Due to regular cleaning, the inter-
ference from dust and grease is of
little significance for the samples in

Implanted Activity ?'°Po (%)
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80

60|
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20

1 2 3 4 5 6 7 8
Number of Cleaning Cycles

Figure 7. Cleaning glass sheets with lukewarm water
and a household detergent does not remove the
implanted activity.

Figure 5, but we can not exclude the possibility that in other indoor environments surface
contaminants may have a deleterious effect on the implantation process. Systematic studies on
how household contaminants on surfaces interfere with the implantation process are lacking. Our
results from a pilot study of household glass sheets exposed in a walk-in radon chamber indicate
that a significant fraction of implantation can take place in the surface dust [1]. The removable
fraction of 2!°Po after exposure was 32 and 49% for clean and dusty samples, respectively, but

the spread in the individual results of
the 20 samples was large. The results
from the pilot study in reference [1]
support the hypothesis that indoor
surface contaminants can
significantly reduce the implantation
rate of LRnD into the glass matrix,
though the reduction is much less
than expected from pure range/mass-
load calculations, due to the very
uneven surface distribution of the
dust.

The PIC detector of Figure 5 is used
with an opening diameter of 20 cm
and do not reveal the detailed (say,
on a centimeter scale) surface
distribution of implanted activity.
When utilizing track-etch devices or

Implanted Activity *'°Po (%)
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Figure 8. The implanted activity after consecutive (left
to right) abrasive treatments of a glass sheet.
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other small-area detectors on
glass surfaces inhomogeneities
in the surface distribution of
Mpy  may influence the
measured result. It is therefore
of interest to make a more
detail investigation of the areal
distribution of implanted 2'°Pb
in household objects used for
RARE purposes. The framed 35 * * down
: . 0 10 20 0 0 20
glass sheets in Figure 5 have Implanted Actrvity ™ Pb ( Bq m? ) Implanted Activity ™ Pb  Bq m? )
therefore been scanned with the (a) (b)
PIC detector collimated to
either a slit or a circular ‘ ‘
opening of area 7 ¢cm’ The 0 - = w
results reveal an even
distribution of 'Pb for all
objects exposed openly on the
wall. Only very close to the
wooden frame surrounding the
glass sheet is the implanted * *
activity reduced, being zero on 35 * _. * down
the part of the glass covered by
the frame. The lower activity
concentration close to the

wooden frame (cf. Figure 93) Fijgure 9. Results from scanning the sample OP2 with a slit
?eﬂects presumely an  (5.3x138 mm?) collimator (a) and sample B2 with a circular (¢
interupted boundery layer as = 30 mm) collimator in the middle (b), to the left (c), and to

the wooden frame extends the right (d). The exposure geometry of B2 is given in Figure
above the surface of the glass 3

sheet. A slightly more uneven

distribution can be found on

glass sheets in recessed positions, as illustrated in Figure 9 b-d, presumely due to uneven airflow
patterns. From the scan of object B2 (cf. Figure 3 and 9 b-d) it is apparent that the low vase in
front casts a "shadow", i.e. diminishing the implanted activity in the lower part of the object. The
conclusion from our scanning experiments is that in the centre part of glass sheets
inhomogeneties in the 2'°Pb areal distribution are of minor importance and do not normally
prohibit the use of small-area detectors, e.g. ion implanted Si-detectors. Small detectors will
however, give raise to sensitivity problems due to the low surface concentration of implanted
activity.
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The results in Figure 5 are obtained during authentic living conditions and a good control of the
radon exposure conditions, cleaning procedures etc. This well controlled situation is not met
when collecting samples from dwellings for assessment of radon exposure in retrospect. But
RARE methods can be put to test in the existing dwelling stock provided we compare similar
exposure geometries and know the time of exposure. A test of the time behaviour of the
implanted activity is illustrated in Figure 10 in which four existant glass frames from two houses
have been analysed for total surface and implanted 2'°Po activity at two different occasions. There
is about 4 years between the two measurements and a very important observation is that the
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Figure 10. Four individual glass samples from two different dwellings analysed at two different
occasions four years apart.

growth of the implanted activity seems to follow the same trend as during the first 10-15 years,
irrespective of eventual differences in cleaning habits. On some objects, the removable LRnD
activity exceeds 50%. This does not necessarily prove that a significant implantation of alpha
recoils takes place in the surface contaminant itself, rather than in the solid glass. One reason for
this is that the dust landing on the glass surface may be of different age and therefore of different
LRnD concentration. This idea is speculative, but as some of the samples are positioned beneath
an open staircase, significant resuspension and fallout of old dust is not out of the question.

It is obvious from the results presented above that several factors can interfere with the
implantation process, but through a careful choice of samples and a preferably a multi-sample-
per-dwelling approach, the correlation between radon exposure and implanted activity is
expected to be good within a factor of two.

Publications
[1] L Johansson., M. Wolff and C. Samuelsson. "The influence of Dust on 2'°Po Signal in
Retrospective Radon Measurements" Rad. Prot. Dosim. 56 1-4, p141-143, 1994,

C. Samuelsson and L. Johansson "Long-Lived Radon Decay Products as a Long-Term
Radon Exposure Indicator” Rad. Prot. Dosim. 56 1-4, p123-126, 1994.
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I. Summary of Project Global Objectives and Achievements

GLOBAL OBJECTIVES

Besides the airborne activity concentrations, the size characteristics of the unattached and
attached decay products and the quantity of unattached activity are important parameters in ail models
for dose calculations. The information on the size characteristics are also essential for understanding
and describing the behaviour of the airborne activity in indoor and outdoor environments. For example,
the retrospective assessment of indoor exposure to radon (2'OPb in smooth surfaces) needs
information of the variation and size dependence of the airborne activities.

Values for the size distribution of the unattached and aerosol-attached activity in the domestic
environment and the magnitude of the unattached activity are quite limited and consequently uncertain.
The information available in the literature shows that it is necessary to determine aerosol and room
conditions (such as aerosol particle concentrations, ventilation, type of aerosol and vapour sources,
humidity) during measurements. For the correct determination of the real variation of these parameters
under normal living conditions more efforts have to be done to reduce uncertainties concerning activity
measurements, to calibrate and improve size fractionating instruments, to compare different data
evaluation methods, and to simulate the behaviour of airborne activities by model calculations.

The improvement and development of experimental techniques, controlled chamber studies
and intercomparison measurements were important topics of this project. Other important points of
emphasis were to determine aerosol size characteristics, activity concentrations of radon, thoron and
their short - lived decay products (fp, F) in the domestric environment and to determine or simulate
deposited activities in the human lung. Finally, by the group of Géttingen a new dose model based on
the actual lung deposition values (recommended by ICRP66) was developed to assess the influence of
biological and aerosol parameters on the lung dose.

Within the framework of PECO92 and PECQ93 collaboration with groups of the Eastern part of
Europe (Romania, Poland, Slovenia) were supported by the CEC during some periods of this project.

Groups of the non-CEC-countries Sweden (Lund, Stockholm) and Switzerland (PSI) continued
or started their co-operation in this radiation protection project.
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GLOBAL ACHIEVEMENTS

Dose calculations based on the actual lung deposition values demonstrate the importance of
the size of the unattached activities (clusters) and of the aerosol-associated activities of the nuclei and
coarse modes. Key results of calculations with the new developed lung dose model of the group of
Géttingen are summarised in figure 1.

dose model: C. ZOCK 1995 ]
mouth breathing breathing rate: 0.75 m’h

S 100t

5

)

B

8 10§ nose breathing

1000 10000

1 saal il il i
1 10 100
d (nm)

Eigure 1: Dose conversion factors (DCF) as a function of particle diameter d of inhaled radon progeny.
Calculations based on a dose model developed by C. Zock, 1995.

Size distributions of the unattached radon decay products were measured by the group of
Gottingen in homes and at working places in several rooms with elevated activity concentrations at
different atmospheric conditions. In general, it can be concluded from these measurements that the
distributions of the uitrafine fraction is narrow in size (og < 1.4) with median diameters ranging between
0.5 - 1.4 nm corresponding to Stokes-Einstein diffusion coefficients D of 0.02 - 0.20 cm2/s. There are
indications of three different modes with diameters around 0.53 nm, 0.82 nm and 1.3 nm. These modes
probably corresponds to the neutral and charged states of the clusters and uncompleted hydrated
clusters. In rooms with an aged aerosol the cluster size of 214Pb is larger (1.4 nm) compared to 218Po
(0.8 nm). This latter finding is supported by measurements of the groups of SSI, Stockholm and PS!,
Switzerland using aerosol-filtered air.

Controlled chamber experiments of the groups of PSI and Géttingen show no effect of cluster
growth by variation of SO, between 0 - 0.5 ppm (environmental level) and relative humidity between 5-

80%.
The groups of Brest and Stockhoim developed and calibrated diffusion detectors in

combination with the track-etch technique for integrated measurements of the sizes of the unattached
radon progeny. Successful test measurements were performed at environmental levels with sampling
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times of 5 days.

The group of Barcelona set-up an automated system based on a single-screen technique for
continuous measurements of the integral amount of the unattached and of the aerosol-attached radon
progeny. Continuous measurements and monitoring of pressure and temperature were performed
during several weeks in four houses in the catalonia area in Spain. During these measurement
campaigns different kind of passive integrated detectors were tested.

The Belgian group of Gent tested during an intercomparision campaign in Sweden a
commercial available monitor (Fa. Streil) for continuous measurements of f, and F during a 3 months
pertod.

After calibration and modification of the so-called Bronchial dosimeter first experimental
experience were made at laboratory conditions by the group of Mol to simulate lung deposition mainly
of the unattached activities.

By the groups of Brest and Géttingen measurements of the size distributions of the aerosol-
associated activities in homes were performed with impactors and techniques based on electrostatic
classification. Both groups confirm former results that the distributions of the different radon progeny a
similar. The Brest group also found sometimes a significant activity fraction in the coarse mode size
range of some microns. This findings support resuits of intercomparison measurements organised by
the group of Géttingen. Participants of this campaign were the US-DOE (USA) and ARL(Australia).
Essential progress is necessary to clarify if this activity in the coarse mode range is real or a
misinterpretation of the ultrafine radon progeny. Furthermore the Brest and Gottingen groups spent
special effort in testing data evaluation methods concerning size analysis of aerosol measurements.

The Lund group of Sweden designed and calibrated a multi-orifice impactor and showed that
this impactor can be used to measure sizes down to 35 nm.

In an improved radon chamber in Lund the hygroscopic growth of different kind of indoor
household aerosol was investigated.

The group of Barcelona constructed and developed a walk-in radon chamber with controlled
and monitored atmospheric conditions. The PSI group improved model calculations for describing the
behaviour (attachment, plate-out) in a radon chamber. In the radon chamber of SSI, Stockholm an
experimental technique for studying the deposition of radon progeny in humans was modified and
tested.

The SSI of Sweden continued their survey program for thoron and thoron decay products.
From the current results can be estimated that the averaged dose equivalent of Thoron of 0.1 mSvly is
negligible compared to 2 mSv/y corresponding to the radon exposure in Sweden.

National radiation protection programmes concerning radon exposure of groups of Bucarest
(RO), Ljubiljana (SL) and Katowice (PL) were temporary supported by the CEC. The Bucarest group
developed a theoretical model to derive exact solutions of turbulent diffusion for the unattached and
attached radon decay products and a model for caiculating the concentration profiles in the outdoor
atmosphere.

The Slovenian group completed a nationwide radon survey in kindergartens and schools with
detailed decay product measurements in different geological and climatological regions. Others
projects dealt with measurements in caves for spelectherapy and a plate-out monitor for dosimetry of
radon decay products.

The group of Poland is responsibie for monitoring of radon decay products in underground coal
mines. Dunng this project instruments for measurements of the unattached fraction of radon progeny
were built based on the single-screen technique used by the group of Goftingen. Intercomparison
measurements and training courses of polish specialists were performed with the group of Géttingen
and other groups in Europe and USA.
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Head of project 1: Dr. Porstendorfer

II. Objectives for the reporting period

Special parts of the radon related radiation protection programmes of the IL were involved in
the CEC supported project:

- Controiled chamber experiments to study the influence of trace gases and humidity on cluster
growth and neutralisation processes of the unattached activities of 2'*Po.

- Measurements of size distributions of the aerosol-attached activities and of the unattached activities
at different atmospheric and under representative living and working conditions. It is of special
interest to mvestlgate dlfferences of the cluster sizes (or diffusion coefficients) of the different decay
products 2'®Po, 2'%Pb and 2Bi.

- Intercomparison measurements with groups of USA and Australia will be continued.

- A new dose model will be developed to estimate the variation of the dose using experimental
derived aerosol parameters.

III. Progress achieved including publications

CHAMBER STUDIES

In a cylindrical radon chamber (length: 1 m, volume: 0.036 m3) neutralisation rates, front to
total ratios (ftr) and cluster sizes of *"®Po were measured at elevated radon gas concentrations for
aerosol-free room air at different air humidites:

a) For determination of the ftr-values as a function of the penetration P the >®Po activities
were sampled on 6 singie-screens with different mesh numbers and on a membrane filter for two
different flow velocities. The total screen-deposited activities and the activity on the membrane filter
were measured via 2Bj by y-spectroscopy and the activities on the screen surface by a-spectroscopy

“po.

Figure 1 shows the results of the fir-measurements. Because of the dependence on the
deposition of the clusters around the screen-wire the ftr is a function of screen-penetration. The
measured values are valid for small distances (< 5 mm) between screen and alpha-detector. For this
case, with only consideration of alpha particle losses in the source-wire a theoretical fir-value of 0.59
can be calculated using classical deposition equations. However, these deposition equations are only
valid for constant number concentrations of the clusters before and behind the sceens, that means for
a high penetration. The measurements were also performed for vanishing penetration values which
yield increased fir-values up to 0.8. This value is not theoretically predictable because for this case
there exist no theoretically description of the deposition around the wires.

b) The de| })osmon by diffusion on the screens was used to determine the size (or diffusion
coefficients D) of 8po-clusters at the end of the chamber. The activity on the top-side of five screens
were measured with a surface barrier detector. Diffusion equivalent activity median diameters of 0.68
nm were evaluated for all relative humidities RH ranging between 2 - 70%, corresponding to D = 0.11
cm?/s. Former chamber studies of Porstendrfer and Hopke indicate a reduction of about 1/3 of the
diffusion coefficient of charged clusters compared to neutral one assuming the same cluster size. In
the present study it was found that 29% of the 2'®Po clusters were positively charged at RH=2% and
only 12% at RH=70%. If the real cluster size is assumed as the same for all humidities and assuming
the same charge states, it will expected that the median diffusion coefficient will only be reduced by
5% from RH=70% to RH=2%. Theoretical studies of cluster growth predicts that the real equilibrium
cluster size
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Figure 1: Front to total ratio ftr of single sreens as a function of the penetration value P.

The measured values can be approximated for P < 0.023 by ftr = -4.278*P + 0.796 and for P > 0.023
by ftr = 0.55 + 0.1745*exp(-7.17*P).
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Figure 2: Neutralisation rate of 2'®Po clusters as a function of the relative humidity RH.
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of 2®po-water clusters decrease with decreasing humidities. These two effects will have an opposite
influence on the diffusions coefficient and may compensate themselves.

¢) The rate of neutralisation of ¥®pg was determined by separating the charged clusters from
the total number of clusters in an cylindrical condenser. In Figure 2 the dependence of the
neutralisation on the air humidity is shown. The measurement indicates that the neutralisation
depends strongly on the humidity at low values and reaches saturation at higher humidities. The
increase of the neutralisation rate for increasing humidity is caused by the higher concentration of
hydroxyl radicals from the radiolysis. This hydroxyl radicals may act as electron scavengers. The
neutralisation of 2'®Po occurs by means of OH'. It is plausible that a saturation will be reached when
the whole alpha energy is used for water radiolysis.

SIZE DISTRIBUTION MEASUREMENTS

aerosol-attached activities

For the measurement of activity - weighted size distributions in the nucleus mode size range
with diameters between 10 - 100 nm experimental methods based on the analysis of the electric
mobility of aerosol particles have the best size resolution, compared to impactors and diffusion
techniques. To improve the sensitivity of this technique for radioactive aerosol particles and for
modelling radioactive and inactive size distributions, an electrostatic classifier in connection with a
condensation nuclei counter (CNC) and a unit for alpha-spectroscopy was built up and tested. For this
device a computer program was written and hardware modifications were done to perform automatic
and continuous measurements. From the particles losses inside the classifier, the charging probability
of the aerosol particles and the response function of the CNC it can be estimated that the detection
limit for size analysis of number size distributions is about 4-5 nm and 250 nm, respectively.

The activity of 8o . associated particles can be measured continuously after ‘electrostatic
classification by alpha spectroscopy using a surface barrier detector. Sufficient counting statistics also
for particle sizes of about (10 - 20) nm can be achieved in atmospheres with elevated radon gas
concentrations of 2000 - 3000 Bg/m3 corresponding to concentrations of '®Po of 1000 - 2000 Bq/m3.

In addition to the method of electrostatic classification an optical system (LAS X) for size
analysis in the diameter range between 200 - 7000 nm was tested and a computer program was
written to support automatic measurements.

In a low ventilated room without any additional aerosol sources (aged aerosol: Z = 6000 -
9000 particles/cm3) at radon gas concentrations of 7000 Bqlm3 the different experimental techniques
Scéassiﬁer and impactor) were compared. In Fig. 3 the measured averaged activity size distributions of
Po are shown. The advantage of the size analysis with the electrical mobility analyser is the
excellent size resolution. However, due to the low air flow rate of the classifier (< 10 {/min), due to the
registration of only single charged particles (unipolar equilibrium) with this unit of activity
measurement (c-spectroscopy) a complete activity size spectrum can only be measured during 8
hours. From Fig. 3 can be seen that both size distributions are in good agreement. The maximums of
the accumulation mode ranged between 200 - 300 nm and agree with former impactor
measurements.

From the above described indoor measurements with the on-line-a-impactor the size
distributions of the different short-lived decay products 2'®Po, 2"Pb and 2'*Bi can be evaluated. The
averaged parameters of the lognormally approximated main mode (accumulation mode) and the
extreme values of the single measurements are summarised in table 1. The average median
diameter of the primary decay product *"®*Po (AMAD=234 nm) is slightly smaller than those of *"*Pb
and 2"Bi (AMAD=251-253 nm). This effect can be the result of detachment processes due to the
recoil during the a-decay of 8pg and of re-attachment processes to an aerosol particle.
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Figure 3: Averaged size distributions of 2'®Po measured with an on-line-a-impactor and an electrical
mobility analyser in connection with a detector unit for a-spectroscopy. These measurement were
performed in a low ventilated room with an aged aerosol.

Table 1: Mean parameters of the lognormally approximated accumulation mode of the aerosol-
attached short-lived radon decay products. These measurements were performed with the on-line-a-
impactor in a low ventilated room with an aged aerosol. Extreme values of the single measurements
are listed in parenthesis.

Nuclide AMAD Sg fraction

[nm] [%]

218pg 234 22 76
[197 - 357] [1.9-2.5] [63 - 79]

N4py 253 2.1 74
[210 - 352] [2.0-2.3] [61 - 80]

24 251 20 75
[204 - 343] [1.8-2.3] [59 - 83]

"Unattached" activities

The size distribution of the uncombined shont-lived radon decay products in the diameter
range 0.5-10 nm ("unattached” fraction) was measured taking six parailel air samples, five with
screen diffusion batteries and one without as an absolute sample. To avoid entrance losses all
sampling units were operated open faced. The activity concentrations of the different radon decay
products were determined from the analysis of the decay curve by alpha spectroscopy and the size
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distributions were evaluated from the penetration values using the expectation maximisation (EM)
method.

Measurements were performed in homes and at two working places in rooms with elevated
radon gas concentrations cq at different atmospheric conditions. In tabie 2 the mean values of cg, the
aerosol particle concentration Z, the equilibrium factor F, and the unattached fraction f,, of the
different rooms are summarised.

Table 2: Mean values of the radon gas concentration co, the aerosol particle concentration Z, the
equilibrium factor F, the unattached fraction f, and room description. In these rooms also the size
distributions of the unattached short-lived radon decay products were measured (see table 3).

H: home; W: working place.

room | room description atmosphere no. of Zz Co F f5
HW runs | [emd] | [Ba/m?
1 cellar room aged aerosol 18 3100 1510 0.25 | 0.191
H1 dunng air clean. 550 807 0.05 0.727
2 cellar room aged aerosol 9600 7682 0.35 | 0.123
H2 | (butanol vapours!) | burning candle >10° 8193 0.45 | 0.059
3 water purf unit Z varying 4 11200 10600 0.54 | 0.062
wi1 laboratory
4 water purif. unit Z varying 3 14000 29346 044 | 0.071
wWi1 cellar room
5 water purif. unit Z varying 4 12800 22810 0.25 | 0.093
w1 fitter room
6 water purif. unit Z varying 4 32700 489500 | 0.25 | 0.032
W1 water storage
7 asthma therapy natural filtered air 5 < 200 8260 0.09 0.912
W2 mine

In table 3 preliminary results of the size analysis are compared (mean values). In general, it
can be concluded from these measurements that most distributions of the uncombined fraction are
narrow in size (og < 1.4) with maximum diameters smaller than 5 nm. The mean median diameters
ranged tz)etween 0.5 - 1.4 nm corresponding to the Stokes-Einstein diffusion coefficients D of 0.02 -
0.20 cm*/s.

Regarding ail measurements there are indications of three different modes with median
diameters around 0.53 nm (D = 0.17 cm?/s), 0.82 nm (D = 0.08 cm*/s) and 1.3 nm (D = 0.03 cm/s). It
is speculative to identify the first mode with pure or uncomplete hydrated ions and the others with
charged and neutral clusters, because electrostatic interaction of charged aerosol particles or clusters
with polar gas molecules yield lower diffusion coefficients compared to neutral species.

It is surprising that in room 1 with the most stable aerosol conditions a larger fraction of pp
clusters may be charged compared to those of 28pg_ 1t further seems that atmospheres with vapours
and other compounds of a burning candle (room 2) reduced neutralisation rates resulting in higher
charged fractions of 2'®Po, now similar to the values of 2'*Pb. Higher amount of water vapours in the
air (rooms 4-7) and butanol vapours (room 2) may increase neutralisation rates and yield similar
diffusion coefficients of '®Po and 2'*Pb which corresponds to neutral clusters.
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In two cases (rocoms 1 and 7) the diffusion coefficient of the decay products 2"Bi was
determined and yield values corresponding to neutral or pure ions. This result raise the question if
neutral cluster may evaporate with time?

Further measurements including studies concerning the charged and néutral status of the
ultrafine clusters are necessary to explain the differences between the size and diffusion coefficients
summarised in table 3.

Table 3: Mean parameters of lognormally approximated size distributions of the short-lived radon
decay products and the corresponding mean diffusion coefficients. Measurements were performed in
homes (H) and at several working places (W) at different atmospheric conditions. Data evaluation
method: EM-method.

room | no. of | atmosphere Nuclide | dy G fs & op D
HW | runs {nm] [nm] [em?/s]
1 18 aged aerosol po {085 110 062 | - - - | 0070
H1 RH=60%, T=20°C | *"“Pb | 137 109 0.1 - - - | 0.027

8 durngarrclean. | ?®po ] 061 120 031 [0.79 1.11 0.58} 0.104
RH=50%, T=20°C | #“pPb | 110 1.07 044 - - - | 0.042
g | 057 1.06 0.18 0.157

aged aerosol +
2 8 butanol vapours | 2®pg | 052 107 0.0 |061 128 0.33] 0.149

H2 RH=50%, T=20°C | 2"Pb | 0.51 1.05 0.05 |0.76 1.20 0.03] 0.153
burning candle +

3 butanol vapours | *®Po | 136 1.09 0.19 - - - 1 o028

RH=50%, T=20°C | ?“Pb | 121 1.06 0.04 . - - | 0.035

varying aerosol

3 4 concentration Y8po | 061 122 0.1 |0.83 1.12 0.25] 0.095

w1 RH=60%, T=20°C | #“pb | 052 1.03 0.02 |[1.33 1.08 0.02] 0.111
varying aerosol

4 3 concentration Z8pg {1 051 1.07 0.3 |0.87 1.13 0.20| 0.117

W1 RH=90%, T=8°C | 2“pp ? ? ? ?2 2 7 ?
varying aerosol

5 4 concentration M8pg 1 053 117 0.07 }0.85 1.12 0.24| 0.097

W1 RH=100%, T=8°C | ?"pb | 2 ? ? 2?2 ?
varying aerosol

6 4 concentration M8pg 1 052 1.03 011 }083 1.34 0.01] 0.184

W1 RH=100%, T=8°C | *Pb | 0.75 1.06 0.03 - . - | o.000

7 5 natural filtered air | 2'°Po 0.57 144 0.97 - - - 0.156

w2 RH=100%, T=8°C | *“Pb | 0.89 1.02 0.89 - - - | 0.064

24g; | 053 1.06 056 |095 1.15 0.11] 0.160
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INTERCOMPARISON MEASUREMENTS

Side-by-side measurements were performed during October 2-4, 1991 in Northern Bavaria
(Germany) in a house with elevated radon gas concentration by the following partjcipants: EML of the
US-DOE, New York, USA; ARL of the Department of Community and Health, Yallambie, Australia
and the iL of the University, Géttingen, Germany.

One important objective of this intercomparison was to clarify if the methods for size analysis
of these three laboratories yield equivalent results with regard to finally derived dose conversion
factors. Although the results of the determined activity size distributions of the single measurements
are sometimes considerable different, the averaged size distributions (three days) are in agreement
on the main points.

In table 4 the averaged size distributions of 218Po in the diameter range < 10 nm are
compared. Although the median diameters of this size distributions agree only within a factor of two
(dq = 0.54-1.2 nm; D= 0.036-0.17 cm2/sec), the influence of these differences on the calculated
average effective dose can be neglected (difference < 30%). However, the difference of total amount
of the "unattached" 218Po (34-54%) is significant. The data evaluation sometimes yielded bimodal
218po distributions, with the additional mode in the size range 4-5 nm. This finding is important for
future studies to understand the behaviour of radioactive aerosols or clusters in the environment; but
the current dose models (1.2) show only minor influence on the calcuiated dose conversion factors
using unimodal or bimodal distributions of the "unattached" activities.

In table 5 the results of the complete size distribution of the PAEC, measured by different
screen diffusion techniques of ARL and EML are summarised. The weighted effective HE-DCFs of
the daily-averaged measurement differ less than 30%. The sizes of the aerosol-attached activities of
the accumulation mode (AMD = 192-297) are quite different.

Activity size distributions of 214Pb performed with different kind of low-pressure impactors of
EML and IL are summarised in table 6. The difference of the median diameters of the accumuiation
mode (AMAD=238-332) is surprising. However, both methods clearly show that a significant amount
of 214Pb is associated with aerosol particles in the diameter range 10-100 nm and sometimes in the
diameter range of the coarse mode (~2000 nm). This findings are very important for correct dose
calculations. The data of table 6 show the problem of accurate particle size measurements in the
diameter range 10-100 nm.

From the results of these intercomparison can be concluded that there is agreement on the
main points, but some disagreements on details of peak location and shape. However, most of this
disagreements do not affect dose calculations very much. But these joint measurement clearly
showed that accurate measurement of activity size distribution in the diameter range 10-100 nm,
especially the range below the cut-size of the last impactor stage, is a difficult task that has not been
fuily solved as yet. The amount of short-lived radon decay products in this nuclei size range will have
a major influence on the calcuiated dose. Furthermore this study show that it is necessary to have a
closer look to the coarse mode size range with diameters of some microns. Additional measurements
are necessary to clarify if the measured activity in this size range is real or if it is an artefact of the
method or a misinterpretation of smaller particles.

During June 12-15, 1995 the US-DOE organised an international intercomparison
measurement campaign for radon progeny size distributions at the environmental monitoring
laboratory (EML), New York. In a radon chamber different experimental techmques (diffusion
batteries, impactors) were compared under controlled aerosol conditions. Participants of this
intercomparison measurements were EML, US-DOE (USA), AEA Technology (Great Britain),
Australian Radiation Laboratory (Australia), US Bureau of Mines (USA), Clarkson University (USA),
and the IL of the University Goéttingen (Germany). A detailed data evaluation of all measurements is
in progress. At the end of this year the resuits will be published as a DOE report.
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Table 4: Activity size distributions of unattached 218Po: average results of measurements performed
during three days in a moderate ventitated room (v < 0.5 h-'). Average aerosol particle concentrations
of Z = 4450 cm-3 (range: 2400-8000 cm-3). The corresponding effective dose conversion factors HE-
DCF(mSv/WLM) were derived from ICRP Task Group Model LUDEP, Version May 1993 (1.2).

Group/no. of method d4 o4 fy d» o2 fo HE- DCF
measur. [nm] [%] { [nm] [%] § [MSVIWLM]
IL Simplex, unimod.| 1.05 162 54 344
Gottingen EM, unimodai 084 176 52 30.6
7
Simplex, bimodai| 0.84 101 41 | 3.16 259 17 345
EM, bimodal 0.77 116 42 | 3.88 142 10 29.5
ARL EM 059 115 20280 120 20 27.3
Yallambie Twomey 054 111 19 | 2.09 140 43 45,5
8
EML EM 119 120 34 223
New York, 5

Table 5: PAEC size distributions measured with screen diffusion techniques from EML and from ARL.

"unattached" activities accumulation mode
Date group AMD Oy fraction AMD Og fraction
(hm) (%) (nm) (%)
2 Oct. 1991 EML 1.2 14 18 173 2.5 82
ARL 0.85 1.2 13 303 26 87
3 Oct. 1991 EML 1.25 1.3 11 222 2.0 89
ARL 1.12 2.0 15 248 23 85
4 Oct. 1991 EML 1.1 1.3 14 180 2.2 86
ARL 0.59 1.4 18 333 2.5 67
4.5 1.5 15

Table 6: Size distributions of aerosol-attached 214Pb activities measured with a low-pressure cascade
impactor (BERNER) and screens in series (IL, Gottingen) and a MOUDI impactor (EML, New York).

Nuclei mode Accumulation mode Coarse Mode
Date group | AMAD | ¢, | fraction | AMAD | g, |fractio | AMAD | g, | fraction
(nm) (%) (nm) n (nm) (%)
(%)
2 Oct. 1991 IL 27 21 32 367 1.6 44 ~2000 ? 24
EML | <50 ? 18 235 1.9 70 1690 14 13
3 Oct. 1991 IL 51 <12 25 353 2.1 74 ~2000 ? 1
EML | <50 ? 19 248 1.9 75 1790 14 6
4 Oct. 1991 L 48 <1.2 26 255 2.3 66 ~2000 ? 8
EML | <50 ? 35 225 20 61 1830 1.4 4
average IL 44 <1.2 27 332 2.0 65 ~2000 ? 9
EML | <50 ? 22 238 1.9 70 1760 1.4 8
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DOSE CALCULATIONS

Inhalation of short-lived radon decay products (***Po, 2"Pb, 2"Bi*'*Po) produces the largest
amount of natural radiation exposure. The International Commission on Radiological Protection
recommends a value of the effective dose per unit exposure of short-lived radon decay products by
using an epidemiological approach. The dose conversion factor for the public is 3.9 mSv/WLM while
the dosimetric convention for persons at working places is 5.1 mSwWLM® This procedure is
unsatisfactory in terms of radiation protection because dose model calculations prove that the
dosimetric impact of inhaled short-lived radon decay products may be underestimated by using an
epidemiological approach®.

The purpose of this dose studies was to assess the influence of biological and aerosol
parameters on human lung dose with regard to a comparison with the corresponding recommended
dose values of the International Commission on Radiological Protection (ICRP)®. The dose
conversion factor which gives the relationship between effective dose equivalent and potential alpha
energy concentration of inhaled short-lived radon decay products was calculated with a dosimetric
approach. The calculations base on a lung dose model with a structure that is related to the
recommended ICRP dose model®. Because of the short half-lives of the investigated nuclides
modifications of the model were necessary especially concerning particle deposition in the respiratory
tract and the mathematical description of assumed nuclide pathways.

Main emphasis was focused on biological and aerosol parameter variability like variation of
breathing rate and breathing mode, clearance velocities, critical cells for the induction of lung cancer,
particie size and dispersion of the activity size distributions. Dose caiculations with this improved
model shows that the dosimetric approach leads to a dose conversion convention which is a factor of
more than two times higher than the recommended epidemiological values of the ICRP. The
dosimetric results yield both for indoor and mine aerosol conditions dose conversion factors in the
range of 10 mSv/WLM to 15 mSv/WLM depending on breathing mode.

The uncertainty of biological or aerosol parameters cannot explain the discrepancy of the
epidemiological and dosimetric approach. Clearance mechanisms are of minor importance for the
dosimetry of short-lived decay products due to the short half-lives of these nuclides. A significant
dose reduction as consequence of nuclide transfer to blood is only expected for transfer rates in the
order of the half-lives of the investigated nuclides. Experimental results give no indication for this
assumption‘s). in contrast to the above mentioned parameters the deposition pattern in the respiratory
tract and the choice of critical cell types in the epithelium are more dose relevant. The deposition
modet of Rudolf et. al.”” which serves as a standard in the presented study takes into account the
results of all relevant deposition studies in the past twenty years. The algebraic formulation of these
experimental resuits seems to be a reliable data base.

The assumption that secretory cells alone are the critical cells for the induction of lung cancer
lead to an increase of dose conversion factors. In addition there are other indications that the
calculated values form the lower limit of the dosimetric approach. The recommended apportionment
factors of 0.333/0.333/0.333 for the bronchial, bronchiolar and alveolar region should be replaced by
a weighting procedure with higher dose contribution of the bronchial region‘a’A This would increase
total lung dose especially for high concentrations of unattached activity as well as a higher breathing
rate of 1.7 m*h which is recommended by the ICRP Task Group for "heavy working conditions"®

Within the framework of the dosimetric approach a possible source of uncertainty may be the
alpha radiation weighting factor (w, = 20)">. The discrepancy of the dosimetric and epidemiological
approach may be interpreted in that way that the alpha radiation weighting factor is overestimated as
already proposed by Birchall and James'™. But it has to keep in mind that a reassessment of the
alpha radiation weighting factor would also influence the dosimetry of all alpha emitting nuclides but
not only the dosimetry of radon decay products.
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Head of project 2: Dr. Poffijn

IL Objectives for the reporting period

e Laboratory and field measurements of radon and radon daughter concentrations in
collaboration with the SCK/CEN “Bronchial Dosimeter”.
e Tests with new on-line radon and radon daughter measuring devices.

III. Progress achieved including publications

The aerosol equipment of our group (TSI 3020) has participated in an inter-comparison
exercise done by Rita Van Dingenen at ISPRA (Italy). This exercise consisted of two parts :
laboratory tests under controlled conditions were the accuracy of the equipment in the
different modes was tested and field measurements during the “Hudson Cruise”, a
transatlantic measuring campaign to collect data on general pollution of the air. The results of
this exercise exposed some problems with the equipment. These problems were solved by
repairing the equipment or changing the software.

Simuitaneous measurements with the “Bronchial Dosimeter” from the SCK/CEN and with the
radon daughter measuring system from the UGent have been performed in a couple of
dwellings. Results of one of the measurements are shown in fig. 1. This graph shows the
equilibrium factor as measured by the SCK/CEN and the UGent. Both resuits are in good
agreement with each other. Due to problems with the aerosol equipment, no useful data was
available for this part of the exercise.
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Fig 1 : Equilibrium factor in a Belgium dwelling, measured by SCK/CEN and UGent.

Laboratory tests with a new type of on-line radon daughter measuring devices have been
conducted. These tests were done in close collaboration with Dr. Thomas Streil from Sarad
GmbH. This measuring device (type EQF3000) consists of a sampling head with filter and a
radon measuring chamber. After air sampling, the activity on the filter and in the radon
measuring chamber is measured. This results in values for the radon concentration and the
equilibrium factor every 2 hour. Different measurements in high and medium radon
concentrations have been performed. Fig 2 shows results from measurements in our radon
chamber. The equilibrium factor changes drastically under the influence of changing aerosol
conditions. Fig 3 shows results from a measurement in a cellar from our laboratory. The
values of the radon concentration and of the equilibrium factor were in good agreement with
our own measurements.
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Fig 2 : Radon and equilibrium factor measurements in the radon exposure facility of UGent.
The peaks in equilibrium represent drastic changes in aerosol concentration.
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The EQF3000 device was tested for long term measurements in the framework of the CEC
Radon intercomparison campaign that was held during spring 1995. This campaign consisted
of 2 parts : Jaboratory exposures in the radon chamber from the NRPB and house exposures in
three dwellings in Sweden, Luxembourg and Italy for a period of 2-3 months. The radon
chamber exposures were performed under controlled radon and aerosol conditions. For the
house exposures the local responsible scientists monitored different parameters of the
dwelling. The result of one of the EQF3000 measurements is shown in fig 4.

First analysis of the laboratory and house results show that the EQF3000 devices performed
satisfactory. Detailed analysis of these results is expected in the comming months (autumn
1995).
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Head of project 3: Dr. Vanmarcke

II. Objectives for the reporting period

Design and built-up of a measurement system to assess directly the deposition characteristics of
the short-level radon decay-products in the respiratory tract.

Investigations on possible differences in the plate-out rate between the different unattached radon
daughters.

III. Progress achieved including publications

The airbomne decay products of radon deposit in the respiratory tract leading to a radiation dose
to the lung. In the indoor environment this deposition strongly depends on the attachment rate
of the freshly formed decay products to aerosol-particles and on the plate-out rate to indoor
surfaces. Since it is known that the unattached fraction of the decay products is a major
contributor to the radiation dose, several attempts have been made to measure the activity size
distribution of the unattached fraction. These measurements on the basis of wire-screen methods
were only partially successful, because there are intrinsic problems to separate the unattached
fraction completely from the rest of the activity size distribution [1].

Therefore, it has been suggested to simulate the deposition characteristics of the short-lived
radon daughters in the nasal and bronchial regions and measure the deposited activity directly.
According to the theoretical concept of such a measurement system [2] a so-called bronchial
dosemeter has been built at the Belgian Nuclear Research Center, SCK-CEN.
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Concept of the bronchial dosemeter and efficiency determination

Basically, it is assumed that the deposition characteristics of the nasal cavity and the bronchial
tree may be simulated by different numbers of screens [3,4] Their respective sizes and numbers
are determined by comparing models of the respiratory tract with results from the screen
penetration theory. For an average nasal inspiration flow rate of 30 I/min, a 400 mesh screen
operated at a face velocity of about 12 cm/s provides a rather good approximation to the nasal
absorption characteristics [5]. Adding up four such screens provides a good approximation to the
bronchial tree [6,7].

The bronchial dosemeter consists basically of two different units. The first unit is the sampling
section, which is used to collect the airborne radon decay products. This part of the dosemeter
consists of three different sampling channels:

1. The sampling head of the first channel consists of an open-faced polycarbonate
membrane filter with a pore size of 0.4 pm, which collects the total airborne activity

2. In the second head the filter is covered by a 400 mesh screen in order to collect the
activity penetrating the nasal cavity. The activity deposited in the nasal cavity is then
given by the difference between the activity collected on filter (1) and filter (2).

3 The filter of the third sampling head is covered by five 400 mesh screens to collect
the difference between the airborne activity and what deposits in the nasal cavity plus
bronchial tree. From the difference between the activity collected on filters (2) and
(3) the activity absorbed in the bronchial tree is obtained.

The sampling section of the bronchial dosemeter is shown in Fig.1 For further details it is
referred to ref. [8].

The second unit of the bronchial dosemeter is the alpha-spectrometer section which consists of
three separate a-detectors. After sampling the filters remain mounted on their sampling heads
in order to keep the counting geometry reproducible. The sampling heads are put 1nto the
vacuum chambers, where the filter activities due to the a-decay of 2%p4 and **Po are
measured. From the peak areas obtained in two subsequent measurements the decay product

concentrations of **Po, 21Pb, and 2Bi (¢ ¥po) collected on the filters can be calculated.

The efficiency of the bronchial dosemeter is determined by the efficiency of one sampling
channel and the intercomparison of all three channels. The efficiency of one sampling channel
is determined t?, measuring the a-activity from 218p6 and 2'*Po and the y-activity following the
B-decay of “Bi.

During the efficiency determination the samphng section of the bronchial dosemeter was placed
ina chamber with a volume of about 6 m’. The radon activity concentration Cpy Varied between
26 kBq/m and 10 kBq/m The sampling time was 10 min. After sampling the filters were
transferred to the vacuum chambers within 1 min. The a-activity of all sampling heads were
measured for 5 min and then for 15 min. Afterwards, the sampling head of channel (1) was
transferred to a germanium detector. The y-activity of filter (1) and the a-activities of filter (2)
and (3) were measured for 30 min. From the area under the y-peak at Ey = 609.3 keV, the
photon branclung ratlo and the y-detection efficiency the expected number of
a-particles N ' from *"*Po is determined. The detection efficiency for a-particles e, of this
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sampling channel is then the ratio between the number of a-particles extrapolated from the
a-measurements, N and N

Openfaced One-screen Five screens
filter covering the filter covering the filter

T %%#

T T
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I Alpha
VL chamber
—ll P, T e
Partial
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Fig. 1: Sampling section of the bronchial dosemeter The open diameter of one sampling channel
is 4 cm The flow rate at standard atmospheric conditions is 9.1 I/min leading to a face velocity
of 12 cm/s.

The efficiency of sampling channel (1), ¢, ,, obtained from six measurements is indicated in
Fig. 2 together with the respective data. From these data the efficiency of the other two sampling
channels, ¢, , and €, ;, were determined by intercomparing the equilibrium equivalent radon
concentrations (EEC). The results are also given in Fig. 2. Their relative uncertainty on the mean
value is less than 1.1 % at one standard deviation.

3. First experimental experience

Under laboratory conditions test measurements with the complete system were performed. In the
beginning the radon concentration was about 4.5 kBq/m® and drops to about 1.5 kBg/m’ at the
end of'the test period. The sampling period was 5, 6 or 7 min. The filter activities were measured
during two periods for 10 min and 35 min, respectively.

From the open-faced filter of sampling channel (1) the EEC in air was obtained. Division of an
EEC-value by its corresponding radon activity concentration cg, gives the equilibrium factor F,
which gives a characterization of the aerosol-concentration present (see e.g. ref. [9]).
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Fig. 2: Efficiency of sampling channel (1) obtained at a distance of 0.7 cm from the detector. The
full line indicates the weighted average of the data.
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Fig. 3: Equilibrium factor F as a function of the radon concentration cp,,. The average value for
F = 0.39 with a relative standard deviation less than 11 %.
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In Fig. 3 F is shown as a function of cg,. The average equilibrium factor throughout the test
measurements was 0.39 with a relative uncertainty less than 11 % at one standard deviation,
which indicates rather stable atmospheric conditions during the measurement campaign.

The obtained fractional deposition of the short-lived decay products in the nasal cavity (£f)) as
well as in the bronchial tree (f;) is shown as a function of F in Fig. 4 for each nuclei separately.
Although the data show some fluctuations, it is still valid to define average fractional depositions

for the different decay products. Average values f and f taken from the data of ten
measurements are summarized in Tab. 1.
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Fig. 4: Fractional deposition of the short-lived radon decay products 218pq, 214py, 21B; and the
equivalent equivalent radon concentration (EEC) as a function of the equilibrium factor F. The
left part shows the fraction of decay products deposited in the nasal cavity (£f,), and the right part
shows the fractional deposition in the bronchial tree (f,).
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Table 1: Average fractional deposition of the short-lived radon decay products in the nasal
cavity f and the bronchial tree f, . The values are averaged over nine measurements with

equilibrium factors F = 0 39 £ 0.04

Avarage fractional deposition 218p, 214py, 4B EEC
107 10 107 10

Nasal cavity f 13+13 | -03£22 | 0519 | 04£07

Bronchial tree f, 44+1.0 1.1£1.6 25+20 1.9+£05

4. Conclusion

According to the conceptual design of a multiple wire screen sampler in ref. [2] a bronchial
dosemeter has been built. First test measurements were performed under laboratory conditions.
It turned out, that the bronchial dosemeter is a suitable facility to individually assess deposition
characteristics of the different short-lived radon decay products in the nasal cavity as well as in
the bronchial tree. However, the interpretation of the data strongly depend on the underlying
model of the respiratory tract, which influences the choice of the mesh size as well as the number
of screens used for the sampling heads. For instance, according to recent model calculations [11]
the nasal absorption might be better simulated by a screen with a 100 mesh grid.
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Countries, September 4-7, 1995, Portoroz (Slovenia)

New techmgques for radon progeny monitoring
S Oberstedt, Invited Lecture at Institute Laue-Langevin, Grenoble (France), 23.06.95
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Head of project 4: Prof. Akselsson

II. Objectives for the reporting period

The objectives were to design and construct an improved radon exposure chamber for
studying radon / aerosol interaction, to further develop and characterise a multi - orifice impactor for

radon progeny size measurements, to investigate the hygroscopic growth of indoor aerosols using
the Tandem DMA technique.

. Progress achieved including publications

The new improved radon environmental chamber has been finished during the reporting period.
It has proved to be a very useful tool for conducting radon/radon progeny experiments during
well controlled conditions. The radon chamber is described in detail in a separate report
(publication 1).

The characterisation of the multi-orifice impactor with 50 um nozzles has been completed
during the reporting period. The results show that steep collection efficiency curves with cut-
off diameter as low as 35 nm can be achieved with a plate porosity of 1 % (figure 1). This
means that the impactor can be used to measure the size distribution of radon progeny activity
in the, from a dosimetric view, important size range below 0.1 um. The extensive study of the
performance of the impactor shows however, that the so-called cross-flow limits the maximum
air flow rate through the impactor as well as the diameter of the nozzle cluster. In the next
phase of this study, we will investigate how this limitation affects the sampling in dwellings
with low or moderate radon concentrations. A full technical description of the impactor can be
found in resulting publication 2.

The muiti-jet impactor will be used in the new radon progeny sampler which is currently being
designed and constructed in our laboratory. The sampler uses track-etch technique and will be
used as an integrating dose-meter in dwellings.
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Figure 1. Collection characteristics of the multi-orifice impactor.
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Within the aerosol group of Lund University a system for measuring hygroscopic growth of
particles has been developed. This system uses a so-called Tandem Differential Mobility
Analyzer (TDMA), where the first DMA separates the particles into discrete size bins. After
the aerosol has been humidified, the resulting size distribution is analysed with the second
DMA. A schematic picture of the TDMA is shown in figure 2. The issue of particle growth
during humid conditions is extremely important for accurate dose calculations, since the dose
per inhaled unit of radon progeny activity is depending strongly on size distribution of the
progeny. In so-called lung models, typically no growth or a twofold growth is assumed, but

little data is available.

DMA
1

M Humidifier

A

CNC1

TDMA

Figure 2. Schematic view of the TDMA system. CNC=Condensation Nucleus Counter,
DM A=Differential Mobility Analyzer
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We have used the TDMA system in our radon chamber, for analysing common indoor
aerosols, such as cigarette smoke, dust, and particles produced by cooking. Puring our
experiments, the relative humidity in the TDMA was 90-93 %, which is a bit low to really
mimic the human respiratory tract, but the humidity can be increased if the system is slightly
modified. The preliminary results from this study can be found in resulting publication 3. One
example of the results is shown in figure 3. In short, the study shows that the TDMA is a
powerful tool for studying hygroscopic growth of particles. More studies have to be carried
out at a higher relative humidity before anything conclusive can be said about the behaviour of
"household" aerosols in the human airways.

In the future we want to systematically study each possible source of particles in the domestic
environment, in order 0 determine the strength of the source and the growth of the particles in
the TDMA. This study will initiaily be performed in our radon chamber, but it is our intention
to conduct experiments in a real dwelling.

800
[ Ie] /A\
%) A
o 600 A -
@ —m— vacuuming
g 1 —o— frying
g 400 —A— smoking
~
o)
£ 2001 ] \
3 \ o
2 bo o\o\/o 0-0~0-0
0- PN O W G—
0,05 0,10
DMA 2 diameter (u m)

Figure 3. The measured particle size distributions after humidification. The diameter of the
particles before humidification was 50 nm.

A study has also been performed to investigate possible discrepancies between radon progeny
concentration close to the human body and in free air, respectively. The results from this
study, which is described in resulting publication 4, showed that the possible depletion of
particles and radon progeny close to the human body surface is negligible in most cases.
Sampling far from the body is therefore representative also for determining radon progeny
concentration and unattached fraction in the breathing zone.

Resulting Publications

1. Eklund, P. "The Walk-In Radon Exposure Chamber at the Department of Working
Environment, Lund Institute of Technology” Dept. of Working Environment Report ISRN
LUTMDN/TMAT--7001--SE (1995)
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2. Gudmundsson, A. Bohgard, M. and Hansson, H.C. "Characteristics of Multi-Nozzle
Impactors with 50 pm Laser-Drilled Holes” J. Aerosol. Sci. 26:915-931 (1995)

3. Eklund, P. Berg, O. and Swietlicki, E. "Characteristics of Aerosols from some Typical
Domestic Sources" Proc. of the Symposium of the Nordic Society for Aerosol Research
(NOSA), Lund, Sweden, 1994 (1994)

4. Ekiund, P. and Bohgard, M. "Aerosol Properties and Unattached Fraction of Radon
Daughters Close to the Human Face" Rad. Prot. Dosim. Vol. 56, Nos. 1-4, 133-135 (1994)

5. Eklund, P. "Design and Operation of a Walk-in Radon Environmental Chamber" Licentiate
thesis, Dept. of Working Environment, Lund Institute of Technology (1995)
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Head of project 5: Dr. Falk

II. Objectives for the reporting period

Modification of the experimental technique for the continuation of deposition
studies on radon progeny in humans.

Size determination of the unattached fraction of the three radon daughters using
wire screen technique.

To develop and investigate the properties of a simple field device for the
measurement of size distribution of "unattached” radon progeny in dwellings.

Measurements of 2°Rn and *’Rn progeny indoors in some Swedish dwellings and
if possible determine the “%Rn progeny unattached fraction.

IL. Progress achieved including publications
Human studies

The experimental study to determine the fraction of inhaled radon daughters deposited in the
human air ways has been carried out with a combination of two different techniques. The total
amount of radon daughter deposited during the exposure was determined by measurement of
the radon daughter concentration in inhaled and exhaled air. The sites of deposited radon
daughters were immediately after the end of the exposure assessed by external y-
measurements of the subject in a low level whole-body laboratory.

The experiments carried out during previous reported period was focused on the different
deposition pattern between the "unattached" fraction and the radon daughters carried by an
aged aerosol. The experiences acquire from these studies show difficulties to have control of
necessary parameters when the exposure was performed with high unattached fraction. Plate-
out on clothes and body surfaces added to the difficulties.

A new design of the arrangements for the collection of exhaled radon progeny has been
developed and will be used in the continuation of the study. In principle the exhaled air is
sucked through a filter placed at very short distance from the exhalation mouthpiece. In order
obtain a breathing condition as natural as possible a pressure gauge attached to the mouthpiece
controls the speed of the air-pump sucking the exhaled air through the filter. By these
arrangements no breathing force is needed independent of breathing rate. See fig 1.

The external y-measurements of subjects for the regional deposition determination of the
inhaled radon progeny is difficult to arrive at using collimated detector systems due to limited
activity available and also due to relative high y-energies emutted. The approach used with
multi-detectors placed close to the body surface over chest and head seems to be a feasible
technique. For future studies 5 large Nal(Tl) detectors (@ 125 mm x 100 mm) will be used.
Two over the head, one over the upper arrways and two over the lungs. Higher sensitivity,
better reproducibility and possibility to clearance studies is expected from this new set up.

- 2949 -



( Filter and pressure transducer )

Regulation of pump speed

Pump and volume meter

—

- y

Fig 1. New design of apparatus for collection of exhaled radon progeny.

Size distribution studies of "unattached fraction”

The determination of the size for the unattached fraction of airborne radon progeny has been
performed in a test-chamber inside a walk-in radon-room. The aerosol concentration in the
room was lowered to less than 1000 particles/cm’. With an additional filter for the test-
chamber the aerosol concentration during the study was typical less than 200p/cm’ giving
practically no attached radon progeny in the test atmosphere.

Using different flow-rates and different mesh sizes for the wire screens, the collection
efficiency of the unattached daughters could experimentally be determined. Knowing the
characteristics dimensions of the screen and the flow-rate used, the aerodynamic size of the
unattached fraction could be calculated by use of the screen-type diffusion battery theory. A
significant difference in size of the unattached *'*Po and *'*Bi was found. No data for the
"unattached” 2'*Po could be obtained due to large counting statistical errors The “unattached”
*®pg cluster is about 0.8 nm diameter while the *'®Bi cluster is somewhat larger or about 1.2
nm As can bee seen in fig 2 the results are in agreement for the three different mesh sizes
used. The error bars represent the SD from repeated experiments with different flow-rates,
ranging from 4 - 24 litres/min. The result obtaned 1s a confirmation of findings from other
groups when “unattached” radon progeny is studied in fairly clean laboratory air.

Size of unattached radon-222 daughter
calculated from single screen collection
at different flow-rates

Diameter nm
20

® Mv RaA
[ 4 MvRaBr
| 5 e ol
) 4 3
10 =
§ [ ) e
K 60 Mesh 180 Mesh 310 Mesh
n=16 n=13 n=13

Fig 2. Measured size of unattached radon progeny
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Reports on enlargements of the unattached clusters in atmospheres with SO; and other
pollutants is found in the literature. An increased size of the unattached fraction in indoor air
will have a substantial effect on the dose to the bronchial cells. A simple field device for
measurement of the size distribution of radon progeny indoors in the nm size as a mean over a
longer period has been the goal for the designed diffusion sampler.

The device is a circular parallel plate diffusion chamber using CR-39 as one of the
plates. The diffusion sampler consist of two flat circular metal plates with an inlet and outlet
in the centre. Between the two metal plates is a circular disk of CR-39 arranged so that the air
sucked through the central opening of the circular metal disk passes between the flat inner
metal surface of the disk and the CR-39 film (the diffusion chamber). At the edge of the CR-
39 film the air passes through a filter to remove the progeny that has not plated out on the disk
or the CR-39 film.

The progeny free air is then passed between the other side of the CR-39 and the other
metal disk from the edges inwards. The alphas giving tracks on this side origin from the
radon-gas. This track density is the background to the front side, since both sides will be
exposed to the same radon concentration. The flow rate in the parallel plate diffusion
chamber will be higher in the centre region and lower at the edges. With the present design
the flow-rate will slow down a factor of 10 towards the edges. Thus a longitudinal
deposition compression will occur so that a larger span of aerosol sizes can be deposited
on the relatively short distance of the CR-39 surface.

Arflow

FLOW (0

The total number of tracks at different radius of the CR-39 film is a measure of the deposited
amount of radon progeny at that radius. The distribution of tracks versus radius will then be
dependent on the size distribution of the aerosols carrying the radon progeny.

The deposition pattern for different monodisperse aerosols has been calculated from the
penetration formula given by BowenB.D.. S. Levine and N. Epstein:[ Fine Particle deposition
in laminar flow through parallel-plate and cylindrical channels in J. Colloid Interface Sci.
54:375-90, (1976)]
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The field diffusion sampler for size distnibution measurement of radon progeny in the nm
range at environmental levels of radon has successfully been tested. A few results is presented
below. The results from measurements with filtered laboratory air with **Rn is shown in
fig 3. The unattached *'*Po seems to be close to 1 nm (aerodynamic diameter) according to the
theoretical calculation. In fig 4 where *°Rn is used as source the unattached *’Rn-progeny is
also close to 1 nm in diameter. Fig 5 show the resuit from a 5 days sampling indoors in a
house in the suburb of Stockholm. The size of the unattached fraction seems to be larger,

about 1.2 nm.

Fig3 #2Rnn clean aur Flow rate 1.20 U/mun Fig4 2°Rn in clean arr Flow rate 1.14 Vmin
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Fig 5. 150 Bq/m? of Z2Rn mdoor air for 5 days
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220Rn (thoron) studies

Measurements of thoron has been performed in some 90 buildings during 1992 and 1993, as a
part of two different investigations. The measurements were performed in order to form a
basis for assessing the risk for high thoron levels indoors in Sweden.

Measurement of *’Rn progeny has been undertaken in 61 dwellings at 13 different places.
Most buildings were situated in areas with elevated natural thorium concentrations. The
radon (**’Rn) progeny concentration was measured at the same time.. The measurements were
performed at two locations in each dwelling, living-room or bedroom and basement lounge or
other room in the basement. Typical values of EET in dwelling was found in the range 0.1 to
0.4 Bg/m?® with maximum value of 16 Bq/m3. The unattached fraction was measured to be in
the range 0.003-0.03 Bg/m? with a maximum value of 0.8 Bg/m?® EET (61 nJ/m®. The EET
values found from measurements in the basements are typically 0.3 - 1.5 Bg/m® with a
maximum value of 12 Bg/m3. The unattached fraction was measured to be in the range 0.01 -

0.05 Bg/m® with a2 maximum value of 6.3 Bq/m3. A few measurements of the 220Rn gas were
performed in the basement and showed typically values between 10 and 80 Bq/m? with a
maximum value of 430 Bg/m3.

Measurement of 220Rn has been performed in a part of a random selected group of
dwellings in Sweden. The preliminary results from 31 dwellings show a mean-value of 13
Bg/m3, a median of 4 Bq/m?. A single high value of 150 Bq/m? was also found. All the *’Rn
results reported here are one day mean-values.

The estimated population mean for thoron progeny in Swedish homes is 0.5 Bq/m3 or
(38 nJ/ m?). This would give an approximate annual effective dose to the average Swede of
0.1 mSv. The corresponding mean annual effective dose from radon progeny is about 2 mSv
in Sweden.

The mean thoron gas concentration in Swedish dwellings can be estimated to be 10 to 15
Bq/m® and contribute less than 0.01 mSv to the annual effective dose.

- 2953 -



REFERENCES

R Falk, H More, L Nyblom and I Ostergren. Regional deposition of radon decay products in
human airways. Radiat. Prot. Dosimetry. Vol 45, No 1/4, 685-687, 1992.

L. Mjones, R. Falk, H. Mellander and L. Nyblom. Measurements of Thoron and Thoron
Progeny Indoors in Sweden. Radiat. Prot. Dosimetry. Vol 45, No 1/4, 349-352, 1992.

Falk, R., More, H. and Nyblom, L. Measuring techniques for environmental levels of radon-
220 in air using flow-through Lucas cell and multiple time analysis of recorded pulse events.
Appl. Radiat. Isot. Vol 43, No 1/2, pp 111-118, 1992.

R Falk, H More and L Nyblom . Measurements of 220Rn in air using a flow-through Lucas
cell and multiple time analysis of recorded pulse envents. Radiat. Prot. Dosimetry. Vol 45, No
1/4, 111-113, 1992.

R. Falk, H. Mellander and I. Ostergren. A field diffusion sampler for sizing the radon progeny
aerosols in indoor air. Poster atthe NRE-VI, June 5-9, 1995, Montreal, Canada

H. Mére, R. Falk and L. Nyblom. A Calibration Chamber for °Rn. Submitted to the NRE-
VI, June 5-9, 1995, Montreal, Canada

Falk, R., Hagberg N., Mjones Ld., Iz\/Iére H., Nyblom L. and Swedjemark G. A. Standards,
22

calibration and quality assurance of = Rn measurements in Sweden. Nuclear Instruments and
Methods in Physics Research A 339, 254-263, 1994.

Mjones, L., Falk, R., Mellander, H., Nilsson I, and Nyblom, L. Thoron and Thoron Progeny in
Buildings in Sweden Submitted to the NRE-VI, June 5-9, 1995, Montreal, Canada

- 2954 -



Head of project 6: Prof. Tymen

IL.Objectives of the reporting report.

The main objective of the 1992-1995 contract period was centred on two
major programs:

I- To improve the a-activity counting procedure of radon daughters collected by
the SDI 2000 sampling device and consequentily to determine more accurately the size
distribution of radon daughters in indoor environments. This achievement was based on
i} the modification of the diffusional part of the SDI 2000, ii) the implementation of a
new a-activity counting unit, iii) the use of data inversion methods to reconstruct the
size distribution of individual radon decay product.

II- To perform a method devoted to the measurement of Rn-daughters
unattached fraction, integrated over a large sampling time and based on the use of an
alpha track detector as support of free radon daughters collected in an annular diffusion
channel.

This research work was also carried out in collaboration with the "Laboratoire
de Physique et Métrologie des Aérosols” (LPMA) of the Commissariat a |'Energie
Atomique (Dr. BOULAUD).

III. Progress achieved including publications.

First program
I} METHODOLOGY

1.1 Experimental device

Ambient radon daughters were sampled by using the modified SDI2000
equipment (diffusional and inertial spectrometer) designed at the Institut de Protection
et de Sureté Nucléare of the Commissariat & I'Energie Atomique. The instrument has
been already used in previous experiments carned out in houses, but, the results
obtained did not give satisfaction mainly because too much time was consumed in
handling samples.

As illustrated in fig.1 the present system combines four stages of the 8-stage
Andersen MKIl impactor with 5-channel granular bed diffusion battery. This diffusional
system comprises four tubes containing 1-5 mm glass beds under various depths, the
fifth being used as an open channel. Cutt-off diameters of granular beds are given In
table 1. Flow-rate through the system was controlled by critical onfice. A special
attention was paid to redesign the filterholders in order to make the sampie handling
easler and consequently to reduce the time to be waited before counting.

Our methodology requires nine units of alpha counting to study the alpha
decaying of radon daughters after samphng. A special effort was made to the counting
procedure carned out through nine-surface barrier alpha detectors .Four of them,
50 mm in diameter {(Camberra CAM 2000) were devoted to the impactor plates and
the five others, 25 mm in diameter {Camberra CAM 450) were used for the five filters
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placed downstream the diffusion granular beds. Suitable filterholders were made to get
a short transfer time between the end of sampling and the start of counting phase.
This last one I1s based on :

1) cascade Impactor Stage Cut-off Diameters { nm )
1t
1) ANDERSEN MK 75 Topon channell ;
2) granular beds Fa 12
(3} downstream filters r2 30
R 4) critical orifice
(2) (5) pump F2 70
F1 170
D4 315
o (3) D3 620
(a) )= D2 1750
(5) D1 4500
Fig.1 Schematic representation of the SDI2000 Table 1 Cut-off dtameters of the SDI2Z000 stages

the use of the 7ime Evolved Least Square (TELS) method which determines in real-time
the number of atoms radon daughters present on each sample during the counting
procedure. The basis of calculation 1s to fit the experimental total counts to the
theoretical ones by using a least square method: the number of atoms of each radon
daughter present in the sample 1s used as the fit parameters (Hartley 1989). it is then
an extent of traditional methods using several fixed counting time intervals as In
Thomas' method (Thomas, 1972) for which it is not easy to choose those
coresponding to the best optimization.

To sum up, the prnnciple of the TELS calculation method consists in
approximating the total alpha count C, expressed in the following form:

n
C, = 21 H(t - t)

where H (t-ti)=1f t > 1 and O if t < O, t, being defined as the arrival time of each
alpha particle up to a time t', by the function:

F(t) = aa(1 - el 4 ag(l - e '8l 4 ac(1 - e~tch
oA, aB, aC, are function of RnD concentrations and have to minimize the following
integral:

= [Catt - Fv]Pat
0

This data processing program has been specially written for PC to be easily
used. The duration of experiment (sampling and counting) is totally controlied by the
computer from the start to the end.

1.2 Data evaluation

Once the activity concentration of individual radon nuclides was measured on
each plate and filter, the problem was to reconstruct the size distribution of Po?'®, pp?'*
and Bi’'* from data. This was made through the non-linear inversion method lke
Twomey algorithm or Extreme Value Estimation (EVE) method. Due to the fact that
nanometric size radon daughters are collected by diffusion at the inlet of the SDI 2001
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sampler and the first impactor plate (not counted), the applicable size range varies from
about 8 nm to 10000 nm.

The data processing from Twomey and EVE algorithm is based'on the resolution
of the following equation:

M
F,o= DK, dp,) f(dp,) + &
J=1

where F, are experimental results (concentration of individual radon daughter on each
impactor plate and fiiter), K(1, dp‘) 1s the kernel matrix of the SDI 2001, f(dpj) 1s the size

distribution of each radon daughter, M 1s the number of size classes used in the
reconstruction process, €', is the error term.

The unknown function in EVE method is represented by a superposition of
smooth basis curves e.g. log-normals (Aalto et al., 1990). The original feature of this
deconvolution algorithm lies in the restitution of a central solution among all possible
and acceptable ones both with one minimum and maximum solution depending on
known confidence levels. The method I1s innovative because errors on measurements
are taken into account in the previous term €', and have to be input both with measured
data. A general study of simulation has been carried out in the purpose of testing the
ability of the method to restitute spectra of given shapes ( Droal, 1995).

Il. RESULTS

Radon daughter size measurements were performed using the above
Instrumentation in an experimental house where relatively high radon concentrations
were frequently observed.

Successive experiments were conducted for a 15-min sampling period followed
by a 1-min handling time to arrange the samples in the nine-channel alpha counting unit.
Activity data were then processed in real-time according to the Time Evolved Least
Square method and size distributions determined as previously indicated.

An example of such reconstructed distributions is given in Fig. 2. It can be noted
that for the three radon radionuclides the Activity Median Aerodynamic Diameter was
approximatively the same as reported In other published resuits (Kesten et al. 1993).The
presence of radon products in the coarse particle mode found in this particular example
can be explained by a large amount of particles generated by works carried out In the
room during this set of experiments.

Fig.2 also illustrates the companson between EVE algorithm and Twomey
inversion method. The different results obtained confirm that the modified SDI 1s
capable of restituting the individual radon daughter activity size in the 5-10 000 nm
range. A rather good agreement in the presence of significative modes of the
distributions, with sometimes a slight deviation in the AMAD, is generally observed.
Otherwise, i1t appears that the Twomey method presents osciilations in some cases.
Uncertainties at the tails of the size, relevant to inversion techniques, constitute another
problem. This is particularly critical with the Twomey algonthm even when, in the case
of EVE, the restitution of a smoothed central solution between a minimal and maximal
solution with the higher confidence level allows to substantiate the reconstructed
curves. Nevertheless it will be necessary later to improve inversion techniques.
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Fig.2 Example of attached activity size distribution of RnD.

Second program

1) Methodology.

The use of an alpha track detector to study the unattached component of radon
daughters has not been addressed up to now. The choice of an annular channel as
diffusion sampler was supported by the need to design and make a compact instrument
in which the detector could be inserted and removed easilly.

The sampler (figure 3) consists in two coaxial cylinders forming an annular
diffusion channel of 30 cm in length, 2.5 mm in distance between the two axial
cylinders. The inner one was designed to receive a LR115 Kodak film wound on all its
surface, itself covered by a 13 ym thick Mylar foil in order to register (record?) ultrafine
Po218 only. The sampling flow-rate was determined by fixing the cut-off size at 4 nm

The energetic detection range of the LR115 film ranging approximatively from
1.5 Mev to 4.5 Mev, it was necessary to use a 13 ym thick Mylar foiI,ZRLaced upon the
detector to reduce the  Po alpha particle energy. In this configuration  Po a emission
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is not detectable. However, as a emitters from 218Po and 222Fln have energies of the
same magnitude, the ability for radon gas to produce tracks during the air transit, had to
be evaluated. As seen in fig. 3, unattached 28y collected on the two internal surfaces
can produce tracks on the film detector.

* o o = O :

Air <

» OOC’,_JOO O 0]
L

o Unattached Attached  Radon
218 218
Po Po gas
Ftg.3 Schematic diagram of the annular diffusion channel

Lots of preliminar experiments were Initially conducted in a radon chamber of
0.3m3 n order to examine the behavior of radon gas on track density. Fig. 4 shows a
farrly good agreement between the number of alpha tracks due to radon_effectively
counted and their estimated number.

40
35 + Tracks/ cm2/ h

30 + Theorical curve

3
5 % Experimental points
W Bg.m-3
0 + + s L —p— +
0 5000 10000 15000 20000 25000 30000 35000

fig. 4 Influence of Radon gas on track density

According to our estimations and taking into account the various correction
factors involved, the influence of radon gas on the track density can be estimated at
about 10% over a month exposure in a 200 Bqg m-3 radon concentration and assuming
that 20% of the 2'®Po 1s in an unattached form.

In parallel with this experimental work, we have also studied the penetration
performances for unattached fraction through the classical theory of diffusion but
applied to an annular space of internal and external radius Rq and Rj. Solution of the
classical diffusion equation applied to an annular channel of length L and with 3 mean
velocity U yields to express the efficiency E of collection according to the diffusion
coefficient D of particles (Cy and C being respectively the mean particle concentration
at inlet and outlet of the tube) as the following analytic form:
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= 2
C x 20°A
(1) E=1-— =1- 2 Ke 7T
Co n=1
DL
with  (2) A = 5
+UlR, - x|

Eigenvalues ap and coefficients K, are obtained with boundary conditions
C(Rq,x)= C(Rgp,x)= O (xn 10, L.

For a wide range of ratios R,/R, (from about 0.25 to 1), the annular diffusion
channel was shown to have almost the same collection efficiency as the flat rectangular
channel which can be considered as one of the best devices availabie to measure the
particle size distribution of submicron aeroscis ( Kerouanton et al. 1995). Besides, for a
similar efficiency, the annular channel does not present the boundary problems
encountered when using the rectangular channel and can provide a useful cylindrical
geometry appreciated in many practical applications and more particularly n the
ultrafine radon decay products.

2) Experimental procedure to study unattached 218pyp,

The experimental set-up consists in a 350 liters closed vessei connected to the
annular diffusion channel, equipped with the detector fﬂg Sampiings took place on 2-
hour period. Radon gas was produced from a 1 mCi Ra source. The air circulates
continuously In closed c1£gyit in order to maintain constant the Radon concentration.
During the experiments, Rn and its daugthers activity concentration was measured
respectively by a dual filter technique and by a classical filter-screen method.

After sampling the detector was removed for etching in a soda bath (10%
NaOH, 60°C) for 140min. The film was then cut in 2.5 cm width strips and track
density was counted by means of a spark counting technique.

In our experimental conditions, Radon was mixed with filtered arr to get a
proportion of unattached fraction greater than 90% of the total Polonium concentration
and the equdibrium factor was about 40% to 60%.

3) Experimental results.

The most recent experimental results obtained show that the annular channel
equipped with an alpha track film detector i1s able to record efficiently 2'®Po tracks due
to unattached fraction. The mean experimental track density is 20% upper than the
theoretical estimation. At the present state of study it i1s difficult to clarify this
observation but it can be thought that the track density takes into account uncertainties
such as the residual thickness of the film after etching or the track counting efficiency
of the spark counter. Although the ability of this last one to distinguish the true holes
separately from the etched pits 1s not clearly assessed, we can however say that the
concordance between the theory and the experiment is rather good.

Another original application of this method consists in the determination of 2'®Po
nanometric particle size distribution from inversion of track density data recorded on the
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detector film. This study was undertaken by using the Extreme Value Estimation (EVE
algonthm)} mentioned previously. It has been then performed a special kernel matrix
from the set of wirtual diffusion annular channels of 2.5 cm length -corresponding to
different analysed film stnips. The size distribution of nanometer-sized 218pg was then
reconstructed as shown in Fig.5. In our experimentai conditions (mixture of filtered
taboratory air and radon in closed atmosphere at 55-60 % RH) the activity diameter of
unattached *'®Po would be of 0.75 nm (0.65-0.8 nm), which 1s comparable to the
results obtained by Reineking et al.{1993) and of Rammamurthi et al. {1993). Additional
experiments will be carried out soon to study the 21%ph nanometric particle size
distribution with a different Myiar foil thickness.

Other experiments in different ambient conditions in the experimental chamber
are now planned for a complete evaluation of the annular diffusion channel behaviour
before tests in dwelling atmospheres.

dN/NdLogD

1 EVE
Confidence interval EVE

A
}

||||1=

0.1 1 D(nm) 1g

Fig 5 Size distribution of unattached 2'®Po.
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Head of project 7: Dr. Ortega

IL Objectives for the reporting period

- Consolidate a research group in the "Universitat Politécnica de Catalunya" linked to the
Gottingen University radon group of Dr. Porstenddrfer and Dr. Reinenking.

- Improve radon detection systems: passive-integrated and continuous devices, and continuous
radon daughters detection systems: equilibrium factor and unattached fraction.

- Performance of a set of "in situ" measurements in 50 dwellings representative of the habitat of
the region of Catalonia (Spain), and selection of some of them to carry out continuous
measurements.

- Determination of the temporal evolution of the radon concentration, equilibrium factor and
unattached fraction in the dwellings selected in the previous objective. This will be
complemented with the aerosol size distribution, which is dependent upon funds from the Spanish
research authorities.

IIL. Progress achieved including publications

1. Development of the radon research group

The training plan in the radon area began in a previous period of collaboration in an EC
programme with the stay of two researchers ( Dr. X Dies and Dr M. Novell) at the radon group
of Gottingen University (Dr. Porstendorfer). In the reporting period the aim of the training plan
was to improve knowledge in the area of aerosol measurement techniques and systems to
calibrate radon and radon daughters devices In this context a reseacher (A.Vargas) has continued
with visits to other groups: one week at Gottingen, one week at the radon group of the Swedish
Radiation Protection Institute (Dr. R. Falk) and two weeks at the aersosol group of Lund
University (Dr. M. Bohgard).

Because of the different tasks that the radon-goup of the "Universitat Politécnica de Catalunya”
are carrying out, the group comprises a project director, a head of the radon laboratory, a
laboratory worker, a person responsible for "in situ" continous measurements, a person
responsible for "in situ" integrated measurements, a PhD student and a final-year student.
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2. Improving radon detection systems

Passive-integrated system

During this period a passive detection system was set up and checked. The passive detector
contains 90g of active charcoal kept in a canister with a layer of 50g of desiccant (silica gel). The
desiccant acts as a diffusion barrier and minimises the effect of relative humidity and also reduces
the effect of short-term temporal variations in the environmental Rn concentrations.

The amount of radon adsorbed in the canister is measured after being exposed to indoor air for
a few days (3-4 days), by counting the gamma rays using a 3"x3" Nal(T!) scintillation counter

The canisters' system was calibrated at the NRPB in Chilton UK. A set of canisters were exposed
to a constant Rn concentration for different exposure times for two different relative humidiy
values and it has been seen that for this humidity range the dependence on the calibration factor
for an exposure time ranging from 3 to 4 days is not significant compared with the calibration
uncertainity (Fig.1).
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Fig.1. Calibration factor for a relative humidity of 50%

In order to check the passive detection system, a preliminary survey campaign over 15 dwellings
in the city of Barcelona was carried out. Two systems of passive dosemeters were used: canisters
and track-etched detectors of two types, one open type which uses LR-115 typell strippable and
one closed type that uses Makrofol ED
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An intercomparison between those three types of passive detectors and an active device was
carried out in a closed area in the INTE building. The results are shown in figure 2.
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Fig.2. Radon concentration obtained with several passive detectors and an active device.

Continuous system

In relation to the continuous measurement the following systems have been set up

1. Radon gas concentration is measured by electroprecipitation of positively charged **Po ion
in an electric field (17 kV, spherical glass chamber, volume 5 1) in a surface barrier detector. This
radon gas monitor was manufactured and calibrated by the radon group of Gottingen

2. Radon progeny is measured continuously by a compact sampler unit based on alpha
spectroscopy with one sampling counting period and another postsampling period for each cycle.
The sampled air is drawn through a 5 mm slit between a surface barrier silicon alpha detector and
a 1.2 um pore diameter filter The radiation on the filter is counted by the detector and a portable
PC-based spectrocopy system is used to acquire and analyse the data.

3 To determine the unattached fraction, a sampler detector unit similar to the one mentioned
above was used. A 2x280 mesh wire screen was placed at the entrance of the sampled air through
the slit. The air velocity through the screen is calculated to obtain a 50 % collection efficiency
with a cut-off diameter of 4 nm.

4. Automation of the system The equipment mentioned above is controiled by a portable PC
which switches the multichannel buffer and the pumping station on and off, measures the mass
flow rate and measures the metereological parameters through a PC data acquisition board The
portable PC performs the data evaluation and the storage of the data in files. Moreover, the results
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of radiological and metereological parameters could be represented in "on line" graphs during

the measurement period that was established as up to three days because of the possibility of
clogging up the filter

Fig. 3. Photograph of the radon continuous measurement system and aerosol size distribution equipment.

S Optmisation of the measurement conditions in order to achieve greater accuracy A computer
programm has been developed that simulates the temporal varnation of the radon daughters
activity 1 the membrane filters during the continuous measurements Figure 4 shows the
temporal evolution of the alpha particle detected of *'*Po and *“Po, the time cvcling was 20 min
for sampling counting penod, 20 mun for waiting period and 20 mn for postsampling waiting
period and the radon daughters concentration in the arr was 110 Bg/m’ of **Po, 70 Bg/m’ of
“Pb and 60 Bg/m’ of **B: These concentrations were obtained in a real situation and the
number of detections were compared with the simulated ones
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Fig 4. Simulation of the temporal evolution of the alpha particle detected of ***Po and *'‘Po

6. Error propagation technique has been used to find the associated error in the radon and radon
daughters concentrations.

7. Purchasing and setting up the equipment for measuring the aerosol size distribution in the
submicrometer range. The equipment is the Scanning Mobility Particle Sizer (SMPS 3934) of
the TSI company (5 nm to 1000 nm) The equipment was obtained with the sponsorship of
CICYT Spanish office

Passive integrated measurements

A campaign has been carried out with passive detectors in about 50 dwellings in Catalonia and
2 or 3 sites in each dwelling. Three types of passive detectors have been used. Each type of
dosemeter was exposed over different periods of time 3-4 months for the Makrofol, 10 days for
the LR-115, and 3-4 days for the canisters This campaign was performed first from November
1993 to March 1994 and afterwards from November 1994 to March 1995 The geometric mean
of radon concentration was 30 Bq/m® and 28 Bq/m’ respectevely for the two periods. The results
for the canisters of the first period of the campaign are shown in figure 5 At the present time
a complete analysis of the results is being done
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Fig.5. Results of the radon concentration in Catalonia

Participation during the first five months of 1995 in the CEC Radon Intercomparison of passive
detectors. Preliminary results showed a deviation of less than 15 % between our canisters and the
reference value of the NRPB.

Continuous Measurements

The sites that were selected to carry out the continuous measurements are placed in different
locations of Catalonia as shown in figure 6

PYRENEES

CARDEDEY
ALCOVER
BARCELONA
CALELLA

Fig. 6. Situation of Catalonia in the Mediterranean area of Europe. Location of the four sites on the coast
of Catalonia.
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The main characteristics of the four sites are:

A.- A detached house in the village of Cardedeu 30 km to the north of Barcelona. Height
above sea level: 195 m. Material: brick.

B.-  Anold farmhouse in the country near the village of Alcover with three floors, situated in
the coastal mountain range in the province of Tarragona, 25 km from the city. Height
above sea level: 575 m. Material: stone.

C.- A big building of 200 m* and 14 m height situated in Barcelona. It is the containment of
a decommisioned training Reactor of the Universitat Politécnica de Catalunya. Height
above sea level: 120 m. Material: 35 cm concrete.

D.-  Athree-floor house in Calella de Palafrugell on the north coast of Catalonia 30 km from
the city of Girona. Situation® on a little hill 100 m above sea level. Material: brick.

Due to the large variation in radon concentration found in dwelling D (from 10 Bg/m® to more
than 3000 Bq/m®), measurements were carried out for longer than in the other places. In figure
7 the radon and radon progeny concentrations, equilibrium factor, attached fraction, outdoor
temperature and barometric pressure over almost 11 days are shown.
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Fig. 7. Results of temporal measurements in the main bedroom of the first floor in Calella over a period of
almost 11 days. Radon and radon progeny concentrations, equilibrium factor, attached fraction, outdoor
temperature and barometric pressure are shown.
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The results in table 1 summarise the average, the maximum and the minimum values in the four
sites

Site Cg, (Bq/m®) F f, Z (part/cm®)

A 200 0.15 0.2 1.6 10°
(100-500) 0.12-0.22) (0.12-0.42)

B 400 0.04 0.3 610°
(100-1000) (0.02-0.1) (0.1-0.7) (4 10°-10%

C 200 0.55 0.02 73103
(100-300) (0.45-0.65) (0-0.1)

D 450 0.35 0.1 2.510°
(30-3000) (0.13-0.45) (0-0.5) (1.3 10°-4.7 10°)

Table 1. Summary of measurement results at the four sites in Catalonia.

The experiments performed in the four sites in the region of Catalonia, characteristic of a
Mediterranean zone with extensive geographical and climatic differences, have shown several
radon exhalation mechanisms existing in the different sites studied. As a result, it has been
established that if the advection form of radon entrance is predominant, the exhalation rates vary
widely depending on temperature changes and also on the wind direction and intensity.

In the case of the house with three floors, radon concentrations that vary from 10 Bg/m?® to more
than 3500 Bq/m® were measured on the first floor in the area adjacent to the bathroom over a
period of a few hours Moreover, the observed daily variations in the radon concentrations
corresponded to daily temperature oscillations The mechanism of exhalation was advection
through the drainpipes The equilibrium factor ranged from 0.13 to 0 45 and the unattached
fraction registered levels between 0 to 0 5. The thoron concentration reached levels up to 50
Bq/m® (approximatly a factor of 1/100 to radon concentration) Radon concentration was
normally higher on the first floor, the first and the second floor radon concentrations fitted the
time variation well, while the concentration on the ground level floor registered lower levels and
the variation did not coincide with the others floors

The particle size distribution was different at each site and considerable changes were observed
in Calella related mainly to the wind intensity.

3. Other Progress achieved in this period

In order to check and improve equipment to measure the radon and the radon daugthers, the

influence of aerosol and climatic parameters in the measurements and in the behaviour of the
radon daughters a radon laboratory with a walk-radon-chamber (20 m?) has been developed.
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The main characteristics of the radon-chamber, that will be working at the end of 1995, are.
The physical layout

The radon calibration chamber is 2.91 x 2.91 x 2.30 m (20 m®) with a separate anteroom (1.94
x 0.97 x 2 m) leading into the main room. The walls are made of 2 mm thick stainless steel sheets
that will be welded so that they are air tight. In two of the four walls there are access ports,
through which samples can be taken without entering the exposure room, electrical connections,
data collection, ventilation and air conditioning and glass window to view the inside. The access
ports are also made of 50 x 50 cm sheets of stainless steel or glass that are joined to the chamber
with a system of screws.

Radon generation system

The radon source will be a 2000 kBq (54 pCi) solid radium source housed in a shielded container
(commercial source). The air flow through it and the exhalation is 252 Bg/min independent of
the flow rate. The outflow of the source is fed into a tube extending around the perimeter of the
exposure room or part of the outflow could be sent into the atmosphere before entering the
chamber in order to control the activity inside. The radon concentration in the chamber will be
controlled up to 70000 Bg/m’® without air ventilation. The air ventilation will be used to clean
the room and to simulate a standard room in a house. So the radon concentration in the chamber
will be controlled over the range of 100 Bq/m® to 2000 Bg/m® with a ventilation rate of 0 3 h™ to
6ht

Environmental conditioning system

The conditioning system contains a commercial refrigeration unit with electrical heating in the
outflow to control the temperature and to decrease the relative humidity. The unit is located
outside the chamber and the rectangular ducts are connected to the chamber forming a closed
loop. To increase the relative humidity a steam generator located in the chamber is used. Sensors
for monitoring temperature and humidity will be located in the exposure room and will be
collected with a data acquisition system and controlled with PC software. The temperature and
humidity in the chamber will be controlled over the range of 10 to 45 °C and 40 to 100 %.

Continuous monitoring of the radon and radon daughters concentration

The radon and the radon daughters concentrations in the chamber will be monitored continuously
with the same system as the one decribed in point 2 So the continuous system monitors the
equilibrium factor and the attached fraction

Aerosol control

The particle concentration will be monitored with an electrostatic classifier A system of filters
(HEPA) in the ventilation ducts cleans the inflow air and with a particle generator it is possible

to control the concentration and the dimension of the particles. The dimension of the particles
will be controlled from 0 005 to 1 pm and the concentration from 1 to 107 part /em®
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4. Publications

{1] M.Novell, X.Ortega, L Batet. "Puesta apunto de un sistema pasivo de determinacién de
concentraciones de radon. Aplicacion a una campaiia de medidas en Catalufia". 5° Congreso de
la Sociedad Espafiola de Proteccion Radioldgica, 26-29 April 1994,

[2] X.Ortega, C Baixeras, M.Novell, L.Font, A. Vargas. "Study of the variation of Rn indoor
concentration with several passive detectors and an active detection system". Acepted in "The
Science of the Total Environment".

[3] X.Dies, X.Ortega, A. Vargas. "Determinacién de concentracion de gas radon y descendientes
y del grado de adherencia a los aerosoles atmosféricos". 5° Congreso de la Sociedad Espafiola
de Proteccion Radilogica, 26-29 April 1994.

[4] X. Ortega, A.Vargas. "Characteristics and temporal variation of airborne radon decay progeny
in the indoor environment in Catalonia (Spain)" Acepted in "The Science of the Total
Environment".

[5] X.Ortega, A Vargas. "Development of a chamber to test and calibrate radon and radon

progeny detection systems" To publish in XXI Reunién Anual dela Sociedad Nuclear Espaiiola
Octubre 1995.
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Head of project 8: Dr. Jolanta Lebecka

II. Objectives for the reporting period

Analysis and report on the present state of monitoring of radon daughters in underground
coal mmes in Poland and of radiation hazard in coal mines; outlining main scientific and
technical problems,

Performing intercomparison measurements with other groups,

Completing nstrumentation for measurements of unattached fraction of radon progeny,
Traming of Polish specialists in measurements of unattached fraction of radon daughters,
Choice of investigation sites for measurements of unattached fraction and particle size
distribution of radon progeny in underground coal mines; preliminary measurements of
concentrations of radon and radon daughters,

Measurements of unattached fraction of radon daughters m chosen mme workings - planned
m the nearest future.

HI. Progress achieved

A report on radiation hazard in Polish coal mines, mcluding methods of monitoring and
main problems arising was presented at the Contractors Meeting in Switzerland in October
1994.

We have participated in intercomparison measurements of radon and potential alpha energy
concentration. In 1995 we participated in intercomparison exercise organised by IAEA,
EPA and BOM in Twilight Mine, Colorado USA. We have also performed bilateral
mtercomparison with various partners, including Georg August Universitit, Gottingen.

We are planning to complete instrumentation for sampling and measurements of unattached
fraction of radon danghters.

Our specialist Krystian Skubacz visited Georg August Universitit in Goéttingen, where
during two days he had got a short traming in measurements of unattached fraction and
particle size distribution of radon daughters. Another colieague Stanistaw Chalupnik
participated as an observer in the Sixth IRPM Intercomparison Test and Workshop,
organised by UNDO in New York in June 1995.

We have chosen two mines for testing instrumentation and measurements of unattached
radon daughters and particle size distribution. We plan to take the measurements of radon
and radon daughters and to prepare maps.

We plan to take common preliminary measurements of unattached fraction of radon
daughters in these mines and prepare future particle size distribution measurements,it means
together with our colleagues from Georg August Universitit, Géttingen.

We have elaborated the computer programme enabling a solution of problems connected
with the radioactive isotopes from specified series as well as the measurements of short lived
products of radon and thoron by liquid scintillation method and alpha spectroscopy method.
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IV. Detailed description of work

Introduction

The aim of this work is to get more information on the characteristics of airborn radon
daughter products occurring in underground coal mines. Radon progeny is the most significant
source of radiation exposure of miners not only in uranium mines but in mines of other
minerals as well. In spite of this, monitoring of radon daughters in non uranium mines is not
very common to be a routine practice in most countries. Even much less is known about the
particle size distribution and about the unattached fraction. In Polish coal mines concentrations
of radon daughters in air have been measured on regular basis since 1989. Therefore the
radiation exposure of miners is rather well recognised compared with other countries.
However, the unattached fraction and the particle size distribution has not been measured so
far. Moreover, according to the dosimetric models, the unattached fraction contributes much
more to the dose than it would result from its activity participation. Additionally, there are
serious discrepancies between results of measurements of radon daughter concentration
obtained by different methods of measurements and by different teams. One of the possible
explanations was, that this could be caused by the unattached fraction. On the other hand, a
rather well developed system of monitoring of radiation hazard in Polish coal mines gives an
good opportunity to study the characteristic of airborne radon daughters in coal mine
atmospheres. Particularly this work is aimed to measure the unattached fraction and in some
extend the particle size distribution of radon daughters and to explain the discrepancies m
results of measurements obtained by different methods ( active device with TLD chips, and
passive bare track etch detectors).

Legal regulations-system of monitoring

Monitoring of radiation hazard in Polish mines has been obligatory since 1989. Between
1975 and 1989 measurements of radon and radon daughters in air as well as gamma dose rates
and radioactivity of waste rocks and water were performed within scientific research
programmes or occasionally on request of mine managers. Since 1989 monitoring has become
a routine and has been done on permanent basis. Following measurements are request by law:

- concentration of potential energy of short living radon daughters at specified work places,

- concentration of radium isotopes in water in specified sampling points,

- concentration of natural radionuclides in deposits from settling ponds, water galleries, gutters
and so on (only when radium-bearing are present in the mine),

- gamma dose rates or personal gamma doses (at workplaces where radioactive deposits
precipitated out of radium-bearing waters are present)

We have described the present system of monitoring of radiation hazard in Polish coal mines
on the International Conference of Safety in Mines Research Institutes in Pretoria (Lebecka
and Skowronek. 1993). In 1994 a new Act on Geology and Mining was forced by The Polish
Parliament (Geological and Mining Law. 1994). According to this Act new regulations are
issued. These regulations include also monitoring and control of radiation hazard. According to
Decree of Ministry of Industry and Trade (1995) the effective dose equivalent should not
exceed 100 mSv during five successive years, whereas during one year should not exceed
50 mSv. For radon progeny the mspection level is 0.8 uJ/m3 and the intervention level is equal
to 2.0 pJ/m3. The measurements should be taken in the following places:
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- regional air streams,

- longwall outlets,

- endgates

- others (water galleries and water pump stations where radioactive deposits are present, etc.).

Depending on the PAEC level the required frequency of measurements is from once per three
months (PAEC<0.8 uJ/m3), through once a month (0.8<PAEC<2.0 nJ/m3) up to three times a
month (PAEC>2.0 uJ/m?). These frequencies of measurements comply with those of
respirable dust concentration measurements, therefore both measurements are usually taken
simultaneously by the same man and the same instrument. This convenience is essential for the
total cost of monitoring and simplicity of organisation.

Techmgques of measurements

Measurements of radon daughters concentration and gamma doses samples are performed
by TLD technique, radium isotopes m water samples are determined by liquid scintillation
technique and concentration of natural radionuclides in sediments, waste rocks and so on are
measured by gamma spectroscopy (Lebecka et al, 1993, Lebecka et al, 1988).

Fixed point measurements

Measurements of potential alpha energy concentration of short living radon daughters are
performed by means of typical gravimetric dust samplers "Barbara 3A" used in Polish hard
coal mines, provided with an additional part called ALFA-31 sampling probe (Fig.1). The
mstrument and the results of tests trials have been published elsewhere (Lebecka et al, 1984).
Here we only give the principle of operation and basic technical data. Dust sampler "Barbara
3A" pumps 0.3 m3/h of air trough a membrane filter onto which dust as well as attached
fraction of radon daughters are deposited. Above filter in a distance of about 1.5 mm three
heads containing CaSO4:Dy TLD chips are placed. Each head contains two TLD chips
separated by an aluminium disk. The upper chips are used for background subtraction. One
shift (6 hours) sampling is usually done. After sampling the dust concentration is derived from
weight of the filter and potential alpha energy concentration is determined after reading out of
TLD chips in TL laboratory. The results include not only radon daughters but thoron daughters
as well. The dust sampler is provided by a microcyclone in order to separate the respirable dust
particles. This inlet cuts off unattached fraction of radon daughters as well, which has been
proved by laboratory tests (Lebecka et al, 1993). The instruments allow measurement of short
living radon-daughters concentration from about 0.05 uJ/m3. Dust samplers "Barbara 3A" have
been wadely used since 1989 in all 66 Polish collieries. About 7000 measurements of potential
alpha energy concentration were done. Most of these measurements are performed by the way
of regular measurements of dust concentration. Similar solution has been recommended to EC
as result of a research project done by British Coal (Page, 1989).

Calibration is done in the radon chamber of the Central Mining Institute. The chamber is a steel
box of 7.5 m3 volume. Following radon sources are used:

As a source of aerosols we usually use an inhalator producing water aerosols with diameters
of 3um (AMD). Calibration of instruments for radon daughters measurements is done by
simultaneous measurements by an instrument to be calibrated and by the absolute method
developed in our laboratory (Chalupnik et al, 1985). This method consists in collecting of
radon daughters on a membrane filter, immersing the filter in a scintillation vial filed by toluene
cocktail and measuring the total alpha and beta activity in three time intervals according to
timing proposed by Thomas (Thomas, 1972). In the liquid scintillation cocktail the countmg
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efficiency of alpha and beta activity is close to 100% therefore we can assume, that this method
is an absolute one. Using number of counts obtained in three different time intervals after
sampling, the potential alpha energy concentration as well as concentration -of radon daughters
products can be calculated.

Measurements of individual exposure of miners
Measurements of individual doses are obligatory when the annual dose is likely to exceed
15 mSv. According to results of our fixed point measurements, such cases are rare. Personal

dosimetry is performed by The Institute of Occupational Medicine, £6dz, Poland. Bare
track detectors of the type LR-115 have been used (Domanski et al, 1975). Tracks are

Head

Dust sampler BARBARA-3A ALFA-31 sampling probe
Sponge
Aluminium
spacer TLD chip
Mefmg;ane IR \——————:Aluminlum foll

Fig.1. Dust sampler ,,BARBARA 3A” with ALFA-31 sampling probe

formed by alpha particles emitted by radon and radon daughters. This method can lead to very
large errors when equilibrium factor F is below 0.15. There are big discrepancies between
doses estimated from fixed point measurements made by ALFA-31 sampling probes and
personal bare LR-115 dosimeters. LR-115 give results higher by one or even two orders of
magnitude (Skowronek et al, 1993). Results of doses estimated from fixed point measurements
by means of ALFA-31 sampling probes were compared with the results obtained by means of
French active personal dosimeters (readout was done by COGEMA-Limoges). Although the
differences exceeded the error of measurements, but they were much smaller than
discrepancies between active ALFA-31 and passive LR-115 (Skowronek et al, 1993). Since the
problem seems to be very serious, we would like to investigate all the possible factors, which
may affect results obtained by ALFA-31 sampling probes. For this reason we would like to
investigate the unattached fraction and the particle size distribution of radon daughters in coal
mine atmospheres.
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Radiation hazard caused by radon progeny in Polish hard coal nines

In Poland there are 66 underground hard coal mines. Measurements of PAEC m places
listed above have been performed as routine since 1989. Every year a report on the state of
radiation hazard in mines is prepared by our institute. In 1994 7110 measurements of PAEC
were done. The inspection level 0.8 uJ/m3 was exceeded in 434 cases in 18 mines, while the
inspection level 2.0 uJ/m3 was exceeded only in 92 cases in 7 mines.

Instruments for measurements of unattached fraction of radon progeny (completed within this
project)

Since our laboratory was not equipped with instrumentation for measurement of
unattached radon daughters or particle size distribution we had to complete a necessary
equipment. Because of limited founds and time we have decided to complete instruments for
unattached fraction, while the particle size distribution in Polish mines will be measured with
the aid of Georg August Universitit,Gottingen. We have decided to resolve the problem of
measurement of the unattached fraction basing on a method proposed by A. Reineking and J.
Porstendérfer ( Health Physics, vol. 58 ). In this method an air is sucked from one side directly
onto a filter, and from the other side by a diffusive screen. According to A. Reineking and
J. Porstendorfer a 50% cut-off diameter should be placed in a range of 4 to 6 nm. In order to
achieve this value there 1s necessary to select carefully the air flow and the effective diameter
for each screen.

A scheme of the whole air sampling system is presented in the Fig.2.

ar flowmeter screggncgrf;uslon ar
” _ N \

N\

'R 4

TTITTTTTTYTIITTT

N
\

N /'
membrane fitter o membrane fitter

[ h pumping unt

Fig.2. Measurement system during air sampling

Basing on the experimental data pomting out the fact, that the unattached fraction of
bismuth can be neglected, we can accomplish an estimation of the unattached fraction of short-
living radon decay products by comparison of radon daughters activity collected on two filters
(with and without a screen). At least two spectrometric measurements of aipha activity
collected on filters must be performed in different time intervals. A scheme of the measurement
set is presented in Fig.3. The sampling system has been designed and conmstructed in our
nstitute using the instructions obtained in Georg August Universitit, Géttingen.
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Preampiifier and ampliifier

Detector PIPS Detector PIPS
e —

, ™~ Membrane fitter Membrane filter

R 8-input analog muttiplexer (Modell 8224)
TN NoteBook in docking station

ACCUSPEC /A master Board 840632A
(Channell spectral memory with Wilkinson ADC)

Fig. 3. Counting system

The measuring system was completed mostly of elements bought at CANBERA (USA). This
system (Fig .3) includes:

o filters,

¢ two PIPS detectors,

o preamplifiers and amplifiers,

s multiplexer,

o a chart of muitichannel analyser,
e a notebook .

For this system we have developed a computer programme designed ,among other things, for
processing of results of measurements, calculations of the unattached fraction and for data
storage (Appendix 1). This programme will be very useful for all kinds of natural radioisotope
measurements in coal mines and their natural environment.

Intercomparison measurements

We have participated in several interlaboratory tests to prove the calibration method. Results of
this tests are shown in Fig.4. Generally our results were in good agreement with other teams.
One exercise, performed with dr Reineking from Georg August Universitit, Gottingen was
especially valuable, because dr Reineking measured also the unattached fraction of radon
daughters (table 1). The results obtained show clearly, that using our dust sampler with
ALFA-31 sampling probe and microcyclone was cut off the unattached fraction of radon
daughters. In 1994 we also participated in the intercomparison exercise organised by the US
Environmental Protection Agency (The provisional report was made by EPA). Our results of
measurements of radon concentration by means of charcoal canisters were in rather good
agreement with the target value (6.8% lower), while our results of measurements of potential
alpha energy concentration were 26% lower than the target value. This result caused that we
started a careful and detailed check up of our whole calibration procedure. During this step
by step check up we have found, that we loose some
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Table 1. Comparative measurements in Universitit, Gottingen.

Measurement conditions Universitiit, Gottingen / Central Mining Ingtitute
without additional aerosol source, particle 2.0230.31 (wth mcrocyclone)
concentration in air: 9600 cm™ 1.3530.21 (without microcyclone)
with additional aerosol source, particie 0.82+0.12 (with microcyclone)
concentration in air: 330 000 cm™ 0.8140.12  (wathout microcyvcione)

Note The air in Central Mining Institute equipment flowed through the microcyclone or directly onto the
filter.

counts in our reference measurement due to high count rate and limited time resolution in our
spectrometer. This caused a systematic error of about 15 %. We have decided that after
correction for this error our results can be accepted.
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Fig.4. Results of comparative measurements of radon daughters

Selection of investigation sites

We have chosen for the investigation of unattached fraction and size particle distribution two
underground coal mines. One is a small experimental mine (Experimental Mine Barbara -
EMB) used solely for research of ventilation particularly explosions in underground mines and
prevention measures. In this mine galleries are drilled on two levels 30m and 46m below the
ground level. We have chosen this mine for our experiments, because there are good
possibilities of changing ventilation and dust concentration and because there are facilities
enabling using various instrumentation and equipment. We also mtend to use this mine in the
nearest future as place for national intercalibration and intercomparison measurements. We
have done measurements of radon and potential alpha energy concentration i the EMB mine
workings with natural ventilation only and with operating principal ventilation as well. The
results are shown in Fig.5,6,7,8. The concentrations of radon and daughter products are high
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enough to assure a good accuracy of measurements. The maximum value of PAEC was
9.1 uJ/m’. Radon concentration in air reached a maximum value 3735 Bg/m’.
The second mine chosen for the experiment is an active large hard coal mine, where coal is
extracted at the depth up to 700 m below the ground level. We have chosen this mine out of
66 active coal mines located in the Upper Silesia because of following reasons:

o there are high concentrations of radon and daughter products (PAEC up to 10 pJ/m* ),

o there is no serious methane hazard therefore there is easier to get approval for the usage of
electrical equipment,

¢ we have done there a very detailed study of radon and radon daughters m air in different
conditions (mining, ventilation) therefore we can expect to find places with lower and higher
concentration of unattached fraction,

o there is a possibility to take measurements in mine workings where different systems of
exploitation have been applied.

In this mine were done 791 measurements from June 1994 to May 1995. The maximum value
was 6.35 pJ/m® (0.01 uJ/m*- 6.35 wJ/m’ and medium value 0.82 pJ/m>).
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APPENDIX 1

The computer programme serves to resolve two groups of tasks. The first one enables a
solution of problems connected with the radioactive decay law in relation to the groups of
radioactive isotopes from specified series and chosen by the user. Particularly these tasks are as
follows:

- number of isotopes,

- activity of isotopes,

- integral of activity,

- sum of isotope numbers,

- sum of isotope activities,

- integral of sum of isotope activities.

The second group of tasks makes it possible to resolve problems connected with the
measurements of short livmg products of radon and thoron basing on the following methods:

- Liquid Scintillation Method,
- Alpha Spectroscopy Method.

By the liquid scintillation method it can be calculated the coefficients of equations for the
optional parameters such as an air flow through filter, detection and filtration yield and
radiation as well as the activities based on the actual measurement data for the actually
selected measurement set. This part of computer programme is helpful not only for the liquid
scintillation method but also for the others, in which an filter activation measurement is
performed in the different time intervals to make the calculation of the activity ( or potential
alpha energy concentration ) of the short living products of radon and thorone.

By the alpha spectroscopy method it can be made the proper calculations for the presented
above method of determination of the unattached fraction elaborated by A. Reineking and J.
Porstendorfer. In this case , the suitable calculations can be performed after introducing
measurements parameters for an open face filter and shielded filter such as time and rate of
pumped air, time intervals in which the alpha radiation detection emitted by isotopes is
performed, as well as the detection yields and counting obtained in the suitable time intervals.
The calculation can be made in units chosen by an user. The results obtained together with an
information about the measurements place and time of its performance can be stored on a disc
file. This part of programme has been checked basing on the data obtained m Georg August
Universitit , Gottingen (Isotopenlabor ) during training of our colleague .
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""Barbara’’ Experimental Mine - level 30 m, ventilation on
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Fig. 5. The results of measurements of radon and its short lived daughters concentration in
an air of the ,,Barbara” Experimental Mine.

-2984 -



""Barbara'' Experimental Mine - level 30 m, ventilation off
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Fig. 6. The results of measurements of radon and its short lived daughters concentration in
an air of the ,,Barbara” Experimental Mine.
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"Barbara'' Experimental Mine - level 46 m, ventilation on
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Fig. 7. The results of measurements of radon and its short lived daughters concentration in
an air of the , Barbara” Experimental Mine.
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Head of project 9: Dr. Kobal

II. Objectives for the reporting period

During the period between June 1994 and June 1995 groups of the "J. Stefan” Institute of
Ljubiljana, Slovenia were included in the current radon project within the framework of PEC093.
Projects of three subgroups were supported.

Subgroup 1 (Dr. Janja Vaupotic, Department of Physics and Environmental Chemistry):

- Completion of nationwide survey of Radon in kindergartens and schools

- Radon mitigation in kindergartens with the highest radon levels.

- Detailed measurements in different geological and climatological regions to understand the
behaviour of radon in indoor air.

- Caiculations of doses obtained by children and staff in the kindergarten, outdoors and in their
homes.

Subgroup 2 (Peter Jovanovic, Institute of Occupational Safety)
- Radon measurements in karst caves in Slovenia used for speleotherapy
Subgroup 3 (Prof. Rado Ilic, Department of Reactor Physics)

- Adsorption of radon and radon daughters on solid surfaces and applications of these phenomena
for characterisation of materials in radon dosimetry.

III. Progress achieved incliding publications

Subgroup 1:

Introduction

In Slovenia, a nation wide indoor radon programme started a few years ago. Within this
programme instantaneous indoor radon concentrations were determined in all the 730 kindergartens
(1) and 890 schools under so called closed conditions and a 3-mounth concentration averages were
obtained in 1000 randomly selected dwellings using the track etch technique. Two kindergartens
with the highest radon levels (2,3) were mitigated (4). In addition the fractal analysis of the
kindergarten and school data was applied (5) and contributed to a better understanding of radon
behaviour in the indoor air.

The aim of the study included into the EU project was to perform additional measurements
in order to obtain all the data necessary for dose calculations. The work was carried out within a
doctor disertation (6). For this purpose four kindergartens were selected in different geological and
climatological regions and for a year and a half, the concentration of radon and radon decay
products, and the equilibrium factor in air were measured using complementary methods. On the
basis of these results the advantages and disadvantages of different techniques could be critically
appraised and the relationships among the concentration values obtained by different methods and
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different averages evaluated. The measurements were carried out not only ‘in the kindergartens
themselves, but also outdoors and in several homes of the children and kindergarten staff.

The next step was calculation of the doses obtained by children and staff in the
kindergarten, outdoors and in their homes. Our interest was not only the dose itself, but also the
various dose contributions and the parameters influencing them. For dose calculation, dose
conversion factors were either taken from the literature (7) or calculated by applying a computer
program package for dose modelling (8). In the calculations, different physical activities and the
size distribution of air particles was taken into consideration. Using the experience from these four
selected kindergartens, a dose estimate was made for all the 730 Slovene kindergartens.

Results

For our study four kindergartens (vrtec) with elevated indoor radon concentrations were
selected: two in Ljubljana (vrtec 3 and 4), one in the Alpine region (vrtec 2), and one in the Karst
(vrtec 1) region. In each place a few rooms with the highest radon level were selected for
measurements. In teach room, track etch detectors were exposed for 3 or 6 months over 15 months
to measure radon concentration averages and equilibrium factors according to Planini (9). In
addition, in each yearly season radon and radon decay products concentrations were followed by
continous instruments AlphaGuard, WLM-30, and Scintrex System-30. All the measurements
carried out and their time schedule are summarized in Table (Tabela) 6 of Ref. 6. I addition to
kindergartens, measurements were also carried out in some flats (stan.) where children or
kindergarten personnel live. The results of 3- and 6-month radon concentration averages and average
equilibrium factors (9) as obtained by track etch detectors are summarized in Table (Tabela) 7 and
8, respectively, in Ref. 6 (zima=winter, pomlad=spring, poletje=summer, jesen=autumn). The 3-
month values for kindergarten (vrtec) 1 and 2 are also shown graphically on Figure (Slika) 14 and
15, respectively. A typical run of indoor radon concentration is presented by the situation in the
kindergarten (vrtec) 2 (Alpine region) in Figure (Slika) 22 in Ref. 6. Using data taken from
AlphaGuard, EDA-30 and Scintrex System-30, radon or radon decay products concentration
averages were calculated for different time periods, as follows: (a) the total time of measurement
(for instance 18 days, p18d) what might be close to the value obtained by track etch detector (p3m),
(b) the working time only, for instance between 6 and 16 hours (p6-16). It is obvious from Figures
(Slika) 25-29 in Ref. 6 that the p6-16 average is usually much lower than the p3m average. That
means that the dose calculated on the basis of track etch data, what is a general practice, is usually
higher than the concentration to which the persons are really exposed during the stay indoor. Thus
using track etch data for dose estimate we are on the safe side from the radiation protection point of
view.

Doses received by a child (otrok) and a nurse (vzgojiteljica) in a kindergarten (vrtec) were
calculated applying ICRP-50 methodology, DCF-ICRP-50 (10), and using dose conversion factors
either obtained from literature, DCF-James (7) or calculated by using Hofmann's computer program
package, DCF-izra"cunani (8). As expected, ICRP gave the lowest doses, as seen on Figure (Slika)
52a, b, c. Even though in these four kindergartens the indoor radon concentrations were elevated,
the main contribution to the dose (as seen from Figure (Slika) 60) originates from radonin dwellings
(doma), the kindergarten (vrtec) contribution is up to 20\%, while the outdoor (zunaj) radon
contributes only a few percents. On the basis of the instantaneous indoor radon concentrations (1) as
presented on Figure (Slika) 62 of Ref. 6, the yearly effective doses were estimated for children in all
the 730 kindergartens in Slovenia applying the ICRP-50 (10) and UNSCAR (11) methodology. The
results are presented in a log-normal diagram in Figure (Slika) 63 in Ref. 6.
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In the beginning, this EU project was planned for three years and within it also particle size
distribution and unattached fraction measurements were foreseen. Beacause the project was
cancelled after the first year, we were not able to carry out these measurements.
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1. Introduction

As Slovema is intending to establish in some of the karst caves a speleotherapy (1),
the dose of patients and medical staff has to be investigated. A karst cave near the town
Sezana has been investigated with respect to radon and its daughter concentrations,
temperature, humudity, concentrations of ions (positive and negative) and concentrations
of microbes in the air. The fact of measuring so many cave parameters can be used in
analyzing the aerosol characteristics of radon daughters, thus yielding valuable information
for the dose assessment in natural caves.

Speleotherapy is a special kind of climatotherapy and is being used as an additional
treatment for curing bronchial and asthmatic diseases of children and adults (2,3) in last 40
years in many countries (Czech Rep., Hungary, Italy, Germany, Russia...).

The cave microclimate is a special system built up from several individual parameters
with biological activity of their own, but the general effect on the human organism is due
to a collective influence of all these factors. The most important elements of cave
microclimate (4,5) are low temperature (8 °C - 14 °C), high relative humidity (93 -99 %)),
high concentrations of aerosols (Ca, Mg, ...), radioactivity (radon) and ionization (tugh
concentrations of negative ions in air). The water with Ca and Mg hydrocarbonates is
dropping 1n the cave steadily forming a fine spray in the air The water droplets are ionized
mainly with negative polarity what is a natural consequence of the origin (water-fall effect).
Due to the decay of radon there are alpha particles and ionized daughter products in the air
(6). All these components react together and produce different ionizing or natural aerosols.

Ewvident improvements of some wital lung functions are mainly due to a high relative
humidity in caves, a high concentration of natural aerosols, high concentration of negative
1ons, which purportedly affect mucociliary clearence and thereby bronchial dose (7,8).
Lately much attention has also been paid to the influence of the concentration of negative
ions and radon concentrations on the health of patients (9). Theoretical considerations of
the interaction of alpha particles with cellular targets suggest that hormesis may be
mterpreted as a biopositive reaction of a small number of cells n an organ to alpha exposure
(10,11). By measunng climate parameters and the amount of the ionising radiation present

"in some caves the ones suitable for the speleotherapy were determined.
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2. Methods

In the period from Sep 1991 to Jul 1992 several caves in our karst region (near
Sezana), both accessible and inaccessible for tounsts, were chosen for measurements. These
are: Skocjan cave, Divaska cave, Dimnice, the cave near SeZana hospital, Medvejek cave,
Lipiska cave, Malenca cave, Koi¢ak cave, Pliskavica cave and Tavcar cave.

In the first step we were just looking at the caves, to have more information about
the atmospheric parameters, important for the speleotherapy. Than we decided to make
monthly measurements in the cave near hospital, where the speleotherapy is going on and
in Vilenica cave, which will be next cave used for the speleotherapeutic treatment. These
measurements were made in the period from Marsh 1994 to July 1995.

Measurements of radon and radon daughter concentrations were performed by the
RGA-40 radon gas monitor and WLM-30 working level monitor from Scintrex, Canada.
Temperature, relative humidity and air velocity in caves were measured by standard digital
instruments. Concentrations of gases were measured by the Droger pipes. The dose rate of
gamma radiation was measured by Nal scintillation detector (PRM-7, Eberline, USA). The
instrument was calibrated and its precision is estimated to under 10 %. Ion concentrations
were measured by ionometer Schomadl, Germany. The accuracy of the instrument is not

good, so that we would only to find the range of concentrations and not the exact values.

3. Results

Results from the measurements in the cave near SeZana hospital and in Vilenica cave
mentioned above are presented in Tables 1,2 and in Figures 1,2. Concentrations in caves
are like in other caves in our country (12,13). During the winter season than in summer.
The reason for that is changing of air flow in winter and summer because of different

temperature gradient (14,15).
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3.1 The cave near Sezana Hospital

It is an artificially built cave with a 40 m long and 5 m wide central part. The relative
hurmidity is over 90 % throughout all year , the temperature varies between 10° C in winter
and 13° C in summer. The air velocity is less then 0.05 m/s, air flow 1s 5-10 m*/mun,
ventilation rate lies between 0.5-1/h. Gamma dose rate is 40 nGy/h, CO, concentration
varies between 0.05 vol % and 0.2 vol % and the concentrations of ozone, sulphur dioxide,
nitrate, fluorides and carbon monoxide were not detected. Monthly averaged radon
concentrations vary between 50 Bg/m’ and 2000 Bg/m® (Table 1). Monthly radon
concentrations at different measuring points in the cave are presented in Fig. 1. Radon
concentrations in summer were much higher than in winter season. The radon daughter
equivalent concentrations were during the measuring period in the range from 30 Bg/m’ to
1000 Bg/m®. The equilibrium factor waries between 0.1 and 0.75 and it 1s higher in winter
than in summer. The concentrations of positive and negative 10ons were in the range from

100 ions/cm® and 3000 ions/cm® .

3.2 The Vilenica cave

The cave Vilenica is natural cave about 1300 m long and 180 m deep. One third
of the cave is open for the visitors. We didn't detect any ozone, sulphur dioxide, nitrate,
fluorides and carbon monoxide only carbon dioxide CO,, its concentrations were in range
from 0.1 vol % to 0.3 vol % (Table 2). Temperature and relative humidity were constant,
10 °C and 98 %, respectively. Positive and negative ion concentrations vary between 2000
ton /cm’ and 10000 ion/cm®. In July the concentrations of both were higher and 1t was
evident difference between (obout 10% higher concentration of positively charged ions)
Monthly averaged radon concentrations were between 250 Bq/m® and 2350 Bg/m®, higher
in summer season (Table 2). Monthly radon concentrations on different locations are
presented in Fig. 2. Equilibrium factor varies between 0.1 and 0.5, higher values in winter

than in summer.
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4. Dose estimation

In the period of three weeks patients and medical personal are located in the cave
four hours per day. Between these therapy they have special activities (walking, sleeping..).
Our dose calculations based on three different models, ICRP 50, Jacobi-Eisfeld and James-
Birchall (16,17). We didn't measure AMAD and unattached fraction of radon daughter, so
we take into account values from Postojna cave (3), fp = 0.05 and 0.1 and AMAD = 0 2
um. Annual effective doses for medical staff are in the range from 15 mSv to 25 mSv.
Effective doses for patients for the period of one therapy are in the range from 50 uSv to
200 pSv.

5. Conclusions and future

Annual doses due to inhalation of radon and radon daughters ranging from 0 1 mSv
for patients to several tens mSv for medical staff. We will investigate the influence of
aerosol characteristics to the lung tissue of the patients.

During the winter season than in summer. The reason for that 1s changing of air flow
in winter and summer because of different temperature gradient (14,15). As we have seen,
equilibrium factor i winter time is always 2 to 3 times higher then in the summer time. For
better understanding of the difference between seasons we will measure and pressure in the
cave in outside from the cave.

In future we will made measurements of the aerosol size distribution and
concentration of unattached radon daughters in one cave (the cave near hospital in SeZana),
because the measurements can help us by the understanding of longterm effects of the

therapy.
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Table 1. Measurements of radon concentrations and some other physico-chemical

parameters in the cave near hospital in SeZana

| Penod Average radon |DaughtefRelative [ Temp | Ion concentration|CO2 Equilib.
Mar 94- | concentration {conc. |humidity positive negative|conc  |factor
Jun.95 Bq/m3 Bq/m3 % deg C lion / cm3ion / cm3 F

Mar 300 +- 30 224 95 12 500 500 0.1 0.75
Apr 500 + 40 286 95 12 600 500 0.08 0.57
May 1150 + 80 | 1050 95 13 1400 1500 0.07 0.91
Jun 2000 +- 150 429 90 13 3000 3000 0.1 0.21
Jul 1900 +- 150 400 90 14 2000 2000 0.1 021
Aug 1800 +- 150 888 88 14 3000 2500 0.1 0.49
Sep 1950 + 150 950 85 14 2400 2400 0.1 049
Oct 1500 + 100 600 90 14 500 450 0.05 0.40
Nov 50 + 20 32 90 13 300 300 0.05 0.65
Dec 70 + 30 33 95 12 150 150 0.05 047
Jan 60 + 40 24 95 11 100 100 005 0.40
Feb 70 +- 40 53 95 10 200 300 005 0.75
Mar 50 + 30 31 95 11 200 200 0.1 0.62
Apr 300 + 50 185 95 12 2200 2200 0.06 0.62
May 1400 + 80 341 90 13 2000 2000 0.1 0.24
Jun 1550 +- 100 153 90 14 2100 2100 0.2 0.10
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Table 2. Measurements of radon concentrations and some other
physico-chemical parameters in the Vilenica cave

| Period Average radon Daughte:1Relative Temp | Ion concentration |CO2 Equilib.
Jan 95- concentration |conc.  [humidity positive negative|conc factor
Jul.95 Bq/m3 Bq/m3 % deg C lion/cm3ion/cm3 F

Jan 250 + 40 112 98 10 3200 | 3200 005 0.45
Feb 500 + 50 218 98 10 3600 | 3500 0.05 0.44
Mar 450 + 50 225 98 10 4000 | 4000 01 0.50
Apr 1300 + 100 | 204 99 10 2200 | 2200 0.1 0.16
May 1900 +- 150 | 148 99 10 2000 | 2000 0.15 0.08
Jun 2000 + 200 | 160 98 10 4000 | 3900 0.2 0.08
Jul 2350 + 250 311 98 10 10000 | 9000 0.3 0.13

Fig 1. Radon concentrations in the cave near the Hospital in the period Mar - Jun 1995
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Fig 2. Radon concentrations in the Vilenica cave in the period Jan - Jul 1995.
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3 Under the Red hall 7 Fairy hall
4 Near the water 8 On the bottom of the Fairy hall
Subgroup 3
Introduction

The objective for the project was investigation of adsorption of radon and radon daughters
on solid surfaces and application of these phenomena for the characterization of materials and radon
dosimetry.

Results

Ability of activated charcoal to collect radon from a large volume of air has been employed
in active radon monitoring devices for a long time. In contrast to this, we developed a passive radon
dosimeter [1] which utilizes an active charcoal in combination with a solid state muclear track
detector. A 5 mm thick layer of charcoal is contained in an air-tight dosimeter which is opened for
the time of radon collection. Filter at one side of charcoal layer allows radon to penetrate inside the
charcoal. On the other side of the charcoal is a 10 jam thick Al foil which is thin enough to allow
alpha particles emitted by Rn and Po to reach CR-39 detector placed under the foil. Sensitivity and
response of this dosimeter were calculated by an analytical model which describes adsorption of
radon on the surface of charcoal layer and its diffusion inside the charcoal. A diffusion equation was
solved for one-dimensional geometry similar to the dosimeter set-up. Results were compared with
those obtained in an expertment and they were found to be in agreement. In comparison to ordinary
passive radon dosimeters the newly developed dosimeter shows approximately six times higher
sensitivity. For short times of exposure, response of this dosimeter can be as much as two orders of
magnitude higher than those of standard etched track dosimeters. Radon exposures as low as Bq/m3
can be measured in an exposure time of 3 h.

- 2998 -




Another method of radon detection, based on collection of radonprogeny on the surface of
etched track detector, was proposed [2]. Radon penetrates through a filter made of 10 pm thick
polypropylene into a collection chamber made of Al. At the bottom of the chamber there is an
electrode at an electrostatic potential of 5 kV against the chamber shield. A CR-39 detector, placed
above the electrode, collects charged radon progeny on its surface. This method assumes ability to
distinguish tracks from Po-218 and Po-214 and find pairs of tracks which come from the same
parent nuclei. If the total number of tracks and the number of track pairs is known, it turns out that
the total radon concentration in the air can be calculated even without knowing exact registration
efficiencies for individual isotopes of Po because they practically cancel out in a large range of
possible values. Further development of this method requires solution for many experimental
difficulties.

Interaction of radon with solid surfaces was investigated by a method we named
radonography [3]. In an experiment a specimen made of different plastic materials and aluminum
was exposed in a radon atmosphere for few days. After that it was placed on a CR-39 detectors for
few hours to allow for a decay of radon progeny adsorbed on the surface. Another detector was
used then to register alpha particles emitted by Rn and its progeny in an exposure of few days. After
etching both detectors were evaluated by an automatic image analysis system TRACOS, developed
at J. Stefan Institute. Position of every individual track was stored for a later display. On the first
detector, which registered radon daughters only, there was no variation in local track density.
However, on the second detector every material had clearly different track density due to different
adsorption and diffusion coefficients for radon. A technique, developed for this purpose, shows
good spatial resolution and can be combined with measurement of other track parameters such as
track size and shape.
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Head of project 10: Dr. Cuculeanu

II. Objectives for the reporting period

A. Development of a theoretical model aiming at the deriving of the exact solutions of the diffusion
equation for the attached-to- and unattached-to-aerosol **Rn/”°Rn daughters using the Green’s
function method,;

B. Investigation of the model accuracy by comparison of the predicted results with corresponding
experimental data;

C. Radiological impact assessment by making use of the dose factor formalism and model output;

D. Development of a computer code (PC version) for calculating the concentration profiles of the
attached and unattached *’Rn/*’Rn daughters, the equilibrium factor (F), the unattached fraction (f,),
and the potential alpha energy concentration (PAEC).

III. Progress achieved including publications

A. Development of a theoretical model aiming at the deriving of the exact solutions of the diffusion
equation for the attached-to- and unattached-to-aerosol *’Rn/"*’Rn daughters using the Green's
Sfunction method

Diffusion equation of radon/thoron and their decay products

The differential equation governing the average rate of change in concentration of the i-th radionuclide
¢,(z) in the **Rn/*Rn decay chains may be written as:
&l &I
_=-VF1+A’1—101—1 ‘(AI+A’.)C‘+V‘”— (l)
ot &
where ¢ is the time, z is the altitude, F, is the turbulent flux vector, A, is the decay constant, A, is the

removal rate by washout and rainout and v,, is the sedimentation velocity. The sedimentation velocity
is taken as positive in the downward negative z-direction.

The physical assumptions underlying equation (1) are:

» the concentration field is horizontally homogenous;

+ the mean vertical wind is zero;

» the daughter sources are the parent isotopes in the atmosphere;
* the sinks are radioactive decay, washout and rainout.
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The mode! categorizes daughters in attached-to- and unattached-to-aerosol (two group daughters
model). Supposing that the meteorological conditions do not change in time, and the turbulent flux is
proportional to the concentration gradient along z-axis ('K-theory’ hypothesis), i. e., F,=-K, (e foz),
where K is the turbulent diffusion coefficient, the steady-state diffusion equation is obtained from
equation (1):

Lecy(z)=0 @)
for radon/thoron, and:
Ley=-24¢ (&)
Lcy, =-acy @
Ley=-ARey, -Acy &)
Ley =-acy-(1-R)Acy, 6
Ley=-A,6y )]
Lcy, =-A,c,, ~ac,, ®

for the first three daughters, where: c, is the concentration of the unattached i daughter, c,, is the
concentration of the attached i daughter, « is the attachment rate, and R is the recoil detachment
probability. The operator L has the expression:
L z——d—(Kz—d— w3 o ©)
dz\ “dz dz
where: =1, for *Rn/"’Rn (44=0), o=A,+A +a (i=1) for unattached (free) daughters, and
o=A +A, (iz1) for attached daughters. The associated boundary conditions are:

de
lim K,—2 = -E 0)
z—0 dZ
limc (z)=0, {20 amn
2o
lime,(z)=0, iz1 12)
z—0

where £ is the *?Rn/**"Rn exhalation.

The steady-state diffusion equation predicts realistic radon/daughter profiles when constant atmospheric
mixing persists for several hours (at least 4 hours — Cohen et al., 1972). In order to compare the
concentrations generated by the time-independent model with the experimental data, Beck and Gogolak
(1979) performed their measurements after 6 - 9 hours of nearly constant stability. The scale analysis
shows (Cohen et al., 1972) that during neutral and weakly stable conditions the time-dependent term
becomes small compared to the flux divergence. The error caused by neglect of time variation may
be as small as /%. However, under very stable stratification the time dependence becomes proportional
to the vertical transfer and the steady-state approximation is less valid.

Eddy diffusivity profiles

K_ for the atmosphere. In order to characterize the intensity of the vertical mixing in the atmosphere,
a K expressed by a linear law of z (Ikebe, 1970; Roffman, 1972) is being used: K, =a +bz, where a
is the molecular diffusion at the ground level, and b quantifies the turbulence intensity and may be
defined as the turbulent diffusion coefficient at a unit altitude. Two types of K, profiles are currently
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used (Ikebe, 1970):

s case 1:
K =a+bz, 0<z<w 13)
« case 2:
K = a+bz, 0=<z<H 14)
2" |lga+bH, H=z<w»

The corresponding values of b for Jacobi and André’s profiles (Jacobi and André, 1963) are displayed
in table 1, and for Draxler’s profiles (Draxler, 1979) in table 2. The value of a is 0.54x10°m? s7'.

Table 1. Parameters for the eddy-diffusivity profiles (Jacobt and André, 1963)

Turbulence b (m/s) K, profile
IWN 0.001 case | or case 2, H = 2000
WNN 0.01 case | or case 2, H = 2000
NNN 0.1 case 2, H=200 m
SSN I. case 2, H=100 m

Table 2. Parameters for the eddy-diffusivity profiles (Draxler, 1979)

Stability class b (m/s) K, profile
A, very unstable 1.61 case 2, H=100 m
B, moderately 1.01 case 2, H=100 m
C, slightly unstable 0.67 case 2, H=100 m
D, neutral 0.15 case 2, H =100 m
E, slightly stable 0.05 case 2, H=100 m
F, moderately stable 0.015 case 2, H= 100 m

K. for vegetation. Although the nature of transport in vegetation is not fully understood, it is possible
to develop models that generate realistic canopy microclimates (Monteith and Unsworth, 1990). In
order to derive fluxes in canopies, most biosphere models assume that transport is one-dimensional,
and that fluxes and quantities (momentum, mass, heat) are related by "K-theory’ with X an increasing
function of z between the soil surface and the top of the canopy. The use of ’K-theory’ within the
canopy may be physically unrealistic because of possible large changes in the gradient of quantity over
distances that are smaller than the eddy sizes that determine K, but because it yields reasonable results
this method is used until suitable second-order closure models can be applied.

In order to apply the *K-theory’ within vegetation, an eddy diffusion coefficient with linear dependence
on z, K.,, has been introduced. Thus, the atmosphere consists of two layers: the first one near the
ground surface, characterized by the height / and the turbulent diffusion coefficient X, and the second
one lying between z=h and z=00, with the turbulent diffusion coefficient X,,. According to this model
we may write:
« for vegetation:

K, =a,+bz, 0=z<h (15)

» for air above vegetation:
K, =a,+by(z-h), h=<z<w a6
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where: g, is the molecular diffusion coefficient, a, is calculated from the continuity condition of the
diffusion coefficient at z=h: K_(z) |, =K,,(z) |,, and b, takes the values of b for the atmosphere in
accordance with the intensity of the vertical mixing. As to the choice of A, for a dense and
homogeneous vegetation (like grass, wheat, etc.), it seems to be appropriate to take it equal to the plant
height. For somewhat less dense and less uniform canopies like forests, this model is questionable
because the horizontal and vertical non-homogeneities cannot be described by a one-dimensional
diffusion equation.

In view of the experimental indication (Butterweck, 1991) that the eddy diffusion coefficient within
vegetation is 20 times lower than just above the canopy, we took b,= b,/ 20.

Analytical approach. Green’s function methed

The numerical modelling of radon and daughter diffusion in the atmosphere encounters practical
difficulties due to the fact that convergence of the numerical schemes is, in certain cases, dependent
on the type of K, the mesh step and the height at which the vanishing condition for concentration is
met (Cuculeanu, 1994). Sometimes the error introduced by the numerical schemes could result in a
completely spurious solution. The analytical solving has the advantage of providing a unique solution
for the diffusion equation.

The daughter diffusion process is governed by the equations (3) ~ (8), which may be put in the form:
Le,, =u an
fa “ifa

According to the Green’s function theory (Greenberg, 1971; Cuculeanu and Popa, 1993) the
concentration profile for the i-th decay product may be expressed as:

Cpa(®) = [, (E) Gy, (E:2)dE (as)
where the Green’s function G,(£z) satisﬂ::)s the boundary value problem:
L G (Ez)=8(-2) a9
G,(02)=0 (20)
G, (»2)=0 @n

where 8(E -z) stands for the Dirac’s function and L" for the adjoint operator of L. In order to obtain
the Green's function for the two layers, the continuity of radon flux is assumed at z=h. The radon
concentration is supposed to be known (Ikebe, 1970).

B. Investigation of the model accuracy by comparison of the predicted results with corresponding
experimental data

Using a computer program based on the above model (see section D), calculations have been
performed for an exhalation rate £ = 10° atoms m” 5™ for both radon and thoron, an attachment rate
a = 0.02 s and a recoil detachment probability of 0.5 (Schery et al.,1992). The chosen attachment
rate is based on an average aerosol concentration of /0,000 particles per cubic cm and an attachment
rate coefficient of 2x/0° cm’ s/ In fig. 1 the model calculated thoron profile for a grass cover and
NNN atmospheric state is compared with experimental values (Porstendorfer, 1994). The same data for
radon in the case of a wheat canopy and SSN are displayed in fig. 2 (Butterweck, 1991). Because the
exhalation rate was unknown, the computed values have been normalized to the experimental data
within vegetation in order that the comparison be possible. A rather good agreement between predicted
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values and experimental data may be noticed against the bare soil case. This proves that the model can
reasonably simulate the radon/thoron diffusion process near the Earth’s surface for a soil covered with
vegetation.

In what follows results concerning the vertical activity distributions of radon/thoron daughters, the
equilibrium factor as well as the unattached fraction will be discussed. Supposing that all the decay
products are attached to aerosol particles, the model prediction for *’Rn and 2"®Po activity
concentrations for IWN turbulence type, with and without vegetation cover is displayed in figure 3.
Figure 4 shows the vertical profiles of thoron and its progeny for NVN and /-metre high vegetation
canopy in the case of the two group daughters. As it was expected, the model predicts a marked
increase of the activity concentration within vegetation for both radon/thoron and daughters. This is
due to the fact that within the layer associated to the canopy the diffusion and transport processes are
slowed down, hence the accumulation of radon/thoron and its daughters is enhanced. The mean
increase of the radon specific activity inside vegetation against the bare soil is slightly dependent on
the atmospheric turbulence intensity. In the case of radon daughters this increase is more pronounced
under inversion conditions. As far as thoron is concerned, this relative increase is about one order of
magnitude in the case NNV, while during the inversion is less significant (= 1.5 times). This shows that
the thoron concentration near the Earth’s surface (z < 20 cm) is less influenced by the presence of the
vegetation canopy for very weak atmospheric diffusion. As expected, the model has predicted an
activity concentration level of free ***Po much greater than that of attached ?'*Po. This is explained by
the fact that due to its very short half-life (0.15 s), **Po more probably decays than attaches to an
aerosol particle. The calculations show that the vegetation has a more pronounced effect on the
unattached daughters.

The equilibrium factor was calculated for & € [/ cm, 1 m]and z € [I cm, 10 m]. The corresponding
results for radon, JWN atmospheric turbulence are presented in a 3D-diagram in fig. 5. An interesting
finding is the prediction of an equilibrium factor above vegetation greater than that for the case of
bare soil (no vegetation) at the same heights. In this model the vegetation behaves as a medium which
slows down the turbulent diffusion, thus enhancing daughter accumulation. At the same time the F
values within vegetation are generally less than those for bare soil at the same heights. The decrease
of F is specific to a decrease of the mixing intensity at lower heights.

The unattached fraction as a function of 4 and z for radon daughters, IWN case is illustrated in fig. 6.
Irrespective of the atmospheric turbulence type, the model predicts a decrease of £, in the atmospheric
layer above the vegetation as compared to the bare soil values at the same heights. The gradient of
variation is more pronounced for the weak mixing categories (/IWN, WNN). Within vegetation, for JWN,
WNN and NNN, as a result of the increase of parent-nuclei concentration, the unattached fraction has
greater values than those when vegetation is absent. The strong turbulence levels the f, profile in the
atmosphere (the gradient average value between I cm and 20 m is about 0.036% m™). The predicted
J, values at z = I m in the presence of vegetation of / ¢m, 5 cm, 20 cm, 50 cm thickness do not exceed
=2.6-3.0 %, depending on NNNor SSN diffusivity profiles (generally specific to day time). This seems
to be in agreement with the mean measured unattached fraction value of 0.02 for the outdoor
atmosphere of Géttingen at / m above ground, day time (Reineking and Porstendérfer, 1990). Also,
the measured values of F seem to prove that the presence of vegetation determines an increase of F,
the values measured during the seasons with vegetation being greater than the values for winter
(Reineking and Porstenddrfer, 1990).

In figures 7 and 8 the measured F and f, values are compared with the model predicted ones. Figure
7 shows F as a function of height for D turbulence type, while figure 8 set out £, as a function of
height for F turbulence category and different attachment rates. It can be seen (fig. 8) that values closer
to the experimental data can be obtained for an attachment rate of o = 0.0/ s’. As far as F is
concerned, for the bare soil the deviation between the experimental and predicted values ranges within
60%, while for the vegetation covered soil it decreases significantly (30%). As it can be noted, the
vegetation determines a decrease of the F and f, gradient.
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C. Radiological impact assessment by making use of the dose factor formalism and model output

Because of their different physical properties, radon isotope gases and their decay products have to be
considered separately when estimating the dose (Porstendorfer, 1994). Inhaled radon and thoron, being
noble gases, are constantly present in the air volume of the lungs at the concentration in air and are
partly dissolved in soft tissues. The effective dose equivalent rate can be calculated from the equation:

H, gy [0SV B 1] =f¢([Bq m ] 2)

where f= (.18 for radon and f= 0.1 for thoron and ¢, is the activity concentration.

The inhaled radon and thoron daughters have a biological half-life of a few hours in the human lung
as retention studies indicate. This means that the main fraction of the potential alpha energy of radon

daughters deposited in the lung is absorbed in this organ; the dose to other tissues delivers a negligible
contribution to the effective dose.

Table 3. Annual dose and dose rates to the general public (aduits)
by inhalation of outdoor radon and their short-lived daughters under different mixing conditions

Turbulence SSN NNN WNN IWN
F 0.51 0.53 0.53 0.76
co[Bq m 7] 151 4.01 14.65 '98.05
H,[nSv h ] 55.11 151.70 554.54 5321.59
H,[nSv h ) 25.43 68.18 248.86 2389.20
H,[nSvh™ 4.54 13.07 47.73 458.52
H, , [nSv h] 0.272 0.722 2.637 17.73
H,[mSv] 0.097 0.267 0.976 9.366
H,[mSv] 0.043 0.120 0.438 4.205
H,[mSv] 0.008 0.023 0.084 0.807
H, ¢, [mSv] 0.0005 0.0013 0.0046 0.0311

In order to calculate the annual dose to the general public (adults) by inhalation of the outdoor radon
daughters we assumed a mean outdoor residence of 1760 hours per year. Using the dose conversion
factors given by the Jacobi-Eisfeld model (Porstendorfer, 1994) the following relations were employed:

H[mSv] =f,E,[WLM] 23)
H,[mSv] =f, ‘E,[WLM] @9
H,[mSv] =f, E [WLM] @5)

where H,, H, are the annual doses for the tracheo-bronchial region and alveolar region respectively,

H, is the annual effective dose equivalent, and f;, f,, £, are the corresponding dose factors. E, is the
annual exposure and has the expression:

E,[WLM] =2.85-10" Fc,[Bq m ] (26)
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In this last equation F is the equilibrium factor and ¢, is the activity concentration of radon.

Calculations were done for the four turbulence classes of Jacobi and André for radon supposing that
all daughters attach to aerosol particles and there is no vegetation cover. The results are presented in
table 3. As it can be seen, the dose values of the radon gas are small in comparison to its progeny. The
dose equivalent of radon daughters in the tracheo-bronchial region is about two times higher than in
the alveolar region. For different mixing conditions the dose equivalent can vary over as much as two
orders of magnitude.

D. Development of a computer code (PC version) for calculating the concentration profiles of the
attached and unattached *?Rn/*’Rn daughters, the equilibrium factor (F), the unattached fraction (f,),
and the potential alpha energy concentration (PAEC)

A computer code based on the above theoretical model was written in Microsoft FORTRAN and C. Its
flow diagram is presented in figure 9. The main program (function "main") initializes the computations
by reading the configuration file radon . cfg (see description below) and prompting the user for a
particular run (radon or thoron, which stability category to use, whether to take into account or not
aerosol attachment and/or sedimentation, the height of the vegetation canopy). The computation of the
vertical concentration profile of the parent gas is done in function "parent". The vertical profiles of the
progeny are worked out in function "daughter": the Green’s function is firstly determined, then the
Romberg’s integration scheme (Press et al., 1992) is applied in equation 18 (function "Romberg"). In
order to save computing time, beginning with the second daughter the parent concentration used in the
integration routine is estimated by cubic spline interpolation through the points previously computed
(function "spline"). If a proper set of height points is chosen (in the configuration file radon.cfg)
the error in the concentration values can be made very low (e. g., about /% for 63 points spread over
10 km in the z-direction). The modified Bessel functions of fractional order used in function "parent”
and for determining the Green’s function are calculated by using series expansions.

<<main>>

input:
read from radon.cfg
read from keyboard

<<parent>>
[ parent vertical
concentration

daughter loop

<<daughiter>>
danghter vertical

<<spline>>
cubic spline
interpolation

output:
wvertical concentrations,
F, [, , PAEC profiles

Fig 9. Flow diagram for the computer code

The configuration file radon. cfg is a text file and can be modified using any ASCII text editor. This
is a printout of the file with the default values:
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l.e-5 » EPS, fractional accuracy desired (in Romberg)

0.5 » R, recoil detachment probability (adim.)

0.01 » alp, aerosol attachment rate (1/s)

10000. » Ea, exhalation rate (atom/m2/s)

1.54-5 » a_1, molecular diffusion coefficient (m2/s)

-1.4-3 » v_f, sedim. velocity for unattached daughters (m/s)
-1.4-2 » v_a, sedim. velocity for aerosol-attached daughters (m/s)
1.d-5 » least significant activity concentration (Bg/m3)
1.4-7 » h for bare soil (no vegetation) (m)

0.03 » h for grass (m)

1. » h for wheat (m)

2. » h for forest (m)

0. » the following lines initialize the height array (m)
1.4d-4

1.d4-3

2.d4-3

3.4-3

........ (and so forth)

1.44

The output files of the code have the filename extension .DAT and contain:
« the radon/daughter vertical activity distributions, ¢,(z) (each radionuclide is assigned a separate file
with its chemical symbol as a filename; tag A appended to the filename means attached, tag F — free);
« the equilibrium factor (filename EQ-F-RN.DAT/EQ-F-TN.DAT):
Fp, =c,, p,/cy=(0.105%c, +0.516 Xc, +0.379%c;) /¢y,
Fi, =€ 01,/ = (0913 %c, +0.083 xc5) /¢
(where c,, is the equilibrium equivalent concentration);
« the potential alpha energy concentration, PAEC (filename PAEC-RN.DAT/PAEC-TN.DAT):
PAEC,, [WL] =c,, ,,[Bq m "] /3700,
PAEC,, [WL] =c,, 1, [Bq m ] /275;
« the unattached fraction (filename FP-RN.DAT/FP-TN.DAT):
f;’ = feq/ CE‘I '

eq,Rn

The record structure of the output files consists of two fields separated by blanks. The first field
contains the height z (in m) and the second field contains the corresponding activity concentration (in
Bq per cubic m), the equilibrium factor, the potential alpha energy concentration (in WL, working
level), or the unattached fraction (in %).

Test case. In table 4 we are partly presenting the output of the computer code for radon, NNN
turbulence (Jacobi and André’s classes), aerosol attachment, no sedimentation, and wheat canopy. The
configuration file assumes the default values.

A copy of the code is provided with this report on a 3'2” floppy disk.

Table 4. Output for test case

z (m) 22Rn (Bg/m®) 218pg free 28pg attached F £ (%)
(Bg/m*) (Bg/m’)
RN-222.DAT PO-218-F.DAT  PO-218-A.DAT  EQ-F-RN.DAT FP-RN DAT

0.01 23 1.27 1.17 0.0416 16.4
0.1 14.3 2.27 2.66 0.154 13.3
1 4.76 1.25 2.79 0.649 6.03
10 3.67 1.01 2.57 0.851 499
100 3.18 0.872 2.3 0.954 451
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Head of project 11: Dr. Ch. Schuler

II. Objectives for the reporting period

After the decay of radon, the 28p, jon is neutralised due to small ion recombination, electron
transfer and electron scavenging. The neutral atom is then incorporated into ultrafine clusters
produced by radiolytical processes from trace gases like H,O and SO,.

This process is important for the understanding of the measurements of size distributions of the
unattached fraction of the radon progeny. As many of the influencing parameters under realistic
living conditions are not controllable, the behaviour of radon and thoron decay products has to be
studied in radon chambers under controlled conditions.

Experiments in the PSI radon chamber (10 m° volume) were focused on the interaction of unattached
radon decay products with trace gases (SO,, H,O) and artificial/natural aerosols. The aim of this
investigation was to better understand the cluster formation of ***Po as influenced by trace gases and
to measure the attachment rate of this nuclide to aerosols as a function of trace gas concentration
and aerosol size distribution.

II1. Progress achieved including publications
1. PSI Radon chamber

The PSI radon chamber consists of a stainless steel chamber with 10.2 m® volume and an airlock with
1.6 m® volume (Fig. 1). The air is circulated through the chamber by means of a rectangular air duct,
in which ventilator, humidifier and heater are incorporated. Radon and trace gases are either injected
into the output of the ventilation duct or into a ring pipe at the bottom of the radon chamber. The
radon activity concentration is controlled by a feedback system consisting of a continuous radon
monitor of the flow-through ionisation chamber type which is coupled on-line to a personal
computer. In a similar way, the SO, concentration in the radon chamber is controlled, using a 100
ppm SO, supply.
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Fig. 1: Schematic diagram of the PSI radon chamber
2. Modelling the radon chamber atmosphere

The model calculations were brought about by results of Vanmarcke et al. (1991) and Reineking
(1993), who found that in ambient indoor air with aged aerosol, differences in the size distribution of
the unattached fraction between ***Po and 2*Pb, 2**Bi can occur. The diffusion constant of the first
radon decay product, 2*Po, has been reported to be about a factor of two larger than the diffusion
constant of the following decay products ***Pb and **Bi. This will result in a larger attachment and
deposition rate of *'*Po.

The measurements showed that *'*Po has the greatest mobility, corresponding to an activity median
diameter (AMD) of about 1 nm. The size of the **Pb cluster is determined both by the decay of
unattached ***Po and recoiling ions from the aerosol attached ***Po, resulting in a bimodal structure
of the size distribution with median diameters of 1 nm and 4 nm. The size of the small amount of
*“Bi/*"*Po clusters in the atmosphere is reported to be at an AMD of 4 nm. The size of the aerosol-
attached radon progeny for an aged aerosol is identical for these nuclides. Differences have been
found.for non-steady-state aerosol conditions, especially, when aerosol sources are turned on or off
(Kesten et al., 1993). Therefore all parameters in the PSI chamber model concerning size dependent
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behaviour of the radon daughters, i. e. attachment rates and deposition rates, have been considered
as being different for each radon decay product.

The influence of measurements on the chamber conditions was also included into the PSI radon
chamber model. The recycling of gaseous components of the chamber air back into the radon
chamber can be achieved, whereas for most of the measurements (e. g. radon progeny, aerosol
concentration, sulphur dioxide, size distributions, radon) the particulate phase in the chamber air is
removed. For this reason a sink term for the radon decay products has been introduced.

The analytical solution of the differential equations is presented in Butterweck and Schuler (1995).
The performance of the computer code developed from the analytical solutions of the equations has
been tested with a set of data published by Knutson (1988), yielding good agreement between both
calculations (Butterweck and Schuler, 1995).

Different modes of operation of a radon chamber have been calculated with the PSI radon chamber
model (Butterweck and Schuler, 1995).

Measurements in a radon chamber mostly consist of filtering of the chamber air, while recycling the
gaseous components back into the chamber. The effect of such a measurement is demonstrated in
Fig. 2. The unattached fraction f; is increased by up to three percent during the aerosol sampling.
After filtering, normal conditions are reached with the half-lives of the radon progeny. The
equilibrium factor between the radon decay products and the radon concentration, F, is decreased by
up to three percent during this. time. The amount of air sampled was 400 1, about 3.9 percent of the
total chamber volume. For larger sampling flows or smaller chamber volumes the effect will be more
drastic.
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Fig. 2: Response of the equilibrium factor F and the unattached fraction f, in the chamber atmosphere
to a measurement consisting of 10 minutes of air filtering with a flow rate of 40 1 min™. A
constant radon concentration was sustained with a neglectable source flow. Parameters for all
radon daughters: Attachment rate 40 h™, deposition rate unattached 10 h’, attached 0.1 h,
chamber surface to volume ratio 3 m’', detachment probability of recoiling ***Pb from aerosol
0.83, from wall 0.1.
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The PSI radon chamber model allows calculations concerning the influence of different diffusion
constants between the radon progeny on observable quantities in the radon chamber atmosphere. As
the diffusion constant influences both attachment and deposition of the unattached activity, the
coupling has to be considered. As a first approximation the attachment rate is assumed to be four
times larger than the deposition rate. The attachment rates of 2*“Pb and **Bi were assumed to be at
constant 40 h™.

The amount of unattached *®Po is decreasing with an increasing attachment rate of *'*Po.
Accordingly, the attached activity concentration of **Po displays a reverse behaviour. The attached
concentration of 2“Pb and *“Bi is slightly decreasing due to the enhanced deposition of the
unattached 2'*Po. The equilibrium factor between radon progeny concentrations and radon gas
concentration, F, remains approximately the same, whereas the unattached fraction of the radon
progeny, f,, is reduced to 60 percent of its original value, if the attachment and deposition rate of
unattached #'*Po increases 2.5 fold (Fig. 3).
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Fig. 3: Dependence of the equilibrium factor F and the unattached fraction f;, of the radon progeny
on the ratio between the attachment rates of 2'*Po and 2*Pb (*'*Bi).

3. Measurement of attachment rate of radon progeny

One of the main parameters for the behaviour of the airborne decay products, the attachment rate X,
was measured directly with the Epiphaniometer, an instrument developed at PSI (Baltensperger et
al., 1988). The air to be monitored is pumped into a 2 1 volume, where decay products from a dry
actinium source are attached to the aerosol particles in the sample airflow during 2 min residence
time. To remove unattached activity, the air passes a capillary tube and the remaining aerosol
attached fraction is deposited on a filter (Fig. 4). The alpha emissions of the actinon decaz product
*Bi on the filter are measured with a surface barrier detector. The count rate of *''Bi, the
Epiphaniometer signal, is proportional to the attachment rate of the aerosol particles in the sample
air. Summed up, the Epiphaniometer works as a small radon chamber, where the aerosol attached
activity is analysed. The calibration has been performed with monodisperse aerosols and using a
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modified form of the PSI radon chamber model (Butterweck and Schuler, 1995, Rogak et al., 1991).
The source strength is high enough to prevent unwanted noise coming from the deposition of aerosol
bound radon progeny. The direct measurement of the attachment rate has the advantage, that
operation of a mobility analyser in combination with a condensation nuclei counter is not necessary
for routine purposes.

Fig. 5 shows the reduction of aerosol particles in the radon chamber due to plate-out and the internal
air circulation system. Steady state conditions are reached, when the production of particles and the
removal is in equilibrfium. The final value is governed mostly by the air humidity. The attachment rate
increases linearly with the relative humidity in the chamber air. As all experiments were performed at
the same air temperature of 20°C, this is also valid for the absolute humidity.
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Fig. 4: Schematic diagram of the Epiphaniometer
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Fig 5: Reduction of the attachment rate in the PSI radon chamber due to deposition and air
circulation. The normal air circulation is obtained with the internal chamber air circulation
system, the reduced air circulation is performed with two small ventilators installed in the
chamber. The attachment rates are normalised to the value at t=0, which are 4.1 h?! and 7.9 h™
for the ambient aerosol with normal air circulation and 1.1 h? with reduced air circulation. The
values at t=0 are 76.7 b for candle aerosol with normal air circulation and 66.1 h! with
reduced air circulation.

4. Measurement of size fractionated radon progeny activity concentration
4.1 Gross-alpha counting

For the measurement of the size distribution of the unattached fraction of the short-lived radon
progeny scintillation counting instruments were used in the beginning of the project. They consist of
a photomultiplier with attached electronics, which allows counting of the scintillations and
performance of complex sampling routines. The airborne radon progeny is sampled on a membrane
filter (thickness 9 um), supported on a thin grid though which the air sample is pumped. Below the
grid a ZnS-scintillator is mounted, shielded from light passing through the filter with a mylar foil,
which registers the emitted alpha particles after they have passed the filter. The possibility of an
open-faced air sampling is thus given with counting of the deposited activity during and after air
sampling.

The activity concentration of radon progeny deposited on the filter was measured by gross alpha
counting in several time intervals during and after sampling. For the results presented, the unattached
fraction was determined using a single screen with a lower 50% cut-off of 4.8 nm. Additionally, a
second single screen with a lower 50% cut-off of 1.3 nm was used to separate clusters with
significantly larger diameters than the single ions of the radon progeny. The air was sampled at a
flow rate of 4 1 min™, controlled by mass flow controllers during a sampling interval of 10 min. The
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total cycle time was three hours, separated into 5 minute intervals. The concentrations were
calculated with an iterative process by minimising the deviation between modelled counts for given
concentrations of all three radon decay products and the measured counts.

As only a small part of the airborne activity is deposited on the wire screens, the relative deviation
of the instruments has to be very small. Experience from the group of Goéttingen University
showed, that the deviation between the calculated activity concentrations during a simultaneous
sampling with several heads without a wire screen at the entrance of the sampling head should not
exceed one percent. Since this accuracy range was not reached with the gross alpha counting
equipment, it was only used for the determination of the unattached fraction and for the size
fractionated sampling at very low attachment rates.

4.2 Spectroscopic counting

Due to the above mentioned restrictions of the gross-alpha counting, new instrumentation was
implemented to measure the size distribution with alpha-spectroscopic discrimination between the
alpha particles emitted from **Po and 2**Po. This method has been used in the determination of the
size distribution of the unattached fraction with great success by the group of the University of
Gottingen. The principle of measuring the alpha-particles through the filter, which has been used by
the gross-alpha counting method, was implemented in the construction of the sampling heads. The
alpha particles passing through the filter suffer a significant, statistically distributed energy loss. By
using the supporting grid of the filter as a collimator for the alpha particles, the energy resolution for
the s?ectroscopic counting is still sufficient to distinguish between alpha particles emitted from *'*Po
and “Po. The flow rate through the screens is controlled by a personal computer, yielding the
possibility to change automatically the penetration characteristics of the wire screens without the
necessity to enter the radon chamber. During stable conditions in the radon chamber, the flow rate
can be changed for each sampling cycle for increasing the number of different penetrations with a
limited number of sampling heads. The efficiency for the detection of an alpha particle emitted from
the filter (4 & steradian) is about 20% with the use of 2000 mm’ passivated ion implanted surface
barrier detectors. The maximum flow rate through the filter can be up to 20 I/min.

4.3 Data Evaluation

The measurement of radon progeny in ambient air is performed by collecting the unattached and
aerosol bound activity on a filter.

For the different counting techniques and the different sampling and counting protocols, a variety of
evaluation methods has evolved, optimising the calculation of the radon progeny concentrations. The
calculations are highly specialised to special sampling and counting protocols as they include the
analytical solution of the dependence of concentrations on the measured counts. Analytical
calculations determine the concentrations stepwise, as the preceding radon decay product has to be
taken as an input parameter for the further calculations. Thus measuring errors are influencing the
calculated concentrations of the radon progeny with a bias, often leading to mathematically correct
solutions, which are physically not reasonable, e.g. negative concentrations of the last of the short-
lived radon decay products, **Bi.

A simple three dimensional interpolation is used to make a more generalised approach to this
problem. It is easy to adopt to different sampling protocols and counting techniques. The
mathematical approach is straightforward and easy to comprehend without more than basic
mathematical training. The disadvantage of this method lies in the slow convergence, compared to
more refined mathematical approaches. But with the high performance of modemn personal
computers, results are obtained in acceptable periods.
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The concentrations are estimated using an iteration process by comparing the measured counts with
modelled counts and optimising the deviation to the measured result. A simple and straightforward
approach for this iteration can be achieved with a three dimensional linear interpolation in the case of
unknown activity concentrations of radon progeny. For most other problems, for example the
calculation of the deposition velocity of unattached and attached progeny, only a two-dimensional
iteration is needed.

Basis of the iteration is a cube in the relative concentration room. It is moved or shrinked, depending
on the results obtained on 27 points on its edges and walls (Publication in preparation).

4.4 Results

The measurements with gross alpha counting were performed with low attachment rates and only
with determination of two size classes. The lower 50% cut-off diameters of two single screens were
chosen to be 1.3 nm and 4.8 nm. The latter gives the separation between the attached and unattached
fraction, whereas the difference of activity deposited on the screens gives an indication how much of
the unattached activity is associated with ultrafine clusters larger than the usually used 1 nm. It was
found that 22% of *®Po were in the size range between 1.3 and 4.8 nm, whereas 44% of **Bi was
found in this size range. The remainder was found below the lower cut-off diameter of 1.3 nm. The
results were obtained at low attachment rates between 0.5 to 5 per hour. An influence of humidity on
this result was not observed between 20% and 80% RH (experiments performed at 20 °C). Neither
was an influence of the concentration of the trace gas SO, observed at environmental levels between
0 and 0.5 ppm.

For the comparison of chamber conditions at low and high attachment rates, the alpha spectrometric
method was used. With the four sampling heads available the fraction above 1 nm could be separated
into two parts. The results of the gross-alpha measurements were confirmed under conditions with
low attachment rates (0.2 h™ - 0.9 h™). 98% of **Po were found in the size range between 0.8 and
2.3 nm, whereas only 77% of ***Pb and 68% of 2“Bi, respectively, were found in this size range. The
remainder, 2% of *'*Po, 23% of **Pb and 32% of **Bi were found in the size range between 2.3 and
5.4 nm.

Conditions with larger attachment rates (28 h™- 170 h™) were achieved with a burning candle. Under
these conditions screens with lower cut-offs of 1.3 nm, 3.6 nm and 8.6 nm were used. 39% of the
8P was found in the size range between 1.3 nm and 3.6 nm, whereas 22% of **Pb was found in
this size range. 61% of ***Po and 78% of **Pb were larger than 3.6 nm.

The following conclusions can be drawn from these results:

1. At environmental concentrations of water vapour and SO,, there is no detectable influence of
these two trace gases on the size of the ultrafine cluster mode of the short-lived radon progeny.

2. Under conditions with low attachment rates, >'®Po clusters show a smaller diameter than the next
nuclides in the decay scheme.

3. Under conditions with large attachment rates, produced with a burning candle, the size of the
clusters is shifted to larger diameters and the differences between the primary radon decay
product, 2*Po, to the nuclides following in the decay series are reduced. A possible explanation
for the increase of the size of '*Po could be the interaction of the radon progeny with organic
vapours produced by the burning candle.
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Final Report
1992-1995
Contract: FI3P-CT920061 Duration 1/09/92 to 30/06/95 Sector: C12

Title: Study of the different techniques to mitigate high radon concentration levels
disclosed in dwellings.
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2) Torri ANPA

3) Ortins de Bettencourt DGA-DPSR

4) Quindds Poncela Univ. Cantabria

5) Kritidis NCSR "Demokritos"
6) Proukakis Univ. Athens

I. Summary of Project Global Objectives and Achievements

The six Participants to this Project represent five European countries that have not yet
promulgated any recommendation, regulation or enforcement of an action level for indoor
radon. Thus, no large statistical data base concerning the efficiency ("after/before” ratios)
of various mitigation methods in actual houses are readily available from these countries.

On the other hand, a wealth of data have been gathered so far on the radioactivity of soils,
soil emanation characteristics and high radon-prone areas during the Indoor Radon National
Surveys of France, Italy, Portugal, Spain and Greece — some of these surveys still being
under completion, however (e.g., France).

In many instances, it has been found that high radium concentrations in soils and/or unusual
soil characteristics (e.g., high permeability) were not the exclusive explanations for abnormal
indoor radon : building materials, indeed, may also contribute substantially to the high levels
of indoor radon disclosed in some dwelling houses.

The general objective of the Project was thus to design, investigate and validate the most
appropriate mitigation techniques taking into account the particular features of the housing
stock in each of the Participants’ country. Researches had to be carried out both in the
laboratory and in the so called "laboratory houses" — either actual houses (under the
householder good will), or specially designed laboratory rooms. This objective encompasses
also the laboratory study of building and decorative materials, either as a source of indoor
radon, or as a radon barrier.

Typically, both the radium content and the exhalation rate of representative samples of raw
materials or structural modules have been measured, yielding an evaluation of the emanation
factor (Portugal, Spain, Greece). The ability of various readily available covering materials
to lower this emanation factor has also been thoroughly investigated (France, Portugal,
Spain). Both regimes of radon transport, namely diffusion and viscous flow, have been
investigated, yielding experimental values of the diffusion and permeability coefficients.
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Most Participants have implemented research in actual houses or laboratory rooms for
investigating on:

— the soil and crawl-space ventilation (Italy);
— the radon barriers such as slabs, coverings and floorings (France);
— the contribution of decorative materials to indoor radon (Portugal).

At last, mitigation experiments at scale 1:1, either in test rooms (Portugal), "radon chambers"
(Spain) or in actual houses (France, Italy and Portugal) are going on, that encompass most
of the state-of-the-art radon mitigation strategies, with sub-slab ventilation, when available,
ranking among the most efficient techniques. o
Integration of each Participant’s contribution to the global Project was greatly enhanced
by the two Radon Contractors Coordination Meetings held at Gottingen, Germany
(September 6-8, 1993) and at Villigen, Switzerland (October 12-14, 1994).

International Symposia —e.g., Indoor Radon Remedial Action (Rimini, Italy, June 27-
July 2, 1993), Indoor Air, (Helsinki, Finland, July 4-8, 1993) and Natural Radiation
Environmen: (Montreal, Canada, June 5-9, 1995) — partly or totally devoted to indoor radon,
allowed also fruitful comparisons of experiences.

Inter-comparison exercises — Gamma Spectrometry of Soils and Building Materials,
in the framework of this Project, or Soil Gas Radon and Radon Exhalation from Soil
(New-York, June 12-15, 1995) — provided also a good opportunity to gauge the relative
performances of each laboratory in the basic field of metrology. However, this Project,
that generated researches some of which are ongoing, would deserve a final Assessment
Meeting — attended by all Participants — that is still to be organized.
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Head of Project 1: Dr. J.C. Sabroux and M.C. Robé

II. Objectives for the reporting period

1°) To develop and validate an experimental device for testing, in the laboratory,
the efficiency of various coatings, coverings, floorings and sealants as potential radon barriers
(with results expressed in terms of radon diffusion and permeability coefficients). The device
should be derived from the experimental setup already designed for testing polymer
membranes; its use should be extended to the study of special additives liable to enhance
the efficiency of concrete slabs as a radon barrier.

2°)  To implement the most relevant radon mitigation techniques in a dwelling house
selected for its high indoor radon concentrations, and thoroughly monitored beforehand.
The radon reduction strategy will incorporate some of the materials tested in the laboratory,
and recognized for their high radon mitigation potential.

3°) After implementing the radon reduction scheme in the said house, to resume,
for an equivalent amount of time, the comprehensive radon monitoring already carried out
before any mitigation attempt. The overall investigation is aimed to yield the fortnightly
average efficiency of the mitigation approach selected.

The research summarized hereafter is part of the IPSN commitment — a) to increase its
knowledge on the sources and on the migration mechanisms of radon and radon progeny,
and — b) to strengthen its expertise in radon metrology. The completion of this Project,
and experience assembled henceforth, entitles IPSN to put forward, on request, validated and
affordable technical means that anyone, on his own free will, may select and implement
to lower his exposition to indoor radon at home.

H1. Progress achieved including publications

1°) Laboratory study of potential radon barriers.—

It was shown experimentally that the presence of cracks in a concrete slab increases
substantially the rate of radon escape, by creating preferential passages of very high
permeability. In order to cut down these leakages, and thus to close radon escape routes,
various paints could be applied on the concrete slab for improving its efficiency
as a radon barrier.

A specially designed experimental device based on the measurement of the radon concen-
tration in two air-tight compartments separated by the sample, allowed to measure accurately
the transport properties of radon across a thin layer of dry paint. Depending on their
composition (solvents, binders, pigments and additives), paints differ widely in performance,
expressed by their radon diffusion coefficient.

SABROUX
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It can be derived from Table I that epoxy paints may greatly decrease the radon emanation
of a wall or floor surface.

TABLE I
Diffusion coefficient of radon in some paints
COMPOSITION
(%) DIFFUSION
PAINT DENSITY || [TICKNESS COEFF.
(mm) Dry extract (10% onr’.s")
Solvent '
binder | pigment
Epoxy + Polyurethane 1.3 0.360 2 80 18 72
Glycerophtalic 1.16 0.176 66 81 19 1.35
Acrylic-1 1.09 0.115 55 51 49 0.95
Acrylic-2 . 1.10 0.122 53 42 58 1.45
Alkyde urethane 1.15 0.141 34 51 49 1
Polyurethane 1.06 0.143 36 47 52 0.18
Epoxy-1 1.85 0.352 12 33 67 0.35
Epoxy-2 1.35 0.384 10 66 34 0.005
Epoxy-3 1.1 0.339 10 100 0 0.005

After this study on several commercially available paints — that complemented our compa-
rable investigations on polymer membranes', concluded at the beginning of this Project —
a similar laboratory apparatus was designed for studying, under controlled environmental
conditions, the diffusion and permeation of radon through samples of concrete. Samples
of mortar for wall roughcasting were also studied.

The versatility of the experimental setup allowed to measure the diffusion and permeability
coefficients of a great number of samples with different cement/water, cement/sand and
cement/aggregates (if any) ratios. The effectiveness of several fillers and additives was also
investigated. The best additive selected (Pozolite™) is originally designed to facilitate the
pouring of concrete (more fluidity with less water).

. By choosing appropriate ratios of constituents, and relevant fillers and additives, the diffusion
coefficient can be kept below 10° cm.s?, for both concrete and mortar. On the other hand,
the lowest permeability turned out to be 3 X 10'"® m? and 4 X 10""* m? for concrete and mortar,
respectively.

1. This study of polymers clearly sanctioned the polyester Mylar™ membrane as the most efficient
radon diffusion barrier.

SABROUX
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2°) Radon baseline and mitigation in a high-radon house.—

A — RADON BASELINE. The building selected for the "before/after” study of radon
mitigation is the City Hall of a 3,000-inhabitant rural district of Brittany, a conspicuously
granitic region of France, but not a distinct uranium-ore province. The choice of this
particular public building — identified, during our 1983 regional survey, as a "high radon
house" — did not mean that our research should be limited to the study of radon risk
mitigation in the work-place’. Due to its comparatively lower occupancy factor, especially
at night, such a building is obviously simpler to use as a "laboratory house", without any
disturbance of its inhabitants’ private life, than any other dwelling. Moreover, in a City Hall,
the living habits of the occupants are clearly directed by the office hours, with sharp contrasts
in building occupancy between week-days and week-ends, or holidays. At last, no real-estate
property issues could interfere with our research needs’.

Figure 1 — A typical public building in Brittany, France.

2. Consequently, we considered the generally accepted 400 Bq.m™ action level for Z*Rn in existing
dwellings as the challenge for our remedial action. From this value, we derived a potential alpha
energy concentration (PAEC) upper limit of 880 nJ.m?>, with the conventional values of equilibrium
(0.4) and occupancy factors.

3. Throughout our two-year investigation, we congratulated ourselves on the choice we made of this
particular building, and we are particularly indebted to the elected representatives and clerks of this
City Hall for their good will to make our research work easier.

SABROUX
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The building chosen is a granite freestone four-story house (including the attic and the half-
buried basement), built in 1910. Part of the basement is taken up by a boiler room,
with a hard-packed ground (dirt floor, except for a small concrete slab holding the boiler
for central-heating in winter). The oil-fired boiler, when in operation, induces a powerful
periodical (ca. 3 min every 15 min) stack effect, that helped to identify unambiguously
the soil gas as the main radon source with a flux density (exhalation) ranging between
100 mBq.m™.s* and 500 mBq.m?.s" (up to thirty times the worldwide continental average).

From the basement, the radon is drawn into the house along pathways (e.g., the stairs) that
were experimentally traced using simultaneously CO,, He and SF, during a comprehensive
test carried out under various ventilation regimes (e.g., in winter, the ventilation rate
in the boiler room ranges between 0.2 h? and 0.5 h™). This experiment clearly substantiated
the basement dirt floor as the prominent radon source, maybe still strengthened by the backfill
emanating through the south wall of the boiler room, and the soil emanating through the floor
of the room contiguous to the boiler room (Room I in Fig. 2).

Radon levels averaging 7,000 Bq.m? and 600 Bq.m™ were measured in the boiler room
and office rooms (rooms I to V in Fig. 2), respectively, with peak values higher than
20,000 Bq.m? in the former and 3,000 Bq.m? in the latter. It was shown that the *Rn
(thoron) contribution to this volumic activity was not significant. The ~ background ranges
from 200 nGy.h" (boiler room) down to 140 nGy.h! (office rooms upstairs), whereas
it is 120 nGy.h! outdoors (60 m a.s.1.).

Measurements routinely carried out in the building included (Fig. 2):

- radon indoors and outdoors, by means of ionization chambers, passive dosimeters
(solid-state nuclear track detectors and electrets) and silicon detectors;

— PAEC by means of « site-dosimeters;

— airborne-dust bulk concentration (collection on weighted filters);

— emanation from the dirt floor of the boiler room (main radon source);

— indoor and outdoor temperature, differential pressure.

Our fully-fledged "radon test house" provided the unique opportunity to refine the procedures
of radon (both spot and integrated) measurements, and to inter-compare the monitoring
methods on the long run: e.g., a diffusion ionization chamber (GENITRON Alphaguard™)
and a solid-state silicon o detector in a diffusion chamber (ALGADE Barasol™), or
the SSNTDs (KODALPHA™) and the electrets (E-PERM® RADELEC). This house was even
used to validate, for the first time, our numerical model PRADDO (based on Jacobi’s model),
which describes the evolution of radon and its progeny in a multi-chamber system as
a function of the ventilation rate and of the aerosol concentration and size distribution.

Finally, we took advantage of the thirteen-month extension of the Project (from 31/05/94
till 30/06/95) to carry on with this set of measurements for almost one year — before any
mitigation measure. The diurnal and seasonal effects on indoor radon concentrations were
thus satisfactorily determined. Moreover, exceptional climatic events, such as windstorms
(December 1994) or a secular flood (January 1995), allowed to calibrate the response of
indoor radon to meteorological disturbances.

SABROUX

- 3024 -

P



" -ge0e-
XNnoygvs

A Ionization [:‘D Tonization
chamber (1.5 1) chamber (12 1)

= =

Yonization .
chamber (120 1) Attic

B Kodalpha @ Llectret
E PAEC dosemeter Room V a -ﬂ
2 Pompe Second floor
»  Dust filter
& Flow meter - ﬂ Py [ [] P Room [({ M EI al
EMD! Differential electrometer Room IV Room II First floor
Data acquisition
Boiler | & L ﬂ fa
room |
= = Basement
1201 ] -G [ 3
Pé‘ . © Room I
- EMDI Stairs o
121 I—_ g__g
Radon emanation
SHELTER [PL100]

Figure 2 — The comprehensive experimental setup in the test house. The use of a shelter outside the building was made necessary
to accommodate the most bulky equipment and the ambicnt radon monilors, which could not cope with the high radon background of the
building. As of March 1995, most of the instruments were clectronically connected to our Laboratory in Saclay, Paris region, via a modem.




B — MITIGATION. The mitigation strategy, which was first implemented in early
November 1994, is centered on sub-slab ventilation. This stems from the comprehensive study
of radon entry and distribution in the house, as described above, and from theoretical
knowledge and assessment of the various techniques available so far for radon mitigation®.

The floor plan of the house at the basement level is given in Figure 3, as well as vertical
cross sections. We placed on top of the dirt floor (boiler room) a double-barrier made up
of a polyester Mylar™ membrane 100 um thick, a ca. 10 cm layer of gravel (quarried locally)
and a concrete slab (poured with the additive previously selected). Three pits (or sumps) were
put in the gravel layer in order to ventilate it efficiently. Without ventilation, radon volumic
activity in the sumps under the concrete slab rose up to 90,000 Bq.m?>. The pits were
connected to the outdoors by a 10 cm diameter PVC pipe network (Fig. 4a and 4b). The
whole system was implemented by small local building contractors: the extra outlay generated
by the special "anti-radon" design of the works was kept remarkably low.

The ventilation system was extended below the already existing concrete slab of the corridor
(between boiler room and room I) and into the backfill, through the south wall of the boiler
room (Fig. 3). A thorough characterization of the sub-slab pressure field showed that
the de-pressurization was very efficient as far as pit C3, and still enhanced after carefully
sealing the holes and cracks in the new concrete slab. Nevertheless, the de-pressurization
remained almost unnoticeable under the slab of room I.

The fan chosen is a 32 W axial rotor yielding 185 m3.h' at 0 Pa (maximum flow-rate),
or -155 Pa at 0 m*.h! (maximum de-pressurization). The speed of the fan (electrical power
input) is regulated by an electronic potentiometer. Once installed and activated at different
speeds, the fan generates a depression that is directly related to the flow-rate (Table I).
Note than when AP = ( Pa ("fan power off"), the flow rate is reversed by natural draught
due the fact that air pressure is always lower in the building than outside.

TABLE 1
Relation between the depression and the flow-rate of the ventilation system,
at different fan speed

Depression (Pa) 911-90|-85]-80¢-75]-70|-65|-601-55]| -50
Flow-rate (m*.h") 1441 140| 137|133 1127 ( 120 | 113 | 109 | 106 | 103
Depression (Pa) ) -451-40|-35(-30|-25(-20]-15|-101 -5 ©
Flow-rate (m*.h") 92 18 | 82 | 72|65 |55|48 34|21 3

Depression zero means "fan power off".

4. At this stage of the study, the expertise of the Groupe Informatique et Systémes Energétiques
with the Ecole Nationale des Ponts & Chaussées proved determining.
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Figure 4b — The fan and the exhaust pipe of the ventilation system, with part of the
continuous monitoring setup.
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3°) Efficiency of radon mitigation.—

The efficiency of the double-barrier has been dramatically demonstrated since the very
beginning of operation of the ventilation system, although the differential pressure
in the ventilated room was lowered only by one pascal or so (Fig. 5). On the long run,
the efficiency of the mitigation system can be recognized in Figures 6 and 7.

Moreover, it was demonstrated that the system was still fully efficient at one third of its
maximum operating de-pressurization. Therefore, we can conclude that a 10 W fan could be
sufficient, that would lower the running costs accordingly. At 5 % of the maximum de-
pressurization, the radon volumic activity in the boiler room is not higher than 1,000 Bq.m?,
i.e., almost a tenth of its value without remedial action: this exemplifies the feasibility
of using a passive double-barrier sub-slab ventilation system powered only by the natural
stack effect of the building.

7000 1

6000

5000 -
H]

-3
4000 W

-5
3000

-6
2000 3

-8
1000 4 Start of sub-slab
ventilation* -3

] + g T : t + -10
01/02/95 03/02/95 06/02/95 10/02/95 13/02/95 15/02/95 18/02/95 20/02/95

222 pa volumic activity (Bq.m")

Diffarentind pressure (Pa)

l == 222-Rn volumic activity —— Dufferential pressure !

Figure 5 — This time series compares the radon volumic activity in the boiler room without
forced ventilation (ca. 4,000 Bq.m®) and at full fan speed (below 400 Bgq.m?®).
In the basement of our test house, the radon is tunable at a fingertip, only by acting
on ventilation fan speed.

Besides the huge data base established throughout this three-year experiment — which
deserves further processing and comprehensive interpretation — the results obtained, in terms
of radon reduction in the test house, clearly exceeded our expectations. They could readily
be applied to many other dwellings built on a similar design, very common in the granitic
provinces, which are the most radon-prone areas in France.
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Figure 6 — Integrated radon volumic activity (measured by means of Solid-State Nuclear
Track Detectors SSNTDs KODALPHA™) and Potential Alpha Energy Concentration PAEC
~ (measured by « site-dosimeters ALGADE) before and after the alleviative action in the boiler
room (basement) of a high radon house of Brittany, France. The horizontal line is the
400 Bq.m action level for radon, and the derived 880 nJ.m® limit for PAEC (see text).
The slight rise of radon during the fortnight period centered on 01/04/95 is due to ventilation
tests (ventilation fan at variable speeds). Zero values mean no data.
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Figure 7 — Integrated radon volumic activity (measured by means of Solid-State Nuclear
Track Detectors SSNTDs KODALPHA™) and Potential Alpha Energy Concentration PAEC
(measured by « site-dosimeters ALGADE) before and after the alleviative action in five office
rooms of a high radon house of Brittany, France (five bars — one for each room —
superimposed, not stacked, for each time period). The horizontal line is the 400 Bq.m™ action
level for radon, and the derived 880 nJ.m™ limit for PAEC (see text). The significant rise
of radon (in at least one room) during the fortnight period centered on 01/04/95 is due
to ventilation tests (ventilation fan at variable speeds). Zero values mean no data.
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Head of Project 2: Dr. G. Torri

I1. Objectives for the reporting period

The objective of the Project was to test different remedial actions in houses where high radon
concentrations were found.

In spite of the fact that a wide experience has been gathered so far in several countries,
the different building practices from one country to another make it necessary to evaluate
the most appropriate actions for the Italian/Mediterranean typology of houses.

The elongated geographical setting of Italy from North to South, and its strikingly distinctive
geological formations are responsible of very different radon emanations from the soil and
building materials. Moreover, the dissimilar climate and social situations yield a wide range
of building typology and life habits of the occupants.

The main objective of the Project was to study the performance of the most appropriate reme-
dial action — selected from the literature — on houses which represent the most “at risk"
for radon entry and, at the same time, are very widespread in the typology of Italian houses.

Cost evaluation of the different actions is also an important objective of the Project.
This factor has to be considered in the general strategy aimed at setting reference levels
for the protection of the general public.

III. Progress achieved including publications

From the results of the Italian Survey on Indoor Radon, two areas have been selected
in which houses with high indoor radon have been found: Friuli-Venezia-Giulia in the north,
and Lazio in the center of Italy.

Within these areas, four houses were selected — two for each area — which can be
considered "at risk", and which share similar architectural characteristics:

— single family house;
— presence of a crawl-space;
— living area distributed on a single flat (Friuli), or on two flats (Lazio);

The main differences between the two houses in Friuli and the two houses in Lazio are the
following:

— crawl-space of different heights, ca. 40 cm filled with gravel in Friuli houses,
and 100 to 150 cm without any filling in the Lazio houses. The difference generates

a dissimilar distribution of the differential pressure between the house, the soil and
the crawl space;
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— the geology of the areas are very different, since in Friuli the soil shows a high
permeability with a relatively low content of uranium and radium, whereas in the
selected area of Lazio (tuff and pozzuolana), the soil has a high content of uranium
and radium, but a low permeability;

— all the houses have been built using local building materials which, in the Lazio
region, are characterized by their high uranium and radium content;

— the absence of openings (air bricks) for the ventilation of the crawl-space in the Friuli
houses, and the presence of two openings (& 10 cm) in the Lazio houses.

After selection of the houses, all the most efficient remedial actions were thoroughly
investigated for a possible application. Among these, three main actions have been selected
as the most appropriate:

— depressurization of the soil beneath the house with a sump;
— depressurization of the crawl-space;
— increased (fan-assisted ventilation of the crawl-space).

A unique experimental setup has been designed for all the houses, as shown in Fig. 1.

MANUAL VALVE
HOUSE

SUBFLOOR

SUMP SPACE

]

FAN
TUBE FOR
SWITCH PRESSURE
MEASUREMENT
“y
- PRESSURE

L INVERTER | ELECTRAONC |=— TRANSMITTER |—>| RECORDER

Figure 1 — Block diagram of the experimental setup for testing remedial actions.

It consists in the introduction of ventilation tubes into the crawl-space, and in the installation
of a sump under, or close to, the house. The crawl-space and the sump are connected via
manual valves to a 250 W fan. The power of the fan can be automatically regulated for
maintaining a constant differential pressure (AP) between the house and the soil or the crawl-
space (Fig. 1). Finally, it can operate in both directions, by pushing or sucking air. A total
of three openings (& 10 cm air bricks) were made to increase the ventilation of the crawl-
space, but with the possibility to be closed.
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Such a configuration allows the testing of different actions, using the same fan:

— depressurization of the soil (or sump);

— depressurization of the crawl-space;

— pressurization of the soil (or sump);

— pressurization of the crawl-space;

— ventilation of the crawl-space by pushing air;
— ventilation of the crawl space by sucking air.

All these actions can be made at different power of the fan, by regulating the rpm of the
synchronous motor, producing various AP or air flow-rates.

To allow the collection of the experimental data, the test of a single remedial action lasted
approximately two weeks. This period is normally followed by a period of the same duration
without any remedial action in the house. The efficiency of the action was then evaluated
according to a reduction factor RF, i.e., the ratio of the radon concentration with and without
the remedial action in operation.

The measurement strategy has been the continuous detection of indoor radon, using a
PYLON ABS counting system, plus passive diffusion scintillation cells located in the bedroom
of each house. Limited to the Lazio houses, continuous measurements have also been made
in the crawl-space. Solid State Nuclear Track Detectors (SSNTD) were also used in other
rooms, and in the crawl space.

The experimental tests started in winter and ended in summer, same year. The radon concen-
tration in summer was lower than in winter. The difference can well affect the RF, since
the winter/summer variation of radon concentration, without remedial action, are much larger
than these variations when remedial action is implemented (much lower mean radon level).

HOUSE CODE: FR-BE 001
Soil depressurization (sump): 50Pa

6000 1 —— Radon conc. (system OFF)
~——= Radon conc. {system ON})
== Mean system OFF:15C6 Bq/m3

5000 . — Mean system ON: 81 Eg/m3

4000

Break of power sucgly
3000 |

2000
A

= LTI

1 3 1
13-04 18-04 23-04

RADON CONC. (Bg/m3)

3 i
28-04 03-05 08-05

Figure 2 — Example of application of a remedial action.
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From these results, we can draw a first conclusion: the response of indoor radon to the reme-
dial action is very fast (i.e., of the order of a few hours). This is an important finding, that
permits a rapid evaluation of a given remedial action potential. In other words, there is no
need to wait for months in order to evaluate the effectiveness of a particular remedial action.

A second result is the confirmation of the higher values of radon concentrations at night
(Rn,), as compared with daily concentrations (Rn,). The mean ratio Rn,/Rn, amounts to 1.7
("night" spans arbitrarily from 7:30 pm to 7:30 am). This should be taken into account when
dose/concentration factors are evaluated: as a matter of fact, occupants spend most of their
time at home during the night, when radon concentrations are comparatively higher.

The particular remedial actions tested during the Project were:

— depressurization of the sump at three different AP (10, 50 and 100 Pa);

— ventilation by suction of the crawl space at three different speeds of the 250 W fan
(30, 40 and 50 Hz);

— depressurization of the crawl-space (with closed openings).

1°) Soil (sump) depressurization.—

The sump depressurization adopted for the Friuli houses (FR) gives in general a very good
reduction in the radon concentration, while in the Lazio houses (LA), it does not seem to
reduce significantly the radon entry. This is probably due to the presence, in the Lazio
houses, of the large void volume of the crawl-space, without any concrete slab or flooring
on the soil, while in the Friuli houses, the void volume of the crawl-space is much smaller,
due to the presence of the gravel filling. This distinct setting causes a different distribution
of the soil pressure: even if a sump low pressure can be obtained in both cases, in large void
crawl-spaces, with no soil covering, the low soil pressure does not affect the total surface of
the house. The different permeability of the soil can also play a very important role, causing
an odd pressure distribution.

TABLE I
Reduction factors obtained with the depressurization of the soil for the four houses

Differential House FR-BE | House FR-PA | House LA-PO | House LA-PE
pressure AP 00! 002 003 004
10 Pa 3 2 1 1

(284) (344) (235) (248)
50 Pa 1 14 2 2

(81) (14) (253) 217
100 Pa 39 20 1 —

(23) 28) (151)

The radon concentrations are displayed in brackets.

* For this test, the maximum AP was 75 Pa instead of 100 Pa.
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For the Friuli houses, the efficiency of soil depressurization depends on the under-pressure
that can be obtained in the sump. A differential pressure of 50 Pa seems sufficient to reduce
the radon concentration at satisfactory low levels. These values are obtained with a reduced
speed of the fan. Therefore, the use of a 70-100 W fan should be sufficient to reach the
required AP,

2°) Crawl-space depressurization.—

The crawl-space depressurization was obtained by sucking air with the ventilation openings
in the closed position.

TABLE II
Reduction factors, for the four houses, at different speeds of the 250 W fan
FAN SPEED House FR-BE House FR-PA House LA-PO House LA-PE
001 002 003 004
30 Hz 20 - — —
(17)
40 Hz 19 4 — —
(18) (22)
50 Hz 24 13 1 2
(20) Q1) (284) (229)

The radon concentrations are displayed in brackets.

This action was successful in the Friuli houses, while in the Lazio houses, no effects were
observed. The reasons for this behavior are the same as in the case of soil depressurization.

Yet, for the latter houses, a reduction factor of 4 was observed in the crawl-space.

3°) Crawl space ventilation.—

The crawl-space ventilation was obtained with the fan at maximum speed (50 Hz) sucking air

with the openings in the open position.

TABLE II1
Reduction factors for the four houses, at full fan speed (50 Hz)
House FR-BE | House FR-PA House LA-PO | House LA-PE
001 002 003 004
20 12 2 1
(24) (26) 217 (158)
The radon concentrations are displayed in brackets.
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Again in the Friuli houses, the reduced void of the crawl-space is the main factor conditioning
the efficiency of the ventilation.

The poor efficiency of all actions in the Lazio houses is probably due to the large void of the
crawl-space. Further tests should be made after covering the soil of the craw] space area by
concrete (expensive solution) or by sheets of thick polyethylene.

In conclusion, during completion of the Project, the main objective achieved has been the
understanding of some important parameters that influence the entry of radon into the selected
types of houses — types which are very common in Italy, and which can be considered

“at risk”, due to the building practices. Further investigations should be made to evaluate
the possible actions in houses with other typologies.

PUBLICATIONS

Torri, G. et al., 1994. Azioni di rimedio in edifici con elevata concentrazione di radon.
ARIA 94, Atti del Convegno Nazionale, Monteporzio Catone, Italy, 26-28 October: 107-113.
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Head of Project 3: Dr. A. Ortins de Bettencourt

I1. Objectives for the reporting period

The analysis of the results concerning the Indoor Radon National Survey carried out in
Portugal permitted to identify some regions with high indoor radon concentrations. These
areas are mainly situated over granitic geological structures, and the highest indoor radon
values were found in a granitic and uranium mining region.

On the other hand, it is known that some materials originating from industrial processes, like
fly-ash and phosphogypsum, have been used as building materials and, as they contain high
concentrations of natural radionuclides, contribute to increase the indoor radon levels.

So, in the framework of the above mentioned Contract, the Departamento de Protecgdo e
Seguranca Radioldgica (DPSR), Portugal, proposed a research program including the
following activities.

1°) A — To analyze and to describe in detail the special characteristics of the dwellings
from regions where high indoor radon concentrations were found: climatic aspects, predomi-
nant living habits of the population at stake, and occupancy factors should also be described.
B — To perform radon exhalation rate measurements from ground and walls, using classic
methods, in order to identify the main radon source term.

2°) To perform laboratory radon migration experiments testing some usual building
materials, to be used as a barrier to radon transport from the soil under the house.

3°) A — To verify the influence of phosphogypsum, used as wall coating in an experi-
mental room built specially for this purpose, in the increase of indoor radon concentrations.
B — To study some kinds of wall paints as mitigation procedures, and to test their respective
effectiveness.

4°) To implement remedial actions in real situations, in order to decrease the indoor radon
concentrations, and to verify its effectiveness.

III. Progress achieved including publications

1°) Radon measurements in real dwellings.—

The granitic region in the center of the country, where we found the highest indoor radon
values, is situated 400 km apart from Lisbon, and has a predominant continental weather.

The most of its population is rural, having a farming occupation, whereas some people work
also in local industries. In general, the people spend a lot of time outside.
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The dwellings are mainly built with local building materiais (stone and sand). Three dwellings
were previously selected, and indoor radon as well as radon daughters measurements had
been performed during some months. Nevertheless, for applying future mitigation procedures,
only one of them was considered available enough. It is a workplace of masonry type, built
around 1950, with external granite ornaments. It consists in a ground and first floor, and it
has a kind of a crawl-space, with opposite open holes. Every room has window and door, and
the floor is a wood suspended timber floor. An available room situated at the ground floor
was made available for our study.

Long term measurements were performed in this selected dwelling, in order to know the
indoor and outdoor radon, and the radon daughters concentrations.

Concerning the indoor radon measurements, integrated and spot samples measurements were
performed (Table I), with the door and windows closed. For the integrated measurements,
passive alpha track detectors (LR-115 KODAK films) were exposed during a 2- to 3-month
period. After chemical etching, the films were counted in a spark counter.

For evaluation of radon and radon daughters spot measurements, air sampling at 1.5 m above
the floor were performed. A portable equipment (RDA-200 from PYLON) was employed;
for the radon daughters calculation, the Thomas Method was used.

TABLE I
Radon and radon daughters measurement in a dwelling of Portugal
(before remedial action)

Average Range
Integrated indoor radon (Bq.m?) 1,940 1,363—2,928
Spot indoor radon (Bq.m™) 4,748 231—12,723
PAEC (nJ.m?) 140 50—360

Several spot outdoor radon and radon daughters measurements were also carried out around
the house throughout the year, and under different meteorological conditions. The respective
values ranged from 16 Bq.m? to 426 Bq.m",

In order to identify the main indoor radon source term, some exhalation measurements from
the walls and the wooden suspended floor were performed. For these measurements, some
special devices were employed, and well tighten on the surfaces to be investigated.
Air samples were transferred from these devices to Lucas cells, and further counted in
an alpha counting equipment. Exhalation rates from 1.1 mBq.m2s? to 19.2 mBq.m?.s’,
and from 0.5 mBq.m?2s? to 22.8 mBq.m?.s" were found for floor and walls, respectively.

Radon exhalation measurements from soil adjacent to the dwelling were also carried out.
The radon flux determination was based on an accumulation method. Nuclear track detector
films were exposed in special devices with ca. 10 liters volume, and having an open end
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placed on soil, 60 cm deep, during 24 hours. This duration was experimentally determined,
in order to avoid a build up to a level where the radon concentration would be comparatively
reduced by back-diffusion towards the area under measurement. The individual values
obtained ranged from 72 mBq.m2.s" to 336 mBq.m™.s".

In the neighborhood of the house, several soil samples were collected in a layer up to 10 cm
and analyzed by gamma spectrometry, in a Ge(Li) detector. An average *Ra specific activity
of 723+ 13 Bq.kg* was obtained.

An overall analysis of all the results obtained shows that indoor radon is significantly higher
than outdoor values. Considering that the mean exhalation rate of a standard soil is
20 mBq.m.s, the radon exhalation from the soil adjacent to the house investigated is higher.
Indeed, these soils have in their composition a significative amount of waste rock materials
originating from the nearby uranium mining activities, and the indoor radon source is likely
mainly due to the soil beneath the house. Nevertheless, the radon exhalation rates from the
walls are not negligible, and have also probably a significant contribution.

2°) Radon measurements in an gxperimental room.—

The use of phosphogypsum as a substitute for natural gypsum may constitute an additional
source of indoor radon. In Portugal there are big piles of phosphogypsum, originating from
phosphate industries, that can eventually be employed as building material: therefore,
we studied the influence of this by-product on the indoor radon concentrations.

An experimental room was built, close to our Department, using common building materials.
This experimental room has a window, a door, an area of about 12 m” and a volume of
28 m?: it is representative of a typical bedroom.

Several integrated radon measurements were carried out in the room, using passive alpha
track detectors (LR-115 KODAK films). The values obtained ranged from 45 Bq.m?
to 67 Bq.m™, with a mean of 5049 Bq.m>.

The walls of the room were covered with phosphogypsum leading to a *®Ra surfacic activity
of 2,405 Bq.m?, as a final stucco-work, on a total area of about 24 m? (subtracting, from
the wall area, the window and door areas).

Integrated indoor radon measurements were repeated, and the values obtained ranged from
250 Bq.m™ to 326 Bq.m?, with a mean of 297430 Bq.m?.

After the application of phosphogypsum, it is noticed that the radon concentration in the room
is more than six times higher than the initial values.

3°) Experimental tests on coating materials.—

The high indoor radon levels are specially due to radon gas originating from the soil beneath
the houses. Sometimes, the use of some building materials having a high natural radionuclides
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concentration may also contribute significantly to these levels. Thus, some experimental tests
on coating materials were developed in order to study their respective effectiveness in a radon
mitigation procedure.

To study the diffusion properties and the permeability of different flooring materials to be
used as a barrier to radon transport from the soil to the house, several laboratory experiments
were performed. A special cylindrical container was designed, consisting in a closed
symmetrical two-compartment structure: one compartment contains a radon source
(**Ra-contaminated soil), the other compartment being upside-down and separated from the
first by the radon barrier — the building material to be studied.

From the radon concentrations measured in air samples collected from the two separated
compartments, it is possible to determine the effectiveness of the material as a barrier to the
radon transport.

Different materials were tested:

— a concrete block 3 cm thick;

— two different materials, normally used for floor covering, namely a vinyl flooring
of 3,300 g.m? and a double coating material — "MOFIBE" (polyethylene and
aluminum) of 2,500 g.m? — and a black plastic membrane of 48 g.m?.

Four sets of experiments were carried out in order to evaluate the effectiveness as a radon
barrier of each floor covering. The material was placed between the two symmetric
compartments tightly fitted to each other. This assemblage was maintained during a few
weeks. Subsequently, air sampling was performed from each compartment into a Lucas
scintillation flask, and the corresponding activity measured in an alpha counting equipment.

Figure 1 summarizes the radon reduction values obtained with the different materials studied
and used as potential diffusion barrier for radon gas. The vinyl flooring and the "MOFIBE"
yield a significant radon reduction, potentially useful in a radon mitigation procedure.
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Figure 1 — Efficiency of different coating materials used as a radon barrier.
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In order to study the radon mitigation after the implementation of phosphogypsum covering,
three types of wall coatings were selected for applying in the experimental room: a wallpaper
of 140 g.m?, a simple whitewash paint using water as a solvent, and an epoxy paint
— chosen for its very low radon diffusion coefficient.

Before the applying of each of the coating materials tested, the indoor radon levels were
restored by covering the walls with another layer of phosphogypsum.
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Figure 2 — Averages of indoor radon results in the experimental room.

Integrated indoor radon measurements were carried out after the applying of each covering
material. The results obtained are displayed in Figure 2, for the three materials studied,
and compared with the radon concentrations in the room with and without phosphogypsum.
The epoxy paint achieves a reduction of ca. 100% of indoor radon, that is almost lowered
down to its pre-phosphogypsum level.

4°) Remedial actions in the real house.—

Since the dwelling studied has a suspended timber floor, its high indoor radon level proved
difficult to remedy. A natural ventilation being the simplest and cheapest way to mitigate
the indoor radon, it was tested in priority. Several spot radon and radon daughters measu-
rements were carried out in different natural conditions. The results obtained are displayed
in Figures 3 and 4.

From these results, it can be seen that the radon concentrations can decrease down to a factor
ten, only with natural ventilation.

According with the results obtained in the laboratory experiments, an heavy vinyl flooring
of 3,300 g.m? was selected to cover the floor of the dwelling, and an elastic sealant was

implemented to seal the floor-to-wall gaps. Integrated and spot radon measurements were
again carried out with the door and windows closed.
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Figure 3 — Influence of natural ventilation (1 to 3 hours) on indoor radon.
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Figure 4 — Influence of natural ventilation (1 to 3 hours) on indoor radon daughters.
ORTINS

- 3044 -




TABLE II
Radon and radon daughters measurements in a dwelling of Portugal
(after remedial action, see text)

Average Range
Integrated indoor radon (Bq.m) 1,460 1,302—1,820
Spot indoor radon (Bq.m™?) 625 363—1,316
PAEC (n].m?) 32 13—60

Concerning the integrated indoor radon averages, a reduction of about 25% was obtained. For
the radon daughters levels, a reduction of about 80% was achieved (Table II).

5°) Conclusions.—

Considering the different mitigation procedures implemented in the real dwelling, a significant
influence of natural ventilation on radon levels was clearly observed. Nevertheless, as the
dwelling is situated in a region of comparatively cold weather, this type of remedial action
is not adequate.

The sole material selected for covering the suspended timber floor and for acting as a barrier
to radon transport from the soil to the house appears, in practice, not effective enough
to reduce the indoor radon concentrations in this dwelling. However, the radon exhalation
from the walls also contribute to the high indoor radon levels measured in this particular and
other dwellings in Portugal: according to our experimental tests, the covering of the walls
with a resin paint could be a significant contribution to a bettér mitigation of the high indoor
radon concentrations.
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Head of Project 4: Dr. L.S. Quindds Poncela

II. Objectives for the reporting period

Within the framework of the Project, the objectives to be developed by our research Group
are basically related to the contribution of building materials as a source of radon, in order
to study for them effective remedial actions that contribute to the decrease of radon in houses
where the building materials have an important incidence. These objectives could be
summarized as follows:

1°) identification, classification and measurement of radioactivity in building materials
of common use in Spain, with special emphasis on cements under control by the Spanish
Authorities, and on granites;

2°) development of protocols for the measurement, in porous materials, of physical
parameters such as radium content, radon emanation factor, exhalation rates, diffusion
coefficients, porosity and permeability. In this task, specific inter-comparison exercises for
the measurement of these parameters, especially among the participants to the EC contracts
under the Radiation Protection Program, are absolutely necessary for a good evaluation not
only of the contribution of building materials, but also of soils, as sources of indoor radon;

3°) evaluation, in a test structure, of the contribution of granite — the main building material
employed in an area of Spain identified as having a high indoor radon level — to the total
indoor radon measured in houses, and study of the conditions under which permeability of
concrete and granite may be responsible for the presence of high radon levels in houses;

4°) laboratory study of the efficiency of some caulking compounds and mitigation techniques
in the reduction of radon levels in homes;

5°) development of ir situ measurements in selected houses to evaluate the relevance and
availability of the laboratory measurements described above.

III. Progress achieved including publications

1°) Identification, classification and measurement of radigactivity in building materials of
common use in Spain, with special emphasis on cements under control by the Spanish
Authorities, and on granites.—

Granite has generally a higher radium content than "normal” soils. The presence of granite
affects not only the external gamma dose to the population, but also the indoor radon levels.
This holds when granite is used as a building material, and/or when the house is built on
granitic soils. During the National Survey in Spain, we found that the highest figures
for houses with high levels of indoor radon were concentrated in the granitic areas.
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These high levels were measured not only in houses with direct contact with the soil, but also
in the upper stories of the building. At that time, we tested the hypothesis according to which
the granite used in these buildings is an important source of indoor radon. The first objective
mentioned above is the initial step of the research that we were carrying out in order
to validate this hypothesis.

Granite has a double function in the Spanish building trade: it is used, first, as an ornamental
covering for walls and floors and, second, as a primary building material in some parts
of the country. The characteristics of granite from Spain and from abroad are not controlled
by Spanish law: there is only an inventory drawn up by the producers showing a high
proportion of imported granite for use as an ornament.

A total of 110 granite samples, representing 98 % of those used in Spain, were collected: their
radioactivity content was analyzed, with special emphasis to the radium content of the
samples. The results are shown in Figure 1, which represents, within different intervals
of radium concentration, the percentage found.

(70-100)
27%

Figure 1 — Concentration of %Ra in Spanish granite.

As we can see, about 28% have values above 100 Bq.kg™: we should point out here that
a high proportion of the granites with these high radium concentration levels comes from
the communities where the high indoor radon levels mentioned above were measured.
Moreover, the granite from these communities is used mainly as a primary building material.

Besides granite, there are two reasons for studying also cements. First, it is a component of
concrete, the main building material in our country, and the principal subject of our studies.
Moreover, it is the only component of concrete that is under control of the Spanish
authorities, whereas the aggregates used in concrete are not subject to regulation. The second
reason is that more and more cement is being imported to Spain, and that the authorities are
being forced by pressure from the cement companies to enforce stronger quality controls.
Then, although a control of the radioactivity of cements has not been considered so far,
it may become so in the near future.
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A total of 120 cement samples collected from different producers are covering about 95% of
the Spanish cements, and a small proportion of imported cements. Figure 2 shows the values
found for the radium content and indicates that only 7% of the Spanish cements studied have
values over the reference value of 100 Bq.kg"'. On the other hand, all of the ten imported
cement samples available for study are over this value.

30-70
GO

Figure 2 — Concentration of **Ra in Spanish cements.

As we have already mentioned, and as far as radon is concerned, our interest is in concrete.
The composition of concrete is extremely variable. For this reason, more than 300 aggregate
samples were collected throughout the country. As a result, average values for radium content
are available for these aggregates, for each autonomous community, together with those for
the most commonly used cements. These data have allowed us to be prepared for a very
representative study on samples or raw materials used for making up concrete throughout the
country. In conclusion, we can consider that this objective has been covered satisfactorily;
the results achieved will be used for the development of the next objectives.

These results show also that, in general, the capability of the participating laboratories
in developing good measurements by gamma spectrometry is high. However, as we concluded
after the first inter-comparison, the development of such exercises, that could allow
the participants to identify the conditions causing potential problems in their measurements,
are absolutely necessary to ensure a good quality control of the results.

The emanation factor requires extremely accurate evaluation. To measure this parameter,
we have developed the technique that we presented at the International Meeting in Rimini
(1993), and that has been published later in Radiation Protection Dosimetry, under the title:
"A technique for the measurement of the exhalation rate of *?Rn from small samples
of porous materials". It basically requires to place the sample to be analyzed in a scintillation
cell, and to observe the increase of its radon concentration. From this, the value of
the emanation factor is deduced, and compared with that obtained from the steady state
reached after three weeks of equilibration.
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From the measurements made so far, we can state that the technique proposed minimizes
some disadvantages usually present in the experimental procedures based on the accumulation
method, such as the time required for the measurement of the parameter studied, and the
problems related to possible pressure changes in the accumulation volume. Also, minimum
exhalation rates and emanation factors measurable are lowered by the technique, yielding
values as low as 0.005 for the emanation factor, and of 0.36 Bq.h! for the total
exhalation rate.

The method has been applied in our laboratory to study the dependance of the emanation
factor on humidity for a set of soils as well as for granites and concrete. A specific inter-
comparison for a sand sample was developed with KVI (The Netherlands). A good agreement
was found between the results of both laboratories. Nevertheless, more exercises are
absolutely necessary in order to prepare a common protocol in this field.

The cements analyzed, with radium concentrations higher than 100 Bq.kg™, yielded emanation
factors within the range 0.6% to 5%. Similar values were found for the granites studied,
while for these samples, atypical values of 20% were measured for a couple of samples used
as building materials in some places of the country.

In our Laboratory, the measurement of the diffusion coefficient was made initially by
continuous measurement of the radon concentration in two containers, following the approach
described some years ago by several authors. The said approach eliminates the need to collect
a sample that can alter normal conditions of diffusion in the sample. Nevertheless, while the
first results were in good agreement with experimental data available, the main problem
encountered was related with the extremely low thickness of the sample used, that involves
losses of air through the valves, and made the technique only valid for soil samples.

For this reason, a new method has been developed in our Laboratory for the measurement
of diffusion coefficient in granite and concrete. It basically involves the knowledge of
the exhalation rate from two samples of different thickness, placed in an accumulator.
The value for the diffusion coefficient, or diffusion length, is derived from the theoretical
formulas that control the exhalation process.

At this moment, typical diffusion lengths between 1 and 10 cm were evaluated for the granite
samples studied, with increase of this range up to 20 cm for the concrete sample analyzed.
However, more experience in this field is necessary, in order to characterize correctly this
parameter for the building materials.

Finally, the measurements of porosity and permeability of porous samples are also ready
to be applied for any samples (e.g., cements, concretes and granites). For this, a plan
has been established with the Department of Materials at the University of Cantabria, in order
to refine a highly sensitive technique for the laboratory measurement of these parameters.
For the cements, the porosity ranges from 40% to 60%, while for granites, it is always
below 2%. Regarding the permeability, typical values are 10 m? and 107 m?, for cements
and granites, respectively.
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2°) Development of protocols for the measurement, in porous materials, of physical
parameters such as radium content, radon emanation factor, exhalation rates, diffusion

coefficients, porosity and permeability.—

Concerning the radium content in samples, thirteen laboratories, almost all of them involved
in the Radiation Protection Research Action have agreed on the proposal to perform radium
measurements on two samples in a Marinelli beaker, or by using their own geometry, in
order to evaluate the radium content of the samples. Results from each laboratory were
analyzed and discussed by the participants. As a summary of the work, a paper entitled
"Results of the Second Inter-comparison of gamma spectrometry measurements of the
radioactivity in soils and building materials" has been published. As an overview of the
results, Table I shows the laboratories the results of which are between the percentiles 25%
and 75% (IN), or out of this range (OUT), thus giving a general view of the inter-
comparison, which is the only common protocol available so far in this field.

TABLE I
Radioactivity measurements performed by 13 European laboratories,
the results of which are within the percentiles 25—75% (IN) or outside this range (OUT)

LABORATORY CODE El E2 E3 E4 ES E6 E7 E8 E9 0 | En | B2 | EB
25Ra phosphate
! our | our | our — jour| W our N N N IN N v
(all lines)
Z6Ra sand
i w w our - |our | mw oot | w [ ot | oor| IN w | our
(all lines)
Ra phosphate N our | our N N our | out | v w N N w
, - 2 A
(609.32 keV line)
Ra sand w w N N N our IN | ouT } ouT | IN | our
. 2 - —
(609.32 keV line)
Ra phosphate our | our w our | w w our | v w N N
(1,764.51 keV line) )
#Ra sand N IN our our | IN our | W v | oot | IN
. A — - —
(1,764.51 keV line)
ZBAc phosphate
. N our N N w | our | our w - — w | our| ¥
(all lines)
BAc sand
X w N w | ovur | our | w our | N N — | our { our | our
(all lines)
3Th phosphate
X our w N IN N Jour) our | N W | our | v w | our
(all lines)
22Th sand
X our N N w | ovur | v our | v N N N w | our
(all lines)
“K phosphate N our 1% our | our | w oot | w Jour| w | our]| v I
. 2 A
(1,460.75 keV line) -
“K sand IN our | ovr { IN N N oot } w | ouor|ovr] v | ovr| v
. 5
(1,460.75 keV line)
QUINDOS

- 3051 -



As a summary of this objective, it is on this point — the characterization of materials from
the measurement of their most important parameters — that we have concentrated most of
our efforts. It has become quite clear that, while we are in a good position for the evaluation
of all of them, inter-comparisons are necessary to refine the techniques used: they must be
included in the research programs in this field.

3°) Evaluation, in a test structure, of the contribution of granite — the main building material
employed in an area of Spain identified as having a high indoor radon level — to the total
indoor radon measured in houses, and study of the conditions under which permeability of

concrete and granite may be responsible for the presence of high radon levels in houses.—

For the laboratory evaluation of the contribution of granite to indoor radon, we have designed
a test structure shown in Figure 3. It consists of a platform on which we can build small
"houses" made up of concrete, granite, or any other material. It wili allow us, by means of
its lower chamber, to simulate the presence or not of a source of radon gas to the platform.
By continuous monitoring of parameters such as radon levels, differences in temperature
and pressure, and the possibility to change them at will, we have studied the contribution
of building materials to indoor radon by diffusion and convection mechanisms.

Figure 3 — The test "house": effective volume 1.875 m?,
volume of chamber with radon source 0.040 m’, and effective exhalation area 1.5 m?.
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For different granite and concrete samples, commonly used as building materials in some
regions of the country, the exhalation rate has been measured from the equilibrium radon
concentration inside the house. Values in the range from 0.01 mBq.m?.5™ to 5.6 mBq.m?.s"
were measured, the lower values corresponding to the concrete samples which produce a low
contribution of this material to indoor radon. Nevertheless, from the higher value
— corresponding to a granite sample — we can now evaluate that the building material
contribution to the total indoor radon in a typical Spanish house made of granite is 40 Bq.m?
for a ventilation rate of 1 h', or 400 Bq.m? for a ventilation rate reduced to 0.1 h’
(with, in both cases, a S/V ratio of 2 m for the house).

Of course, when we take into account the soil source placed under the test house, the radon
levels are increased, thus reaching higher concentrations as a function of higher differential
pressure. This effect was studied globally, because the contribution of soil as a source of
indoor radon was outside the objectives of this Project. Then, by using the test structure, it
is possible to simulate in the laboratory any condition in order to know the contribution of
any building material. However, by using the test structure, we have checked so far the
comparatively weak incidence of the convective radon transport through the concrete and
granite samples. This is, in fact, related to the low values measured for the permeability of
both materials. '

4°) Laboratory study of the efficiency of some caulking compounds and mitigation techniques

There are different types of protective and preventive techniques to reduce indoor radon levels
in new and old buildings as well, based mainly on improved ventilation systems.
Nevertheless, when the building materials become as important a source of radon, the
covering of the walls could be a good method to reduce their contribution to indoor radon.
For the study of this effect, mitigation tests have been developed in our Laboratory. Several
covering materials were tested, including epoxy, pulyurethane and acrylic paints commonly
used for the decoration of walls and ceilings.

The set of paints was applied to small test walls (24 X24 X2 c¢m) and enclosed in an air-tight
container (24xX24 x50 cm). Prior to the exhalation measurements, the test walls were
conditioned with respect to temperature and relative humidity (20°C, 60%RH) during at least
four weeks. The free exhalation rate of each individual test sample was determined before and
after application of the radon sealant. After the radon concentration in the container has
reached a steady state concentration, a sample of air is taken by using a scintillation cell
which is counted three hours later. The retaining action of the sealant is expressed by a
reduction factor, R, which is defined as the quotient of the exhalation rate per unit surface
of the coated test wall over its original (uncoated) value. Based on the mean variation
coefficient of the analytical method, a significant reductive effect is obtained if R is less
than 0.85 (Student’s t test: p less than 0.01).

For the set of 10 different acrylate dispersion paints, no reduction in the exhalation rate
could be demonstrated in any of the investigated sealants. Nevertheless, for the set of
15 different epoxy and polyurethane paints, the reduction was significant. Depending on the
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type of coating and the number of layers applied, a reduction factor of about 0.1 can be
obtained. An average value of the reduction factor of 0.4 was evaluated for the epoxy paints
studied. Moreover, in our study, this value was still higher (0.6) for the same thickness of
the polyurethane coatings tested. For these values, for the granite tested with the higher
exhalation rate, the use of these paints reduce the contribution of this building material to
indoor radon by a factor of two, thus providing a relatively inexpensive method for
controlling the radon emissions from walls and floors in existing homes.

However, it should be borne in mind that any cracks that may develop later in the paint will
generate leaks that negate a large portion of its sealing effectiveness; in such a way that we
are now focussing our research in this field, specially when we take into account the radon
coming from the soil.

5°) Development of in situ measurements in selected houses to evaluate the relevance and

availability of the laboratory measurements described above.—

The availability, for research purposes, of houses built in granite is very scarce. For this
reason, few measurements are available for analysis at the present time. The only experience
was made in a house located in a granitic area, where the radium content in the soil
surrounding the house is on average 100 Bq.kg", and the exhalation derived from the
measurement of 10 points around the house — by using the accumulation method with an
activated charcoal technique — is 140 Bq.m™>.h. The in situ measurement of the exhalation
rate from the walls, by placing an accumulator in the walls, yielded a value of 20 Bq.m? h™,
From these values, a ratio S/V = 1.5 m™ and a ventilation rate of 0.5 h” measured by using
carbon dioxide as a tracer gas, the contribution of granite to indoor radon could be assumed
as 60 Bq.m>. Nevertheless, the average indoor radon during the three-day measurement
period was as high as 500 Bq.m™.

Two more experiences in the same houses had been carried out during different periods of
the year, yielding practically the same results, that we can summarize as a mean contribution
for the granite to indoor radon of 12%, less than the 30% reported in the literature. This, of
course, is related to the important contribution of the soil as the main source of indoor radon
in the houses of these areas. It also emphasizes the interest to develop this kind of
measurements in buildings which are relatively isolated from the soil, e.g., multi-floor
buildings. Efforts in this way are now in progress with the local authorities, in order to find
an appropriate building, in an adequate area of the country, available for research.
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Head of Project 5: Dr. P. Kritidis

I1. Objectives for the reporting period
The main objectives of Project 5 were as follows:

1°) the establishment of methodologies and measuring devices for laboratory and in situ
determination of the exhalation rate of radon from solid sources. This includes laboratory
systems for the determination of the exhalation rate from sample materials of volume up to
1 dm®, and in situ systems for nearly non-destructive measurements of the specific radon
exhalation rate (in mBq.m2.s™) from building surfaces (floors and walls);

2°) the use of the methods developed together with high-resolution gamma spectrometry
for a limited survey of the building materials used in the Athens region, in order to
characterize these materials as indoor radon sources, and to identify the cases where some
specific countermeasures should (and could) be applied;

3°) the development of methodology and measuring devices for the determination
of the effectiveness of various covering materials (building, decorative) as moderators
of radon exhalation;

4°) the development of reliable model(s) for estimating the contribution of the building
material sources to the indoor radon concentrations. This should provide an experimentally
provable relation between the source parameters measured, and the average indoor radon
concentrations, under various conditions (e.g., various air exchange rates).

III. Progress achieved including publications

Several laboratory systems for the determination of radon exhalation rates have been
constructed and tested with various sampling and measuring parameters (volume of the
sampling chamber, sampling and measuring duration). The results have been compared with
theoretical relations derived for each case by the use of analytical expressions for the radon
build-up in the system, and Monte-Carlo calculations for the counting efficiency of the
measuring chamber (cylindrical Lucas cell chamber), where the different decay of radon and
its progeny in the chamber has been taken into account.

The influence of reverse entry of radon into the sample was evaluated by comparison of the
time dependance of the signals from the thin radon standard (with negligible reverse entry)
and those from the material measured.
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Two variants of sampling chambers, with volumes of 1.2 1and 5.3 1, have been tested more
extensively. In each case, two sampling/measuring schemes have been applied. In the first
scheme, the accumulation time is relatively short, the air is circulating continuously, and the
counting is continuous as well. In the second, the accumulation period is longer and,
consequently, both circulation and counting follow time intervals. The low limits of detection
(30 of the background) of some variants of these methods are given in Table I.

TABLE 1
Parameters of the methods for the determination of the radon exhalation rate
Accumulation Circulation Counting
LLD
volume duration Jrom ) Jfrom to (Bq.h)

() (h) (h:min) (h:min) (h) (h)
1.2 20 20:00 20:10 23 24 2x103
1.2 70 70:00 70:10 73 74 9x%x10*
1.2 8 00:00 08:00 0 8 5x10°
5.3 20 20:00 20:10 23 24 1.2x10?

It is clear that the method relying on the smaller sampling volume leads to a lower detection
limit, but is potentially more affected by the reverse entry process. According to our
comparisons between theoretical results and experimental data, the short time continuous
accumulation/counting variant (No. 3 in the Table above) provides a good compromise
between LLD and accuracy (lower impact of the reverse entry process).

Details of the methods have been published and presented in a number of National
and International Conferences.

Survey of bricks and concretes used in the wider Athens region (Attiki, where nearly 40%
of the Greek population live) have been accomplished. The measurements include the
determination of:

— specific activity of natural radionuclides (Bq.kg?);
— radium-equivalent specific activity (Bq.kg™);

— specific exhalation rate of ?Rn (Bq.kg'.hh);

— radon emanation coefficient (%).

The results of the surveys have been published, and also presented in a number of National
and International Conferences (Ref. 3 to 6). Tables II to IV display the summarized results,

compared with those from different Greek regions, as reported by our Group and other Greek
laboratories.
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It can be noted that the Athens region concretes are characterized by lower ?*Ra and *?Th,
as compared with the concretes from other regions of the country. The average emanation
coefficient of radon in Athens concretes falls well within the range of values reported for

other countries.

TABLE 11
Natural radionuclides content and exhalation rate of 2?Rn
in bricks from Attiki and other regions of Greece
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Specific activities Specific Emanation
Bq.kg" exhalation rate || coefficient
(Bq.kg'.h™) (%)
#6Ra 22Th K Z2Rn 2Rn
range 25—83 | 35—65 | 540—1,060 || 0.0013—0.035 || 0.5—12.4
This study average 36 51 730 0.008 2.8
s.d. 12 8.9 160 0.009 3.2
range | 48—93 | 41—42 | 550—860
Epirus average
s.d.
Thessaloniki | range 31—80 | 19—32 { 580—970
TABLE III
Natural radionuclides content and exhalation rate of ’Rn
in concretes from Attiki and other regions of Greece
Specific activities Specific Emanation
Bq.kgh exhalation rate || coefficient
(Bq.kg'.h) (%)
ZASRa 232Th 40K MRn 222Rn
range 7—41 1.2—4.7 57—96 0.004—0.024 5—25
This study average 14 32 70 0.012 13
s.d. 7.7 0.8 10 0.004 4.6
range 22—85 3—6 23—96
Epirus average 39 4 37
s.d. 17 1 20
Thessaloniki | range 23—72 4—11 153—330
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TABLE IV
Radium-equivalent specific activity of the Attiki building material

Radium-equivalent specific activity
(Bg.kg™)
brick concrete
range 127—254 1553
average 166 24
s.d. 31 9

A measuring device using a large emanation chamber (20 1) has been developed, calibrated
and currently used for the determination of the exhalation rate of radon from brick and
concrete samples (15 X20x30 c¢m), without cover and covered with various layers of painting
materials. The first results have been reported in 1995. The basic part of the work will
exceed the duration of the current Project.

4°) Development of models for estimating the contribution of building materials as a source
of indoor radon.—

A theoretical model for calculation of the specific radon exhalation from a wall made
of a material with known radon specific exhalation rate and emanation coefficient is under
development. Some preliminary results have been already reported in 1995, but basic part
of the work will exceed the duration of this Project.
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Head of project 6 : Prof.Proukakis

II. Objectives for the whole project period.

The main objective of this project is the “Investigation on the Existence of a Relation
berween **°Ra Content of Building Materials. and Radon Exhalation Rates”. The principal
steps to be undertaken for this investigation have been identified as it follows:

Radon exhalation rate measurements of prototype structural modules (concrete slabs,
brick and cement-brick walls) frequently used in greek dwellings by a-spectroscopy.
?2°Ra content measurements of specimens of the building materials to be used to
construct the above modules, using y-spectroscopy.

Investigation about the existence of a correlation between the radioactivity of these
modules, due to their 2*°Ra content, and the **Rn exhalation rate.

Parametric study of the above correlation at various discrete steps, during the
construction of the modules to be examined.

Study of the effect of various types of paints and ceramic wall tiles on the mitigation
of the exhalation rate of structural modules.

Study of the effect of the aging of the structural modules on the exhalation rate.

All these steps were undertaken and relevant research was successfully conducted, with the
exception of the last one. In this latter case it was almost impossible to proceed due to the
extremely short time ellapsed since the preparation of the specimens.

III. Progress achieved including publications.

The project was started on May 1993 and the following activities and results may be
reported:

Sampling of building materials (cement, bricks, sand, gravel, marble powder, lime,
gypsum and pumice stone) produced by industries located at various sites of the
country.

Pulverisation of the samples down to less than 90pum, and preparation of specimens for
y-radioactivity measurements using high-resolution Ge detectors.

Analysis of the samples appearing in Table 1 for natural radioctivity (**°Ra, ***Th &
“OK).

Design and manufacturing of a 1200x1200x700 mm (~ 1m?) steel container to conduct
the radon exhalation measurements. Fitting of measuring and control instrumentation
to this container. Software development for the monitoring and control of the container
environmental parameters (temperature, pressure changes, humidity, aerosol
concentration).

Alpha spectrographic set-up calibration for radon daughter analysis using a PIPS solid
state detector and on-line software tools.

Gamma spectrographic set-up calibration for radon daughter analysis.

Radon exhalation measurements of raw materials (cement, bricks) and structural
modules (concrete slab, brick wall).

Radon exhalation measurements of structural modules after being conditioned with
plaster and painted with epoxy resins.

A detailed presentation of the progress achieved can be summarised as it follows:
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NATURAL RADIOACTIVITY CONTENT

Sampling and Experimental Procedure

Specimens of cement originating from the three main greek cement industries, clay bricks
fabricated by five big furnaces, which use raw material mined at five different sites around
the country, and also other materials of -presumably- minor radiological importance, were
collected for the purpose of this investigation. The specimens -if necessary- were dried
under ambient temperature and pulverised to less than 90 um. Finally, their water content
was determined. Each one of the specimens was then used to fill two plastic 0.282 It plastic
cylindrical boxes, about 72 mm in diameter and 70 mm high. The boxes were hermetically
sealed and covered with a film of epoxy resin to limit - as far as possible - escape of radon.
Thus, in each case duplicate specimens were further analysed.

The concentrations of “*°Ra, ?**Th and “°K in the specimens were determined by
high-resolution y-spectroscopy. Detailed information concerning both the hardware and
software configuration of the y-spectroscopy set-ups used can be found in Simopoulos and
Angelopoulos (1987). In order to allow for equilibrium of ***Ra and ***Th with their decay
products, all specimens were analysed at least three weeks after the boxes were sealed. The

counting times were about 1.5x10° s.

The ?*°Ra concentrations have been derived from the weighted mean of the activities of two
photopeaks of **Pb (295.2, 352.0 keV) and of three photopeaks of ***Bi (609.3, 1120.3,
1764.5 keV). In the case of **Th, two photopeaks of ***Ac (338.4, 911.1 keV) and the
photopeaks of *’Pb (238.6 keV) and *°°T1 (583.1 keV) were used in the same way.
Finally, the concentration of ‘“°’K was obtained from the single photopeak of this isotope at
1460.8 keV.

Results

Table 1 summarizes the range (min-max) of the **°Ra, ***Th and “°K concentrations in the

building materials analysed. The total uncertainty associated with these results, calculated
from the systematic and random error of the measurements, ranges within 5-10% of the
reported values.
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Table 1 : Specitic activity (Bq/kg) of natural radionuclides in greek building materials

Material Sample Range (Min - Max) **Ra Worldwide
size 2°Ra ) ‘K range (Min-Max)

Cement 52 29 - 147 13 - 30 172 - 331 6 - 196

White cement 10 14 - 26 7- 13 5- 67

Clay bricks 5 28 - 48 37 - 56 727 - 895 4 - 200

Sea sand 6 7- 13 8- 16 145 - 302

Sand 9 1- 4 -3 1- 37 1- 113

Marble powder 8 - 25

Mosaic 7 1- 3 1- 3 - 23 15 - 55

Gypsum 6 6 - 17 - 10 5- 40 4 - 330

Pumice stone 4 50 - 874 54 - 60 1048 -1160

Quicklime 2 9- 32 8- 20

Perlite 1 46 56 1048

Wall tiles 1 58 46 409 63 - 91

The same Table 1 summarizes worldwide data compiled from Eichholz et al. (1980), Keller
(1979), Porstendoerfer (1993), Sciocchetti er al. (1983), Stranden E. (1988) and
UNSCEAR(1982). 1t is apparent, from this Table, that the natural radioactivity content of
the various greek building materials examined is very low. Only a few specimens of cement
and clay bricks present a rather high ?*°Ra concentration up to 147 and 48 Bg/kg
respectively. However, these values are well within the range of similar materials used in
other countries.

RADON EXHALATION MEASUREMENTS

Exhalation Container

The exhalation rate of the building materials with relatively high radium content appearing
in Table 1 was assessed using a specially designed steel clad Im® air-tight container as
introduced by Jonassen and MacLaughlin (1980); the volume of the sample material, which
could also be a structural module such as a test wall or slab, should not exceed 10% of the
total volume of the container, following the suggestions by Poffijn er al. (1984) and
Samuelsson (1987). The following important environmental parameters, which affect an
exhalation experiment, are monitored in the container through anatogue-to-digital converters
interfaced to the bus of a PC: pressure changes, using a +50 mbar differential pressure
transducer, temperature and relative humidity. An aerosol generating system is also used to
produce particles.

Three methods are employed for determining the radon concentration in the container
environment. Two of these methods are based on grab sampling of a small portion
(15-20%) of the container gas through filters. The filters are then analysed using:

- a-spectroscopic analysis of the radon daughters >**Po and 2**Po using a PIPS detector
set-up.

- y-spectroscopic analysis of the radon daughters >*‘Pb and **Bi using a Ge detector
set-up as introduced by Simopoulos and Angelopoulos (1990).

A third method, introduced by Simopoulos and Angelopoulos (1990), was applied in order
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to conduct in-siru radon progeny measurements inside the container, using an >**Am dopped
2x2" NaJ detector, which records the area under the 609 keV photopeak of ***Bi.

For the calibration of the container a Pylon 2000A - NIST cross-certified source of a
nominal *°Ra activity of 102.8 kBq was used. According to the systematic results already
obtained in an aerosol free environment, within the range of radon concentration 0.1-30
kBqm™®, temperature 19-21 °C and relative humidity 30-40%, the efficiency of the facility,
in terms of the fraction of radon progeny collected on the filter, is determined to 0.10 with
an rms error about 15%. Furthermore, preliminary results show that the efficiency is
increased by up to 4 times in the case of an aerosol saturated environment.

Exhalation Rate Results

A least squares fitting to the radon growth curve data of the examined materials was used to
calculate their radon exhalation rate (Figure 1); for this purpose each one of the specimens
was enclosed in the container for a period of about 20 days. The estimated effective decay
constants (Stranden, 1988) did not significantly differ from the decay constant of *’Rn; the
total uncertainty associated with these calculations was about 25%. According to the results
obtained the cement specimens with **°Ra concentrations in the range 100-140 Bq/kg
present exhalation rates between 15-20 uBqkg 's'. Pulverised to less than 90 pym brick
specimens with 22°Ra concentrations in the range of Table 1 present exhalation rates
between 3-10 uBqkg ‘s .

Furthermore, two typical greek structural modules, a clay brick wall and a concrete slab
(both 10 c¢m thick), of an exhaling area of 1m?, constructed from raw materials in Table 1
with the highest **Ra concentrations, were also tested. The exhalation rate of the wall, with
calculated value of ***Ra content equal to 40 Bq/kg, was 2 mBqm >s™* while that of the slab
with #**Ra content equal to 26 Bq/kg, was 3 mBqm s *. The total weight of the brick wall
was 64 kg and that of the concrete slab was 140 kg.

The above values did not statistically significantly change when the specimens were covered
with a 2 cm thick cement aggregate plaster (**°Ra content of this aggregate: ~23 Bq/kg).
The plastering added approximately 35 kg to the weight of the specimens. The exhalation
rate of these plastered specimens was further experimentally measured after painting them
with an emulsion paint. Again, no significant change was observed. However, when the
plastered slab was painted with an epoxy resin (Sikkens Metakote colourless varnish), its
exhalation rate was reduced by 3 times.

CONCLUSIONS

Despite the relatively high ?°Ra concentrations of Greek cements (29-147 Bq/kg) and
bricks (28-48 Bq/kg) the radon exhalation rates of concrete slab and brick wall specimens
using the above materials is very reasonable (2-3 mBqm?s™Y). The above exhalation rates
are not affected by plaster or emulsion paints; however, they are reduced by three times if
the specimens are painted with an epoxy resin. Despite an obvious increasing trend, no
correlation between the “*°Ra concentration and the radon exhalation rate can be justified
from the results obtained. A final conclusion drawn from the above results is that a typical
Greek room (4x4x3.5m) constructed using materials with the above exhalation rates, and an
air-exchange rate of 0.5h™" the maximum radon concentration is assessed equal to 34 Bqm ™
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(Stranden, 1988), which is much lower than the 150 qu_3 recommended action level.
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Final Report
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I Summary of Project Global Objectives and Achievements

Global objectives

The objective of the project is to enable people to avoid excessive exposure to radon decay products
by improving the understanding of the sources of radon, how it moves through the ground and
materials and into buildings, and the measures to counteract ingress. This has been achieved by
developing techniques to map the probability of high radon levels occurring indoors, by the use of
models and experiments on the movement of radon in the ground, building materials, sub-floor
spaces and buildings, and by developing and testing preventive and remedial measures.

lobhal achieveme

Techniques for mapping radon-prone areas

NRPB, NERC and NPL RO have studied this subject. NERC chose field study areas to combine a
high density of house measurements with geological features typical of Europe. The main controls
on radon generation from bedrock were found to be pemeability, uranium content and mineralogy.
The major rock types giving rise to problems in houses were granites (high uranium content and
fracture permeability), limestones (high permeability and dispersed uranium), sandstones (fracture
and granular permeability) and shales (if the uranium content is high).

NERC and NRPB collaborated on a new technique for analysing the data. NRPB data on radon
levels in houses were passed to NERC and grouped by geological unit. This showed, for example,
that one geological fomation produced high levels of radon with about 24% of the houses
exceeding 200 Bg m” in one area, but only about 8% on the same formation in an adjacent area.
Superficial deposits can also have large effects on the radon in houses, changing the proportion of
houses affected by up to a factor of 15. Taking these factors into account, lognomal modelling of
house data grouped by geological unit was able to provide radon potential maps which are more
detailed than grid square maps and more accurate in estimating numbers of homes affected than
mapping based only on geology.

NRPB examined house radon data grouped by 5 km grid squares. The data showed that lognomal
modelling of the distribution of radon levels could accurately estimate the fraction of homes above a
radon threshold even where data was sparse. A new weighted smoothing technique was developed to
provide improved estimates of GM in squares with few results.
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For mapping using house radon data, it was shown that it is essential that the measurements be
carried out using an appropriate selection of homes, location of detectors, duration of measurements,
and accuracy of results over a wide range of concentrations. Results need to be corrected to take
account of outdoor radon levels, bias in selection of homes, and season of measurement. This data
can then be used with lognommal modelling to produce accurate maps by grouping data either by
grid square or by geological unit.

NPL.RO carried out radon flux measurements with a view to trace out possible high radon areas in
Romania. The method used is the adsorption of radon on active charcoal. In the Cerna Valley the
daytime flux values are a little higher than the night values and fall into the 17-240 mBg/m2.s
range, the higher values being in the proximity of some faunlts in the sedimentary rocks which cover
the granite and the geothemal deposit of this zone. The re-measurement of the radon flux in
Cluj-Napoca city in February and May 1995 confimned the values determined previously.

High indoor radon values were found for Baita Plai (646 Bq m™), Baita Sat (325 Bq m”) in the
mining region of Stei and relatively high values were also found for the town of Oradea

(115 Bq m™®) and smaller values for Cluj-Napoca city (76 Bq m™). These values represent the
arithmetic mean of 30- 35 dwellings, in each dwelling being measured twice a year in the cold and
warm season in bedrooms, living-rooms and kitchens using the Kusnetz method. Etched track
measurements in Cluj-Napoca and Herculane Spa gave results in the range 100-200 Bq m?,

Movement of radon in the ground, into buildings and within buildings

KVI, CSTC/WTCB (BBRI), Risg and SSI contributed in this area of work. KVI used a laboratory
facility that consists of a cylindrical vessel (height and diameter 2 m) with measuring probes that
allow measurement of pore-water content, air permeability of the soil and radon concentrations at
various depths. This was used to study both diffusive and advective radon transport in situations
simulating crawl spaces of different heights, with and without forced ventilation and with and
without a ground water level in the sand.

Starting from well known initial conditions the complexity of the situation was increased step by
step. After each step a series of measurements is carried out and the results are compared with
calculations. It was observed that a sharp rise in emanation factor occurred as the pore moisture
content was increased to only 2.5%. For higher moisture contents, the emanation factor decreases
slightly and increases again for moisture contents higher than 15%.

The data obtained with dry sand were compared with results of calculations using one set of input
parameters. Results of experiments with diffusive transport only or with depressurisation of the
perforated box were compared with one-dimensional analytical model calculations, whereas results
of experiments with time-varying pressurisation of the perforated box were compared with
two-dimensional numerical model calculations. Both analytical and numerical analysis showed good
agreement with experimental results, showing a maximum deviation between model and experiment
of less than 10%. KVI conclude that the radon transport models have been validated for dry sand.

Risg used a simple 2.6 m x 2.6 m test structure located on a clayey-till field site to evaluate how
well numerical modelling and soil characterization techniques describe radon transport through soils
and entry into houses under field conditions. Over a three-year period, radon concentrations have
been measured in more than 40 probes located in the ground under and around the structure. The
numerical model tested in this work is an implementation of a set of physical equations generally
considered to govemn soil-gas and radon transport. The key elements are the Darcy-flow
approximation of soil-gas transport plus combined diffusion and advection of radon. The main
assumption concems the application of the homogeneous-soil approximation - i.e. the approximation
that field soil can be simulated as a homogeneous porous medium having certain effective
parameters.
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The results of the study demonstrate that under field conditions model estimates of soil-gas entry
rates may be off by as much as one order of magnitude. Since the uncertainties of the modelling
(e.g. the geometrical description of the structure and the mathematical accuracy of the model) and
the experimental results are relatively small, the cause of the discrepancy seems to be that the
measured pemn eability is different from the value that actually controls soil-gas entry into the
structure. This could be due to cracks and fractures in the soil dominating the flow of soil gas here,
as opposed to the dry sand described earlier or the SSI house on permeable ground described below.

In collaboration with the KVI and SSI, Risg compared modelling results with data from real houses
of the crawl-space type. In the case of the KVI house, the model was used to identify advective
entry into the craw] space and to assess the mitigative impact of sealing the crawl space with
polyethylene foil in combination with pressurizing or depressurizing the crawl space. The
investigation of the SSI house had two objectives: to provide additional verification of the numerical
model, and to help deduce the relative importance of diffusive and advective entry of radon.

In collaboration with SSI, BBRI developed a simplified model to simulate radon infiltration from the
subfloor of the SSI test house. The results were compared with measurements performed by SSL
The model yielded a source strength in good agreement with the measured value. It was concluded
that the use of a finite difference code which had already proved to be well suited for the design and
the evaluation of soil depressurisation remedial actions was also able to estimate the gas flow rate
from the soil into a crawlspace under natural ventilation conditions.

SSI concentrated its research effort on the detailed understanding of radon dynamics in one occupied
house. This house and the underlying ground have been monitored in detail during the project,
resulting in a large time series data set. This study has resulted in: 1) showing that measurements
made over a short time span can be used to characterise the behaviour of a house over a longer time
period, enabling more efficient design of mitigation systems and better predictions of the yearly
average radon indoors, and 2) new understanding on the variation of radon in soil with time and the
dependence of radon on the dynamics of nearby buildings and weather parameters.

Statistical analysis of the large data set has shown that outdoor temperature is the strongest indicator
of the indoor radon in this house. It was decided to investigate whether the temperature can be used
to estimate longer term behaviour of the indoor radon. Regression was performed between radon
indoors and outdoor temperature obtained from a local weather station after testing and eliminating
other parameters. The regression fit was used to predict the radon variation and average values over
2 years, excluding the summer data. This data agrees within 10% with the measured averaged radon
concentration.

Knowledge of variation in soil gas radon is needed to interpret soil gas measurements made at one
time. Strong correlations of soil radon with barometric pressure and outdoor temperature occur at the
research house site. The maximum soil gas concentrations occur during the summer months and the
minimum occur during the winter, with the summer and winter levels differing by a factor of
between two and three, depending on location. Changes in the 24-hour averaged indoor radon
concentration correlate well with the changes in the soil radon. This procedure could be generalised
to find a protocol for determining the dominant parameters governing radon entry for suitable houses
to assist in designing effective mitigation systems.

The indoor radon is also well correlated with the soil gas radon concentration. These observations
are consistent with the following scenario. The natural-draught ventilation system of the house
causes pressure differences between the house and the soil which increase with increasing
temperature difference between the indoors and the outdoors. This increases airflows into the house
from both the outdoor air and the soil gas air, ventilating the permeable soil and decreasing soil
radon in the winter. The simple yet useful result of these observations is that in this soil and in this
house, temperature alone can be used as an indicator of the radon concentration.
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Production and transport of radon in building materials

KVI and Bijo contributed in this area. In its second project, KVI studied production and transport of
radon in building materials. A set-up was constructed that consists of a stainless steel box closed off
with a sealed lid. Inside the box a concrete sample was placed on a steel inner rim, dividing the set-
up into two compartments: in the lower compartment a radon source may be placed, the upper
compartment is used to detect the transported radon. The sample itself is sealed by treating the side
surfaces with an epoxy. The sample is sealed to the inner walls of the set-up by the use of an
inflatable tube inside a U-profile. For radon concentration measurements two Lucas cell monitors are
used.

In all experiments without a radon source, the equilibrium concentration in both compartments was
approximately equal. It was realized that this result could only be explained if the flow did not take
place through the sample but along the sample. It was found that the sample is at least a factor 1000
less permeable than ordered. Due to this, leakage due to imperfect sealing became magnified in
importance. Furthermore it was found that analysis could be strongly improved if the ventilation
rates of the upper and lower compartment are experimentally known. An additional difficulty is the
fact that the ingrowth of radon may lead to so-called "back-diffusion”, so that one does not measure
the free-production rate any more.

1t was decided to redesign the set-up, based on the first set-up but with all flow rates controlled and
measured and the humidity around the sample controlled. A constant pressure difference is obtained
by applying controlled nitrogen flows through the two compartments using flow controllers. Radon
release rates are measured by leading the nitrogen flow to a radon trap consisting of a vial filled
with cooled activated charcoal.

The results of radon exhalation measurements show that the method gives reproducible results even
for quite different adsorption times. Measurements of the emanation rate from the original concrete
sample correspond well with the value obtained with the first design of the instrument. However,
effects were observed that imply that a very small change in absolute pressure (0.3%) can
considerably influence the measured exhalation rate (in our case 7%). It is concluded that radon
transparency measurements are far from trivial and may be extremely sensitive to small leaks and
other effects. With the improved instrument radon exhalation rates as low as 0.025 Bq m™? h” can be
measured within 10% statistical uncertainty.

Bijo studied the influence of humidity and temperature on radon release from soils, rocks, building
materials. A physical model for radon and thoron release from porous materials was designed. In the
model, recoil and diffusion mechanisms, dissolution of radium and radon in water present in pores,
and adsomption of radon on dry and wet surfaces of porous materials at constant temperature were
considered . A new mathematical description of the processes causing the transport of radium and
radon and thoron was proposed for the steady state conditions.

The influence of humidity and porosity on radon exhalations was modelled. The results show that
the exhalation ED of radon strongly depends on the porosity. At low relative humidity values the
dependence of ED on humidity has an increasing trend. However, at higher relative humidity values
the character of this dependence is different, exhibiting a maximum, after which the ED values
decrease with increasing porosity. This can be explained by the role of the water filled in open pores
at the higher humidity values.

The differences in the transport behaviour of radon and thoron are due to the different half-lives of
the radon isotopes, as well as to the subsequent recoil processes. Thoron was used to investigate
dynamic changes taking place in the solid matrices and porous systems. The results obtained from
the thoron measurements can be used for the description of the changes influencing the release of
radon from the materials under dynamic conditions.
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The measurement of thoron release rate from the sample of bentonite clay was carried out during
heating at the rate of 1K/min up to 150°C, then cooling . During cooling, the bentonite clay heated
up to 150°C was investigated with air of different humidifies. Differences in the curves were
observed: higher values of E were measured in the case when humid air was used instead of dry air.
The results show that the increase of the thoron release rate E was observed at temperatures lower
then 50°C in the case when the sample was overflowed with the humid air. This observation can be
explained by the condensation of water in micropores, which lead to the lower indirect recoil effect
by stopping the recoiled atoms of radium and thoron in the water condensed.

Remedial measures

CSTC/WTCB (BBRI) and NRPB studied remedial measures. BBRI investigated three dwellings to
achieve a better understanding of radon transport and to define the parameters to be measured to
allow the choice of appropriate remedial actions. One dwelling had two cellars, with radon levels up
to 4,500 Bg/m® in the occupied rooms and 10,000 Bg/m’ in the cellars. The building is not very
airtight and therefore has quite high ventilation rates. The flow of air between cellars and living
rooms was evaluated using tracer gases. The analysis shows that both cellars behave as important
source rooms. Reducing the radon concentrations to low levels by ventilation would result in huge
ventilation rates. Therefore, soil depressurisation technique was finally chosen. A sump was placed
in the cellar beneath the living room only. Despite a very weak pressure field extension to other
parts of the building, the radon concentration dropped to less than 100 Bg/m? in the occupied rooms.

In a second building, a subslab natural ventilation system had already been installed but had not
reduced the radon concentrations. The pipes already installed were used to install and evaluate the
active sub soil depressurisation technique, in spite of difficult conditions: very bad airtightness of the
slab, clayey soil, installed suction pipes placed at an unfavourable position. The pressure difference
between the soil and the house measured far from the suction pipes indicated that the pressure field
extension was weak. In spite of that, the remedial action was a success. This type of remedial action
also proved to be very efficient in reducing the radon concentrations in another dwelling. An
important conclusion about the soil depressurisation technique may be drawn: in contrast to what is
sometimes said, it is not always necessary to create great pressure differences between the soil and
the interior of the building at each point.

To investigate remedial measures, NRPB carried out simple radon measurements before and after
remediation in a large number of homes which had remedial measures installed. To ensure the
collection of high quality data, householders were offered a free measurement of radon provided
they completed a questionnaire about the measures installed. The results for 1119 such homes show
that a range of techniques is effective in reducing radon levels in homes. The most commonly used
remedial action is underfloor depressurisation (sump). This is by far the most effective remedial
techniques, causing reductions in radon levels by up to a factor of 100 or more. Disappointing
results occur occasionally with all methods, but failures are rarer for sumps than other techniques.

Properties with high radon levels and suspended timber floors were more problematic to remediate
than those with concrete floors. Increased natural ventilation of the underfloor void is very weather
dependent, relying on wind direction and speed to maintain a rapid turnover of the void air. In
general the reduction factors obtained for increased natural ventilation are quite low, but could be
significantly increased by the use of a fan.

In order to determine how durable various techniques were, 56 homes with successful remediation
were enrolled in a further study in which the radon levels are remeasured every year. It is apparent
from the data that effectiveness can be maintained in most cases. Underfloor sumps, as well as being
the most effective remedial measure were also very reliable. In the 30 sumps investigated there was
either no significant change in radon level or a further decrease.
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Head of project 1: J C H Miles

I1. Objectives for the reporting period:
The objectives of the project were:

(1) to compile and analyse a large database on the effectiveness of different types of radon
remedial measures installed in homes to determine the most appropriate measures for
different types of construction and different radon levels. To identify house types for which
existing remedial measures are insufficiently effective or reliable and to improve
techniques for reducing radon levels for these houses. To study the durability of remedial
measures in homes by making annual measurements of radon levels in a sample of homes
with remedial measures installed.

(3) to use the large numbers of measurements of radon in UK homes to develop and test
techniques for mapping radon-prone areas accurately and economically, by mapping results
both by grid square and by geology using lognormal modelling. To test the effectiveness of
the techniques in areas where data may be sparse and geology variable.

IIL. Progress achieved including publications:
n ial m

Background

Radon remedial measures in houses with high radon levels are an extremely cost-effective
way of reducing the radiation exposure of members of the public. Nevertheless, it is
important to ensure that when such measures are installed, they are as inexpensive,
effective and durable as possible. There have been various detailed studies of remedial
measures in individual buildings. In these cases the remedial measures have generally been
installed under scientific supervision, and often in houses which have unusual problems.
Because of the small numbers of houses and the circumstances under which the measures
have been installed, it is not clear how effective such measures would be when installed
without supervision in a range of normal houses.

In this project, NRPB has taken a different approach: to carry out simple radon
measurements before and after remediation in a large number of homes which had remedial
measures installed by commercial firms or by the householder, usually at the expense of
the householder. To ensure the collection of high quality data, householders were offered a
free post-remediation measurement of radon provided they completed a questionnaire about
the measures installed. Analysis of the data collected allows a much better understanding
of what measures are appropriate for different building types and radon levels, what
measures produce the greatest reduction in radon levels, their reliability and durability.

Data collection and analysis

NRPB has made measurements of radon in 230 000 homes in the UK, using passive radon
detectors exposed for three or more months. Of these some 20 000 are above the UK
Action Level of 200 Bq m?>, and the householders have been advised to reduce the radon
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concentrations. Surveys have suggested that more than 2000 householders have taken the
advice and remediated. Approximately 1450 of them have taken part in this study, and
have been sent passive detectors to remeasure radon levels in their homes after installing
radon remedial measures.

Results from 1119 such homes are available and are shown in Table 1, divided up into
bands depending on the radon concentration before remediation. These results are discussed
in more detail by CIiff et al (1992, 1994) and by Naismith (1994). The reduction factor in
the table is the ratio of seasonally-adjusted radon concentrations before and after remedial
action. The arithmetic mean (AM) and the geometric mean (GM) are both given, although
the AM can be distorted by very high values, and hence be misleading. The GM is
therefore is a better indication of expected reduction.

Table 1: Radon reduction factors for different radon remedial actions in existing homes.

ORIGINAL RADON CONCENTRATION

METHOD 200-749 Bq m* 750-1500 Bq m™ >1500 Bq M?
Reduction factor Reduction factor Reduction factor
N N N
AM GM Max AM GM Max AM GM Max

Positive ventilation 103 28 20 25 21 5.8 39 24 0 - - -
Additional natural 100 25 18 25 11 5.6 39 17 0 - - -
ventilation
Additional natural 119 26 138 23 7 17 1.5 3.1 1 - - 10

ventilation of
underfloor void

Mechanical ventilation 42 64 29 58 5 1.7 15 30 2 20 6.0 39
of underfloor void

Sealing only 73 22 15 32 7 18 1.7 2.6 3 27 20 6
Membrane covering 23 19 173 7 2 23 23 24 1 - - 6
floor

Sump 280 14 74 136 87 25 13 163 19 27 14 100
Sump with other 75 10 39 112 18 15 80 67 6 11 6.7 26
method(s)

Combination of 98 27 20 17 15 42 28 22 1 - - 13

methods, no sump

The Table shows that a range of techniques is effective in reducing radon levels in homes.
The most commonly used remedial action is the underfloor depressurisation (sump) system.
The results show that this is by far the most effective of all radon remedial techniques,
giving rise to reductions in radon levels by up to a factor of 100. Disappointing results can
occur on occasion with all methods, but such occurrences are rarer for sump systems than
other techniques.
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Because the installation of a sump system is often seen as disruptive by the householder,
one major contractor is installing mini-sumps, for which all the installation work is carried
out outside the building. An opening is made in the foundation wall below floor level, and
a cavity excavated in the hardcore beneath the floor. The extract pipe is taken up the
outside wall and the fan installed under the eaves. The measurement results suggest that
the mini-sump is less effective than a sump placed more centrally under the floor, but is
usually sufficiently effective. Houses with wooden floors can also be successfully
remediated using this technique if the underfloor void has a layer of concrete covering the
ground.

In general sump systems have fans to reduce pressure under the floor, but in some cases
‘passive stack' systems have been installed by householders, in which warm air rising up a
pipe is relied on to reduce the pressure. This is sometimes effective, but in general the
reduction factors achieved by this technique are low. However, if a passive stack is
ineffective, it is relatively easy to fit a fan to it.

Positive ventilation systems, in which a fan blows filtered loft air into the living space,
have been installed in a number of houses. This system has sometimes been described as
‘positive pressurisation’, but this term is misleading as the fans used are not powerful
enough to pressurise the building. It appears that they are effective mainly because they
reduce the underpressure in buildings and so reduce the inflow of soil air. They require a
fairly draughtproof house to have this effect. The results show that such systems can be
effective in houses with solid or suspended floors, but reduction factors are mostly lower
than those of sump systems. Where the initial radon level exceeded 750 Bq m™ these
systems were generally unsuccessful in reducing the radon levels to below 200 Bq m™.

Properties with high radon levels and suspended timber floors were more problematic to
remediate than those with concrete floors. There are only two viable radon reduction
methods that can be used in this case. The first is increased natural ventilation of the
underfloor void. This method is very weather dependent, relying on wind direction and
speed to maintain a rapid turnover of the void air. The position of the property (whether
exposed or shielded from the wind) also affects how successful this method is. In general
the reduction factors obtained for increased natural ventilation are quite low.

Because of the problems experienced with this type of construction, some properties were
investigated in more detail. In one case it was found that the radon level increased by two
orders of magnitude when the wind was in one narrowly defined direction. The
effectiveness of underfloor ventilation can be substantially increased by installing a fan to
provide a constant flow of air under the building. In most cases the fan is used to extract
air from the void, but in some cases, when this has been unsuccessful, it has been found
that blowing air into the void is effective. If air is blown into the void, care has to be
taken to ensure that any water services running in the void are well insulated to prevent
freezing, and floors may feel cold in winter.

Sealing of floors without other remedial measures was used by some householders, but

with limited success. The technique is also very time-consuming and labour intensive, and
therefore expensive if carried out by a contractor.
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Durability of remedial measures

In order to keep radon exposures low and contain costs it is important that remedial actions
remain effective for many years after installation. In order to determine how durable
various techniques were, 56 homes with successful remediation were enrolled in a further
study. In this study the radon levels in each property are remeasured every winter using
passive radon detectors. The results are shown in Table 2.

Table 2. Durability of radon remedial measures up to 3 years after installation.

Durability
Method
1st Year 2nd Year 3rd Year
N AM GM Range N AM GM Range N AM GM Range

Positive 7 083 092 04-14 5 116 123 09-26 5 070 071 055-093
ventilation
Additional 9 085 097 05-28 4 081 1.12 03-22 3 056 069 029-1.10
natural

ventilation of
underfloor void

Mechanical 6 081 086 05-13 5 065 072 04-12 3 067 136 041-1.11
ventilation of
underfloor void

Sealing only 3 105 1.15 06-16 3 085 086 07-11 3 085 093 052-127

Membrane 1 110 1 070 1 068
covering floor

Sump 30 075 0.88 02-24 14 083 091 05-25 13 072 081 036-182

The durability of each method is expressed as a ratio of each annual radon level to the
radon level immediately following remedial action has been calculated. A value of less
than one means the radon concentration has decreased further, and values of more than one
imply an increase since the first post-remediation measurement. Small increases are not
important: a value of 1.5 may signify that a house which was reduced to 50 Bq m™ has
increased to 75 Bq m. There are 56, 32 and 29 results available for 1993,1994 and 1995
respectively. It is apparent from the data that effectiveness can be maintained in most
cases. Underfloor sumps, as well as being the most effective remedial measure (as shown
in Table 1), were also very reliable. In the 30 cases investigated there was no significant
change in radon level or a further decrease.

The most serious failure of a remedial action was that of a property with mechanical
ventilation of the void under a suspended floor, in which the radon concentration returned
to its initial level of more than 1000 Bq m™. On investigation it was found that the inlet to
the fan had been blocked. In another case where the remeasured radon level went above
the Action Level, this was attributed to varying weather patterns. All other cases where
the ratio is greater than unity, the radon levels after remedial action remained below the
UK Action Level of 200 Bq m™.
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Mapping radon-prone areas

Background

In order to identify homes with high radon levels as efficiently as possible, it is necessary
to have accurate numerical information on radon-prone areas. Maps based on purely
geological indicators are generally qualitative and sometimes contain significant errors.
Maps based on radon measurement in homes are definitive if sufficient results are
available. Often there are small numbers of measurements, making it difficult to map the
fraction of the housing stock which exceeds the reference level.

To map radon prone areas using house radon data, a decision must be made about the
smallest mappable unit. Too small an area results in uncertainty in the estimates of the
magnitude of the radon problem because it contains too few results, but too large an area
results in too coarse a map. For this work, it was decided to investigate whether grid
squares as small as 5 km by 5 km could be used, despite the sparseness of the data. To test
this, it is helpful to have a large database of results. This allows hypotheses about the data
to be tested, and allows trial mapping by selecting a small subset of the data, mapping
using the techniques developed, and comparing with the full data set.

It has been observed that the distribution of radon concentrations in homes is
approximately lognormally distributed. If this is true over the whole range of radon levels,
one can estimate the parameters of the distribution from the data and calculate what
fraction of the distribution exceeds any threshold. A database of 62,555 radon results in
southwest England was used to test whether the data within 5 km grid squares was
consistent with lognormal distributions and to develop techniques for estimating the
fraction of homes exceeding a radon reference level in each grid square, even where data
are sparse.

Lognommality of data

Standard statistical tests (chi-square and Kolmogorov-Smirnoff) to determine whether the
distributions of radon levels in homes within each grid square were lognormal gave
conflicting results, so an alternative and more appropriate test was carried out. The
geometric mean (GM) and geometric standard deviation (GSD) were calculated for each
distribution and used to calculate the expected fraction of homes above the 200 Bq m”.
This was compared directly with the measured fraction above the level. The obvious way
to calculate the GMs and GSDs is to take logarithms of all results for a grid square and
use standard formulae to calculate mean and standard deviation. However, even if the
underlying distribution of radon levels in homes is lognormal, there are two factors which
distort the observed distribution and lead to erroneous estimates of GM and GSD. These
are the contribution of outdoor radon to indoor levels and random uncertainties in radon
measurements. Both of these are analysed by Miles (1993); the effect of the first factor is
summarised below.

The data shows that the UK national distribution of radon levels is not well represented by
a lognormal but that if the outdoor radon concentration (4 Bq m™) is subtracted from the
results, the distribution of net radon concentrations conforms to a lognormal between 3 and
300 Bq m®. This is because the radon concentration in any home can be represented by
the equation:
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R, =R, +sourcex AxBxCx ...

where R, and R, are radon concentrations indoors and outdoors, 'source’ is a term
depending on the concentration of radon in the ground and A, B, C,... are terms depending
on factors such as permeability of the ground, number and size of entry routes,
underpressure in the building and ventilation of the building. The model assumes that these
terms are largely independent and are multiplicative apart from the contribution from
outdoor radon. The equation can be rewritten as:

In(R; - R,) = In(source) + In(A) + In(B) + In(C) + ....
If there are sufficiently many independent terms, each randomly distributed, the distribution
of In(R, - R,) between homes should be normal, as was found to be the case. In estimating
the parameters of the lognormal distribution it is therefore important to subtract outdoor
radon first. B
The 62,555 radon results had outdoor radon subtracted, were corrected fof seasonal
variation and selection bias, and were grouped by 5 km grid square of measurement. The
fraction of the results in each grid square exceeding 200 Bq m™ was determined directly
from the data and compared with the fraction estimated using the techniques described
above. Figure 1 shows the ratio of the measured fraction above 200 Bq m™ to the
estimated fraction as a function of the estimated fraction for all squares with 100 or more
results, 25 or more of them above 200 Bq m®, with uncertainties (one standard deviation).
It is clear that the lognormal model, used in this way, is a very good estimator of the
fraction of the housing stock above a threshold over a wide range of values.

Calculated percentage above AL
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If the lognormal model is to be used in practice for radon mapping, it is necessary to
estimate the GM and GSD for grid squares in which few data are available. Figure 2
shows the estimated GSDs as a function of GM in all squares with 100 or more results.
Although the GMs of the distributions vary from 18 Bq m™ to 250 Bq m?, it is clear that
the variation with GM is small: only a suggestion of slightly lower GSD with low GM is
apparent. This implies that the same GSD may be used for all squares within this area.
Surveys tend to produce large numbers of results in some areas even if the data are sparse
in other areas, so the mean GSD determined from a few squares with many results may be
used for all.

Again the best test of the technique is its accuracy in predicting the fraction of the housing
stock above a reference level. Figure 3 shows the result of using the mean GSD in all
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squares and comparing the estimated fraction of homes above 200 Bq m” with the
measured fraction. Comparison with Figure 1 shows that this procedure has increased the
uncertainty in the estimates at low levels, but does not seem to have biassed them. This

great simplification seems to work remarkably well.
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Smoothing between grid squares

In order to estimate the GM where few data are available a different strategy must be
applied. The GM varies greatly between squares (this is the reason for mapping) so it is
not possible to use the mean of the GMs in different squares. However, there is
considerable uncertainty in the estimate of GM for a square if only a few results are
available, and it is desirable to reduce this uncertainty. If the GMs in adjacent squares are
correlated, it may be possible to improve the estimate of GM by smoothing between
squares. To derive the smoothed estimate for a grid square a weighted mean was taken of
the values for the square and the eight surrounding squares. A weight of 7 was applied to
the central square, weights of 3 to vertically or horizontally adjacent squares, and weights
of 2 to diagonally adjacent squares.

To discover whether this procedure improved the estimate of the GM in cases where the
data were sparse, a subset of the data was used. For each grid square S of the available
results were selected at random, and the GMs estimated. The correlation coefficient
between these GMs and the GMs of all data for the corresponding grid squares was
calculated. Then the GMs derived from 5 results were smoothed and the correlation
coefficient calculated again.

This procedure was repeated with different weights on the central square and the results
plotted in Figure 4. This shows that smoothing GMs where results are sparse does indeed
improve the correlation with the GMs from the full data set. The graph suggests that for
optimum smoothing of these data the weight on the central square should be 12 rather than
7. The optimum weight depends on the number of observations and the spatial variation of
the radon potential in the soil. The optimisation procedure described above was repeated
for different numbers of measurements. Figures 5 and 6 show the results of the
optimisation.
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Figure 6. Correlation coefficient between grid square geometric means based

Figure 5. Optimum weights for the central square when smoothing on a inited number of resuits per grid square and geometric means based on

estimated geometric means based on limited numbers of resuits. the full data set, the means based on imited resulls either being unsmoothed
or smoothed using the function shown in Figure 5
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A study was made of the effects the sizes of areas used when applying lognormal
modelling of the distribution of radon levels to estimate the proportion of homes above a
threshold. It has been shown earlier that this technique is accurate in predicting the
proportion of homes above a threshold in § km grid squares if appropriate techniques are
used to estimate the parameters of the distribution. A difficulty arises when larger areas are
taken, such as 10 km grid squares or administrative areas. With larger areas there is a
much greater probability that they will overlap two geologies with different geometric
means (GMs). The geometrical standard deviations (GSDs) of such distributions have been
shown earlier to be very similar despite wide differences in GM.

A modelling study was carried out using artificially generated lognormal distributions to
examine the effects of pooling different distributions, as happens in effect when 10 km grid
squares are considered instead of 5 km squares. If two distributions with the same GSDs
and GMs are combined, the pooled distribution has of course the same parameters as the
original distributions and there is no difficulty in applying the lognormal modelling
technique. If the two distributions have the same GSD but different GMs, the pooled
distribution will have a GM intermediate between the two original distributions, but a
larger GSD.

The question then arises of whether the measured parameters of the pooled distribution can
be used to estimate the fraction of the housing stock above a threshold, or whether a
different combination of parameters (such as the pooled GM with the original GSDs)
should be used. Tests using artificial distributions showed that pooling distributions with
GMs of 20 and 120, both with GSD 2.5, gave a distribution with GM 50 and GSD 3.6.
Using these parameters directly to estimate the fraction of homes above 200 Bq m™ gives a
result of 14%, very close to the value of 15% derived from the two separate distributions
before pooling. This result therefore shows that the lognormal model is very robust, and
can accommodate cases where widely differing populations are combined, provided the
parameters of the distribution can be estimated accurately.

Use of house radon data with geological boundaries

It is shown above that measurements of radon levels in homes analysed by grid square can
be used to provide accurate estimates of the proportion of homes above a reference level.
but cannot provide high resolution. Geological parameters, including the properties of
individual rock types, can provide detailed maps, but without assistance from results of
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measurements in homes cannot provide accurate estimates of radon potential. An
alternative mapping technique is to group house radon measurements by geological unit.
Where enough results of house measurements are available, this has the potential to
provide maps which are both detailed and accurate. Where there are too few houses to
provide good data, the technique can be extended using measurements of radon in soil gas
under carefully controlled conditions.

For this exercise, house radon data from the areas of two adjacent British Geological
Survey (BGS) sheets were used (Northampton and Wellingborough), with a total of 36,570
radon results. The exposed bedrock in this area is entirely from the Jurassic Period, ranging
from Lower Liassic mudstones through to the Oxford Clay. The maps used for the
geological classification show superficial cover only where it is more than 1 metre thick.
The thickness and composition of rock types in geological formations in this area vary
significantly across the maps. The locations of the houses were identified from the
postcode. The grid reference of a house can be obtained with an uncertainty of about a few
hundred metres or less in towns, but the uncertainty may be 1 km or more elsewhere.

Each set of house radon results for a particular combination of geology and superficial
cover was analysed separately. The mean UK outdoor radon concentration (4 Bq m®) was
subtracted from each result and the GM and GSD of each set were calculated. These
parameters were used to estimate the fraction of homes above 200 Bq m” on the
assumption that the distribution was lognormal. The estimated fraction could then be
compared with the actual fraction found above the threshold in each data set. Table 1
shows the results for rock types which appear on both the Northampton and
Wellingborough sheets, in areas without superficial cover. The measured percentage of
homes above 200 Bq m™ is in all cases close to the percentage estimated using the
lognormal model, showing that the data conforms well to this model. The results also show
the large variation in the percentage of homes above 200 Bq m™ between different rocks,
from 0.5% to > 20%.

The GMs for particular rock types vary by up to a factor of 2.2 between the two geological
survey sheets. There are no differences in housing type or age of housing between the two
sheets that could account for this difference, which is therefore attributed to lateral
variation in the geological formations. This demonstrates that conclusions about radon
potential over individual geological formations cannot necessarily be extrapolated to
adjacent areas. This is likely to be particularly true of areas with a high proportion of shelf
facies sedimentary rocks.

The GSDs for the different rock types vary from 2.3 to 3.0, compared with a range of 2.6
to 4.7 found when the data is grouped by 5 km grid squares instead of by geology. The
smaller GSDs found when data is grouped by geology suggest that the data sets are more
homogeneous when grouped in this way. The smallest GSDs were found for rock types
where the GM varied by less than a factor of two between the two geological sheets. This
suggests that much of the remaining variation between radon levels in homes when the
data is grouped by geology is caused by the lateral variation in the geological formations.
Analysis of the geographical variation in radon potential between houses on the same
lithology may therefore produce even more detailed and accurate estimates of the fraction
of homes exceeding a reference level.
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Conclusions

1. The distributions of radon levels in 5 km grid squares are consistent with the
lognormal distribution, and this model can be used to produce accurate maps on the
basis of sparse data.

2. It is essential that the measurements be carried out using an appropriate selection of
homes, location of detectors, duration of measurements, and accuracy of results
over a wide range of concentrations.

3. Results need to be corrected to take account of outdoor radon levels, bias in
selection of homes, and season of measurement.

4. In areas where there are too few results to allow GSD to be estimated directly, the
mean GSD from squares with enough results may be used.

5. Smoothing GM values with those in adjacent squares improves the accuracy of the
estimated GM in squares with few results.

6. Lognormal modelling of house data grouped by geological unit gives accurate and
detailed maps of radon-prone areas.

7. When mapping by geological unit, lateral variations within units and superficial

cover must be taken into account.
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Head of project 2: Prof. Dr. R.J. de Meijer.

2 Objectives for the reporting period

The objective of the project is to obtain better understanding of transport of radon in soil and
in particular transport from soil to crawl space. This objective will be met by studying under
well defined and controlled conditions both transport of radon in soil and radon exhalation
by soil as a function of a number of physical quantities. For this, a laboratory facility was
built that consists of a large cylindrical vessel with radially inserted measuring probes that
allow measurement of pore-water content, air permeability of the soil and radon
concentrations in the soil gas at various depths under the soil surface.

More specifically the objectives for the reporting period were to study both diffusive and
(time-dependent) advective radon transport in situations simulating crawl spaces of different
heights, with and without forced ventilation and with and without a ground water level set in
the sand column underlying the crawl space.

3 Progress achieved including publications
3.1 Introduction

To allow validation of radon transport models, a laboratory facility was built, see Fig. 1. In
short, this facility consists of a cylindrical (height and diameter 2 m; bottom slightly curved
for strength) stainless steel vessel presently filled with sand. The vessel can be closed by
lowering a lid into a water-filled ring surrounding the upper part of the vessel. This lid is
adjustable in height and the space between the lid and the sand can be considered to simulate
a crawl space. At several heights, probes are inserted radially to measure, near the axis of the
vessel, the radon concentration in the soil gas. For the study of advective radon transport, a
perforated circular box (diameter 162 cm, height 3 cm) was placed at a distance of 163 cm
below the sand surface. By (de)-pressurizing this box an air flow may be induced through the
sand column on top. This facility allows investigation of radon transport processes under well
defined and controlled conditions and consequently it enables validation of radon transport
models.

Starting from a well known initial condition (simple geometry and soil type, no ground
water and no lid on the vessel) the complexity of the situation is increased step by step. After
each step a series of measurements is carried out and the results are compared with transport
model calculations. Only when the models satisfactionally describe the measured radon
concentrations, the complexity is increased. In case of larger deviations between models and
measurements, the models are adjusted or extended.

Measurements with the vessel were carried out on diffusive and advective radon transport
for a situation without and with a crawl space of several different volumes. In addition, the
influence of time-dependent advective transport was investigated as well as the effect of
forced crawl-space ventilation on the radon concentration. -Finally, measurements were
performed with a water level set at different heights.

Large unsurmountable discrepancies between models and measurements were not
encountered for experiments with dry sand. However, relatively large differences, up to 80%
relative deviation, were observed between experiment and model when a water level is set in
the sand column.
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Figure 1: Schematic drawing of the vessel. 1) probe; 2) perforated circular
box; 3) water inlet/outlet; 4) adjustment point for height of the lid; 5) flange;
6) sleeve; 7) lid; 8) soil.

3.2 Theory

In this section the time dependent equation describing radon transport in porous materials is
stated, which is used in the modelling. In the derivation it is assumed that the partitioning of
radon between the gas phase, liquid phase and radon adsorbed on the solid phase of the pore
space is permanently in equilibrium. Further, it is assumed that transport of radon in the liquid
phase over a distance larger than the grain size is negligible. This assumption is only valid
when soil is only partly moisturised and most transport takes place in the gas phase.
Consequently, the equation is not valid for soils having a high pore-water content. For these
soils, the (spatial) distribution of gas and liquid phases in the pores and probably also the
kinetics of the phase partitioning must be taken into account in the derivation of
time-dependent equations for radon transport.

If adsorption of radon to the sand grains and mechanical dispersion are negligible and
that the sand may be considered as a partly moisturised porous medium, the diffusive and
advective transport of radon through the sand is governed by,

Bg—f=v-(erD,VC) *fVP'VC-MCmPACRa (1)

where
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= partition corrected porosity: €, + Le,,

= air-filled porosity

= Ostwald coefficient (=0.26 at 20 °C)

= water-filled porosity

= pore-air radon concentration (Bq m™)

= time ()

= porosity

= tortuosity

= diffusion coefficient of radon in air (m*s™)
= intrinsic permeability (m?)

= dynamic viscosity of air (= 1.83 - 10° Pa s)
= pressure (Pa)

= radon decay constant (= 2.1 - 10 s7)

= radon emanation factor

= bulk dry density (kg m*)

2« = radium content (Bq kg'")
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3.3 Model calculations for dry sand

Using the method of Laplace transformation the one-dimensional (1D) counterpart of Eq. 1
with the advective term omitted was solved with boundary conditions that reflect the situation
of the vessel with lid (crawl-space situation). The boundary conditions are that the bottom of
the vessel is impermeable for radon diffusion and that the radon concentration at the surface
of the sand changes due to exhalation from the sand, due to decay and due to leakage out of
the crawl space (described by a leakage parameter). Eq. 1 was also solved with boundary
conditions that reflect the situation of the vessel without the lid. For this situation we assume
that the radon concentration at the surface of the sand is zero. In both cases, initially, the
radon concentration in the sand is assumed to be zero.

Also the one-dimensional stationary counterpart of Eq. 1 was solved with boundary
conditions that reflect the situation of the vessel without lid and de-pressurisation of the
perforated box (downward air flow). In this case the boundary conditions are that the bottom
of the vessel is impermeable for radon transport, that the radon concentration at the surface
of the sand is zero and that the diffusive flux of radon concentration into the perforated box
is in equilibrinm with radon decay. The pressure field is calculated using Darcy’s law. In the
one-dimensional case it takes the simple form that in the area between the perforated box and
the surface of the sand column the gradient of the pressure is constant.

Finally, two numerical models, one- and two-dimensional, have been constructed to
calculate the radon concentration in an inhomogeneous porous medium as a function of space
and time in a situation with time-independent boundary conditions for the pressure field and
from a given initial condition for the radon-concentration field. In these models it is assumed
that air flows (advection) are described by Darcy’s law and are stationary and that the
situation is isothermal, i.e. temperature effects are not taken into account. First, the pressure
field is calculated using the control volume method. Secondly, the calculated pressure field
is used as input in the time-dependent radon-transport equation. Similar to the pressure field,
the radon-concentration field is calculated for each time step using the control volume
method.
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3.4 Parameters of the sand

All parameters of the sand, occuring in the radon tranpsort equation, have been determined
with independent experiments. Table I lists the values of these parameters, which were used
in all model calculations in this report.

Table I Parameters of the sand. oz} g
5 *y ) ' t
f ¢e
S 024
Grain size 0.25 - 0.50 mm E
Porosity 0.340 £ 0.010 .
Bulk dry density (174 £ 0.05) - 10°* kg m* A
Permeability (545+0.13) - 10" m? 020
Radium content 3.68 £ 0.13 Bq kg ) l o
Tortuosity 0.640 £ 0.010 oo o o2 o3 ot

pore water fraction

Figure 2: Emanation factor as
function of pore water content

It is well known that the radon emanation factor (the fraction of radon atoms that escape from
a mineral grain) may be very sensitive to the moisture content of the porous medium.
Therefore, a study was started of the effect of moisture on the emanation factor of the sand.
The two identical instruments used to measure the emanation factors, consisted of a closed
cylinder (diameter 20 cm, height 30 cm) of which the lower half was filled with a dry sand
sample of about 8 kg. After a period of four weeks the radon concentration inside the
cylinder has virtually reached its equilibrium value and air from the void space above the
sand was sampled using a piston. The radon concentration of the air sample was measured
with the same equipment as used in the vessel experiments. This procedure was carried out
with a range of moisture contents which were obtained by simply pouring known amounts
of water on top of the sand sample.

It was observed that a sharp rise in emanation factor occured as the pore moisture content
was increased to only 2.5%. For higher moisture contents, the emanation factor decreases
slightly and increases again for moisture contents higher than 15%. The measured emanation
factor as function of the pore water fraction is presented in Fig. 2. The mechanisms by which
moisture affects the radon emanation factor is only partly understood. Qualitatively it can be
stated that in a dry porous medium a reasonable fraction of the radon atoms that escape from
a grain due to recoil bury themselves in another grain. Since the recoil range in water is much
smaller than in air, addition of water to the pore space inhibits this mechanism by which the
emanation factor is increased. The behaviour that is observed for moisture contents larger than
3% is not understood and has not been reported earlier in literature.

An extra difficulty was introduced by this dependency of the radon emanation factor to
the moisture content. At the start of the experiments the sand was dried by inducing an air
flow of 50 L min through the column for more than a week. This procedure, however, might
not have left the sand completely dry. In addition, during the experiments with the lid
installed, the relative humidity in the crawl space was approximately 100% and this might
have moisturised the sand. Therefore, the exact moisture content is not known and might even
vary with height. To allow analytical modelling of radon transport, a constant emanation
factor is mandatory. Which value of the emanation factor to use is dependent on the moisture
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content of the sand. The latter was determined by measuring the mass loss after drying of a
sand sample from the vessel. This resulted in a value of 1% for the moisture saturation. When
assuming that the emanation factor is directly proportional to the moisture content in the
region for moisture contents smaller than 2.5%, a value of approximately 0.22 is obtained for
the emanation factor.

Results of measurements of the homogeneity of the sand column showed that deviations
from the ideal case, at which the sand column is perfectly homogeneous, are less than 15%.

3.5 Results and discussion
3.5.1 Experiments with diffusive transport

Results of measurements with diffusive radon transport only, are presented together with
results of analytical model calculations. These experiments concern radon ingrowth in the
situation without a crawl space, ingrowth of radon with a crawl space and the equilibrium
state with different values of the crawl-space ventilation rate.

At the start of the experiments with ingrowth of radon concentration, the sand column
was flushed by inducing a flow of radon-free air (50 L min') through the perforated box.
Thereafter, radon concentrations at all nine probes were measured as a function of time after
stopping the flow. The measured radon concentrations C (Bq m) as function of height z (m)
in the vessel and time for the experiment without a crawl space are presented in Fig. 3 (left).
The results of the measurements with a 92 cm crawl space are presented in the same figure
(right). For clearness, only a few of the measured radon profiles are shown in this figure. The
solid lines are results of analytical calculations. In comparing the experimental and
calculational data, a good correspondence is observed.
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Figure 3: Results of experiments with diffusive transport.

The experiment with different ventilation rates of a 50 cm crawl space concerned
measurements of the equilibrium radon concentration as function of height (z). A controlled
flow of radon-free air was continuously forced into the crawl space through an opening at one
side of the lid, while at the other side a small diameter outlet tube of several meters length
was connected to allow crawl-space air to escape. These measurements were carried out with
a crawl space ventilation rate of 2.65, 5.3, 10.6, 21, 46 and 94 (-10° s) Fig. 4 shows the
measured equilibrium radon-concentration profiles (left) and measured radon concentration
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C,, in the crawl space as function of the ventilation rate (right) with results

calculations.

€ (Bq m™)

2500

2000 F

1500

1000

500

I

o

0.5

N .
1.0 1.5

z {m)

2.0

2.5

Ventilation
(10-' s_‘)

. 2.85

v 5.3

v 10.8

o 21

. 48

s 94

(Bq m™*)

c

2000

1500

1000

of analytical

0
107

107 10 107

ventilation (--l)

107

Figure 4: Results of experiment with different crawl-space ventilation rates.

Also this experiment shows a satisfying agreement between model and measurement. It is
observed that even a very small ventilation rate of once a day (=1.2-10° s?) reduces the
crawl space concentration by a factor five with respect to the situation without ventilation (for
the vessel geometry). However, this reduction factor decreases sharply with increasing initial
ventilation rate. For practical purposes this implies that knowledge of the natural ventilation
is necessary to calculate the effect of forced ventilation. It is also seen that mitigation of a
crawl space by forced ventilation will be more difficult for cases with a 'normal’ natural
ventilation rate.

3.5.2 Experiments with diffusive and steady advective transport

Results of measurements with diffusive and steady advective radon transport in equilibrium
are presented together with results of analytical (downward air flow, experiment without a
crawl space) and two-dimensional numerical model calculations (upward air flow, experiment
with a 50 cm craw! space).

In the experiment with de-pressurisation of the perforated box (downward air flow) and
without a craw! space, steady-state radon-concentration profiles were measured with air flows
of 0.1, 0.2, 0.4 and 0.8 L min™. The results of this experiment together with the results of
analytical modelling are shown in Fig. 5 (left).

In the experiment with pressurisation of the perforated box (upward air flow) and with
a 50 cm crawl space, steady state radon-concentration profiles were measured with air flows
of 0.1, 0.2, 0.4, 0.8 and approximately 2.2 and 4.8 L min'. When the perforated box is
pressurised, the situation can no longer be described by an 1D-model. This can most easily
be appreciated by inspection of the radon concentration inside the box when air with zero
radon concentration is forced through the box at the centre of its bottom plate. The
concentration at this position will be zero but increases in the radial direction due to influx
of radon through the surfaces of the box. This implies that in the model also the radial
coordinate has to be taken into account (2D-modelling). The results of this experiment are
presented in Fig. 5 (right), together with results of calculations with the numerical 2D-model
(solid lines in this figure). A good correspondence between experiment and model is
observed.
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Figure 5: Results of experiments with diffusive and steady advective transport.
3.5.3 Experiments with diffusive and time-dependent advective transport

In reality, pressure differences are seldomly constant but change with time. To allow
validation of modelling of time dependent advective transport, several experiments were
carried out with a pulsed air flow through the sand column. An upward air flow was induced
in the column for a certain time interval, whereafter this air flow was turned off for an equal
time interval. The sum of these two intervals is the period of the pulsed air-flow experiment.
Experiments were carried out with two different air flows and three different periods. Radon
concentration in the 50 cm crawl space and the radon concentration at 60 cm below the sand
surface were measured as function of time. In Fig. 6 (left) the radon concentration C_ in the
crawl space is shown as function of time for the experiment with an upward air flow of 0.4
L min™ through the sand column. In the same figure (right) the radon concentration C, at 60
cm below the sand surface is shown as function of time for the same experiment. Solid lines
in this figure are results of the numerical 2D-model. Again, a good correspondence is
observed.
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Figure 6: Results of experiment with diffusive and time-dependent advective transport.

Also from results of the other experiments with a different period and/or air flow, it is
observed that the concentrations calculated with the 2D-model agree well with the measured
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concentrations considering amplitude, phase and absolute value. The best agreement concerns
the amplitude. The absolute value deviate somewhat for the crawl space data, with the
measured concentrations being fractionally lower than calculated. On the other hand, the
phase of the signal differs slightly for the radon concentration at 60 cm below the sand
surface.

The small difference in absolute value may be due the uncertainty in the measuring
efficiency of the equipment used in these experiments. The phase shift for the radon
concentration at 60 cm below the sand surface varies from experiment to experiment, but
seems to be more pronounced for the measurements with the higher air flow. The measured
concentrations lag the calculated concentrations by at least several hours. The time lag is
longer during the intervals with the air flow turned off than in the cycle with advective
transport. A plausible explanation for this phenomenon may be that air taken out of the pore
volume at 60 cm depth, is being returned at a depth of 80 cm. Diffusive supply of radon at
those depths is possibly slower than advective supply, resulting in a larger time lag when the
air flow is turned off.

3.5.4 Experiments with a ground water level

Finally, experiments were perforrned with a ground water level set at several different heights
in the radon vessel. This was accomplished by supply of water into the vessel through an
opening at the centre of the bottom. The water level was consecutively set at 160, 120, 80,
40 and 0 cm below the sand surface (rising water table). At each level, equilibrium pore-air
radon concentrations at the position of probes located above the water level were measured.
These experiments were carried with a 50 cm crawl space, ventilated with an air flow of 0.25
L min™, After the experiment with a completely saturated sand column (water level 0 ¢cm
below sand surface), the experiments were repeated with the water level sequentially set at
40, 80, 120 and 160 cm below the sand surface (falling water table).

Introduction of water to the pore space of the sand largely increases the complexity of
the radon transport process because several input parameters in the radon transport equation
(Eq. 1) are influenced by the presence of water. This includes the partition corrected porosity
B3, the emanation factor 1] and the bulk diffusion coefficient D (since only cases with diffusive
transport have been studied the advective term can be ignored). For some parameters the
precise dependency is not well known. As a consequence, the modelling is hampered by
these uncertainties. Moreover, since the moisture content varies with height in the vessel,
these parameters dependent also on the height. Therefore, the one-dimensional numerical
model was used to analyse the experimental data.

For modelling, the moisture content of the sand as function of the suction pressure (water
retention curve) was determined using both directions of change of the water suction pressure
(hysteresis effects are present). For the bulk diffusion coefficient of radon as function of the
pore water fraction of the sand a correlation function was used developed by Rogers and
Nielson (Health Physics 61, 225-230, 1991). This correlation function only approximates the
diffusion coefficient because each type of soil exhibits a different behaviour, based on
differences in porosity, tortuosity, pore size distribution etc. Finally, the functional
dependency of the emanation factor on the pore water fraction, discussed previously, was
introduced in the model calculations.

The experimental results are presented in Fig. 7 (left). This graph shows the equilibrium
pore air radon concentration as function of the z-coordinate for the different levels of the
water table. Identical shapes of the markers indicate that these two profiles were measured
with the same water level. The open markers designate that the water level was attained by
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addition of water through an opening at the bottom of the vessel containing dry sand initially
(rising water table) whereas the closed markers indicate that the water level was established
by removal of excess water, also through an opening at the bottom of the vessel (and with
initially saturated sand). The height of the water level in the vessel for the several profiles is
shown by dashed lines with perpendicularly a short solid line that indicates this height.

The difference in radon concentration for equal water levels is remarkable, with typical
differences in the order of 5-20%. This result is probably due to hysteresis of the water
retention of the sand. It is also concluded that the radon concentration in the crawl space
decreases with increasing water level.

The results of model calculations are presented in Fig. 7 for a rising water table (right
top) and a falling water table (right bottom). It is observed that all calculated concentrations
are higher than measured, with increasing relative deviations at higher water tables. For the
profile measured with a water table at 40 cm below the sand surface, the calculated
concentrations are almost a factor two higher than measured (rising water table). However,
the shape of the measured and calculated curves are very similar, only showing a shift in
magnitude. This shift is partly caused by the higher emanation factor at higher pore water
fractions (Fig. 2), assumed in the modelling. On the other hand, this shift is the result of
Henry’s Law. In tracing the cause of the discrepancies, these two aspects must be studied
more thoroughly. Also, during sampling, physical phenomena occur that may affect the result
of the measurements. Relatively large advective flows are induced in the sand which may
influence the radon partitioning between the water and air phase. This partitioning may also
be influenced by the sudden pressure drop during sampling. For modelling purposes, it is
recommended to investigate these effects. Finally, also the numerical model itself (for
moisturised sand) should be thoroughly tested and checked in order to assure that the results
of the model calculations are correct.
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Figure 7: Results of experiment with different water tables in the sand column.

3.6 Conclusions

The data obtained with dry sand were compared with results of calculations using one set of
input parameters. Results of experiments with diffusive transport only or with depressurisation
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of the perforated box were compared with one-dimensional analytical model calculations,
whereas results of experiments with (time-dependent) pressurisation of the perforated box
(upward air flow in the sand column) were compared with two-dimensional numerical model
calculations. Both the analytical and numerical analysis showed a good correspondence with
experimental results, showing a maximum deviation between mode! and experiment of less
than 10%. For these reasons, we may conclude that the radon transport models have been
validated for dry sand.

In addition, experiments were carried out with several different ground water levels set
in the vessel. With respect to all previous experiments the complexity was only increased by
introducing one extra parameter: the pore water fraction of the sand. However, addition of
water to sand leads to a much more complex situation with respect to radon transport. Not
only two phase transport must be considered, but also several other parameters in the radon
transport equation are influenced by the presence of pore water. These are the emanation
factor, the bulk diffusion coefficient and the partition-corrected porosity. The correspondence
between model and experiment is poor (80% relative deviation) for the experiments with a
high water level but better (10% relative deviation) for the experiments with a low water
level. At present, we do not have sufficient knowledge about the processes involved to
accurately model radon transport in moisturised porous materials. More research should be
initiated to solve the discrepancies between experiment and model.

In conclusion, a validated two-dimensional radon transport model for dry sand has
become available. On the contrary, the models fail to predict radon concentrations in
moisturised sand (max. 80% deviation).
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Head of project 3: Claus E. Andersen

II. Objectives of the reporting period

The objectives of the reporting period were: (i) to finish the experimental investigations, the
site characterization and the modelling of the radon test structure, and to compare the results
of the experimental investigations with the results of the numerical modelling based on
measured soil parameters, and (ii) to compare modelling results with data from real houses.

II1. Progress achieved including publications

Introduction and project summary

The primary purpose of this study has been to evaluate how well numerical modelling and
soil characterization techniques describe radon transport through soils and entry into houses
under field conditions.

Numerical or analytical models of radon transport have two applications. Firstly, such models
provide a quantitative and physical description of the problem in question. It is from this
theoretical basis that field measurements are interpreted and understood. Likewise,
mathematical models are essential tools when field observations or technology relating to the
entry of other soil-gas pollutants such as landfill gas or volatile organic compounds are
transferred to the radon problem - or vice versa. Secondly, mathematical models are used to
identify critical building and soil related features controlling radon entry, and to help in the
design of optimal radon-mitigation systems or improved building practices.

The experimental basis of the model evaluation is a simple 2.6 m x 2.6 m test structure
located on a clayey-till field site at Risg National Laboratory. Over a three-year period, radon
concentrations have been measured in more than 40 probes located in the ground under and
around the structure. In total, more than 2000 scintillation-cell radon measurements have been
taken. The data have been divided into 7 groups corresponding to forced flows of soil gas into
- or out of - the structure at flow rates equal to approx. +20, +10, £5, and 0 litres per minute.

The idea of using a test structure for that type of work - as opposed to a real house - was that
the research could be focused on the soil-related part of the problem while keeping the
influence of house occupants, ventilation, and unknown building characteristics at a minimum.
The decision to conduct experiments under a range of forced-flow conditions was made
because it focuses on the ability of the model to describe combined advective and diffusive
transport, and because these situations resemble radon-mitigation systems based on sub-slab
depressurization and pressurization.

The numerical model tested in this work is a specific implementation of a set of physical
equations generally considered to govern soil-gas and radon transport. The key elements are
the Darcy-flow approximation of soil-gas transport plus combined diffusion and advection of
radon. The main assumption concerns the application of the homogeneous-soil approximation
- ie. the approximation that field soil can be simulated as a homogeneous porous medium
having certain effective parameters.

Input parameters to the model are: gas permeability, radon diffusivity, radon-generation rate,

soil porosity, and soil-moisture content. For a given pressurization of the structure, the model
calculates steady-state pressure, flow and radon-concentration fields in the soil. The main
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output from the model is: (i) field values at locations corresponding to those of the soil probes
and (ii) integrated entry rates of soil gas and radon into the structure.

The main finding of this study is that under field conditions, model estimates of soil-gas and
radon entry rates may be off by as much as one order of magnitude: The model
underestimates the soil-gas entry rate and overestimates the radon concentration associated
with this enhanced flow. The critical element in the model assessments is the measurement
of gas permeability.

As a side effect of the investigation, it was observed that the soil-gas entry rate correlates
directly with the depth of the water table. At winter time, when the water table is at a shallow
depth, the soil-gas entry rate for a given depressurization is a factor of 2 to 10 lower than
during the summer. This phenomenon may also play a role for real houses, and it may
therefore influence the temporal variation of indoor radon levels.

In collaboration with the KVI and SSI (project no. 2 and 7, respectively) Risg has compared
modelling results with data from real houses of the crawl-space type. In the case of the KVI
house, the model was used to identify advective entry into the crawl space and to assess the
mitigative impact of sealing the crawl space with polyethylene foil in combination with
pressurizing or depressurizing the crawl space. The investigation of the SSI house had two
objectives: to provide additional verification of the numerical model, and to help deduce the
relative importance of diffusive and advective entry of radon. A publication of this is under
preparation.

Test-structure design

The test structure is located on a clayey-till field site. The soil is fairly heterogeneous with
observed layers of sand and pockets of gravel. The structure is quadratic with a side length
of 2.6 m. The footing extends approx. 0.8 m below the soil surface. The concrete wall and
the slab provide an airtight interface to the soil.

A 40 litres cylindric measuring chamber is bolted to a steel plate that has been poured into
the centre of the slab. Radon and soil gas enter the measuring chamber through a 9.5 cm
cylindrical hole in the plate. The top of the test structure is closed off with two PVC
membranes placed on a base of wood and an aluminium hatch. Thus, the measuring chamber
is confined in a mini-basement as shown in Figure 1. In terms of air flows, the measuring
chamber is fully isolated from the mini-basement. A layer of highly permeable gravel is
located below the slab.

Experimental results: Soil gas

The so-called inverse flow resistance (i.e. the soil-gas entry rate into the structure per pascal
depressurization) is measured as follows: The mass-flow controller is set to give a certain
flow rate of air. In exhaust mode, this forces an identical flow of air from the soil through the
9.5 cm hole into the cylinder. In supply mode, the flow is reversed and the cylinder is
pressurized. Combined measurements of soil-gas flow and differential pressure between the
cylinder and the outdoors are obtained for a series of flow settings. The relationship between
flow rate and pressure difference is linear, and the slope defines the inverse flow resistance.

All paired measurements of the inverse flow resistance and water-table depth are plotted in
Figure 2. As can be seen, the two variables are strongly correlated: the inverse flow resistance
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increases monotonically with the depth to the water table from less than 0.1 L min™ Pa’ at
1 mto 0.4 L min” Pa’ at 1.9 m. The correlation seems to hold true even when the water table
is at 16 m or deeper: a weighted linear-regression analysis gives a slope which is
significantly different from zero at the 5 %-level (p=0.036, N=8).

Experimental results: Radon

The radon experiments reported in the following have been conducted - primarily - during the
summers of 1993, 1994, and 1995 in accordance with the following procedure: Firstly, the
mass-flow controller is set to give a certain flow rate. After one to three weeks the soil is
assumed to be in equilibrium - i.e. the radon-concentration field in the soil now reflects the
new flow condition. At this point, radon measurements begin. Scintillation cells are used for
grab sampling of soil-gas radon in the 40 probes located in the ground under and around the
test structure. Typically, the measuring campaign goes on for 4 weeks, but in one case it
lasted only 2 weeks whereas in another case it lasted 9 weeks. The probes are two-and-two
located symmetrically around the test structure. The reported measurements of radon
concentrations are observed means found from measurements in two (or four) paired probes
over the period of the measuring campaign. The observed standard deviations are used as
measures of the uncertainty of the reported radon concentrations and therefore reflect (i)
probe-to-probe (i.e. spacial) variation, (ii) temporal variation during the campaign caused by
natural changes of the weather and soil conditions, and (iii) imprecision linked to the
sampling technique and the radiometric measurements.

The entry rate of soil-gas radon into the structure is estimated as the product of the measured
soil-gas entry rate and the measured radon concentration in the sub-slab gravel layer. The
measured radon-entry rates are listed in Table 2.

Soil parameters

In situ gas permeabilities were measured in the ground under and around the test structure
with a conventional single-probe technique. The values range over four orders of magnitudes
with maximum values at 11x10"* m?, and geometrical mean and standard deviation equal to
7x10"® m? and 7.8, respectively. Soil porosity (0.3) and moisture content (10.5 % by mass)
was measured using 17 intact soil samples collected June 20-22, 1994 at depths from 0.2 to
3 m. Radon diffusivity and radon-generation rate was estimated based on the radon
concentrations measured under diffusive conditions in probes 2 m or more from the structure.
An analytical one-dimensional diffusion model was fitted to the data, and a series of
combinations of radon diffusivity and generation rate were found to be consistent with the
data. These include diffusion lengths in the range 0.6 to 1.05 m and maximum radon
concentrations in the range 78 to 116 kBq m™.

Numerical model

The numerical model RnMod2d was developed at Risg in the previous CEC project. It is a
two-dimensional steady-state finite-difference mode! based on the control-volume approach.
The model solves the partial-differential equations for transport of (i) soil gas: Darcy's law
and mass continuity and (ii) radon: combined diffusive and advective transport, radon
generation, decay, phase partition, and mass continuity. In the simulations presented in this
report, the soil is assumed to be homogeneous, and the computational plane extends vertically
from the soil surface to the water table (in most cases 1.8 m) and horizontally 15 m from the
centre of the structure. The plane is divided into 4704 control volumes of varying sizes.
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Two sets of model calculations are performed: One for soil gas and one for radon. In the soil-
gas case, the permeability of the ground is the only input parameter. In the radon case, the
results of the soil-gas calculations are imported to account for advective transport, and
therefore the radon calculation also depends on the selected gas permeability. In addition, the
following parameters are needed: soil porosity, water content, radon-generation rate and
diffusivity.

In the radon case, the following simple procedure is used to transfer the estimated uncertainty
relating to radon diffusivity and generation rate to an uncertainty of modelling results: All
calculations are performed four times; one time for each of the follwing four combinations
of radon-diffusion length and maximum radon concentration: (0.6 m, 105 kBq m), (1.05 m,
105 kBq m™), (0.77 m, 78 kBq m*), and (0.77 m, 116 kBq m™). For all of the considered
output elements - such as the radon concentration at a given probe location - the mean value
of these four calculations is used as the final result, and the observed standard deviation is
used as an estimate of its uncertainty.

Model versus measurements: Soil-gas entry rates

The four cases when the permeability and the inverse flow resistance (i.e. the soil-gas entry
rate per pascal depressurization) have been measured almost simultaneously are listed in Table
1. The model predictions are based on the assumption that the soil is homogeneous with a
permeability equal to the highest of the measured values at the time of the flow-resistance
determination. The model predictions therefore ought to overestimate the inverse flow
resistance. However, as seen from the table, the measured values are factors of 2 to 3 higher
than predicted by the model.

The effective permeability of the ground - ie. the permeability that inserted into the model
gives the same flow resistance as found experimentally - amounts to 2.4x10"" m” This value
is used in all of the following radon calculations.

Model versus measurements: Radon-entry rates

Table 2 shows predicted and measured radon-entry rates into the structure for flow rates in
the range from 0 to 20 L min"'. At 0 L min"' (pure diffusion) the predicted value is in perfect
agreement with the measurement, but when the flow is imposed, the predicted values are
consistently larger than the measured ones. The discrepancy increases with the flow rate,
starting from being insignificant at 5.5 L min™ (considering the estimated uncertainties) to
being highly significant at 20 L min’.

Model versus measurements: Radon-concentration fields

The predicted and measured radon concentrations as function of the entry rate of soil gas into
the structure are shown for four selected locations in the ground in Figure 3. There is a very
good agreement between the predicted and the measured radon-concentration curves. In
particular, the model gives good predictions of the slope and symmetry (or asymmetry) of the
curves. The absolute values are, however, in some cases significantly different from the
measured ones.

Discussion and conclusions

During summertime conditions the inverse flow resistance is approx. 0.3 to 0.4 L min' Pa’
which is only slightly less than the values 0.4 to 0.5 L min' Pa’ found in a previous
experiment using another structure located 14 m away from this one (our previous CEC
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project). This is a striking result since the measured single-probe permeabilities within each
of the two field sites vary over four orders of magnitude. Given the similarity between the
two structures, it indicates that the type of clayey till present at the site has a certain
characteristic (gross) permeability, and that entry into houses located on that type of soil will
be determined by that permeability.

The correlation between water-table depth and inverse flow resistance shows that the soil-gas
flow depends on the condition of the soil and that the flow is not merely supplied e.g. through
leaks along the building shell. Hence, the enhanced soil-gas entry rate is a feature of the soil
and not the building.

As for the old test structure, the predicted soil-gas entry rates are much lower than the
measured values. If we base the model calculations on the geometrical mean of all measured
permeabilities at the site, the discrepancy is a factor of 30. Even if the soil is assigned the
highest of the measured permeabilities, the model is still off by a factor of two to three.
Similar discrepancies between modelled and measured soil-gas entry rates have been reported
by Garbesi et al. at the Lawrence Berkeley Laboratory in the USA.

Since the uncertainty relating to the modelling (e.g. the geometrical description of the
structure and the mathematical accuracy of the model) and the experimental part of the work
is relatively small, the cause of the discrepancy seems to be that the measured permeability -
used as input to the model - is different from the value that actually controls soil-gas entry
into the structure. This could be because the soil is simply too heterogeneous or anisotropic
to be characterized appropriately with a single-probe permeability technique of the type used
in this study. In fact, the permeability measurements indicate that the spacial variation is very
large: four orders of magnitude for the 13 different locations below and around the structure.
Garbesi et al. have previously identified the conventional single-probe permeability
measurement technique as an important source of a similar discrepancy between predicted and
observed soil-gas entry rates into a well-defined basement structure.

If the soil-gas flow predominantly follows cracks and macro pores in the soil, the permeability
becomes scale-dependent such that the permeability measured at the 10-cm scale (with a
single-probe technique) is much lower than the value controlling the flow into the house (i.e.
the permeability at the scale of several metres). Since it has recently been established that
clayey tills are often cracked (and may transport various types of pesticides and other
pollutants fairly easily from the soil surface to ground-water reservoirs) it is not unlikely that
such structural effects are also present at the site used in this investigation and that this
therefore may be the main cause for the observed discrepancy between the predicted and the
measured soil-gas entry rates.

To this end, it is interesting that the model predictions of the amount of radon associated with
the enhanced soil-gas flow is higher than the measured values since this is qualitatively what
is to be expected if the enhanced soil-gas entry rate is provided by cracks or other high-flow
paths as speculated above: A flow of soil-gas confined to high-flow paths can transport less
of the radon generated in the soil matrix compared to the situation where the same flow is
distributed over the matrix in a more homogeneous fashion. This is so because radon needs
to diffuse to the high-flow paths to be moved by the gas flow whereas this is not the case
when the flow is distributed more uniformly over the full soil matrix.
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The overestimation of the radon-entry rate could, however, also be caused by soil anisotropy
or if the permeability decreases with the depth. In these cases, less radon will enter the
structure from the decper layers than predicted using the homogeneous-soil approximation,
and since these layers tend to have higher radon concentration than those at the top, the model
will overestimate the radon-entry rate.

The above discussion therefore leads to the following conceptual model: (i) The effective (or
gross) permeability of the building site controls the soil-gas entry rate into the house. (ii) The
spacial distribution of this permeability (e.g. layer by layer) controls from where radon is
supplied. (iii) The division of the effective permeability into matrix permeability and fracture
permeability controls the availability of radon from those regions where the flow goes (i.e.
the effectiveness with which the flow can move radon generated in the soil matrix).

This study demonstrates that - under field conditions - model estimates of soil-gas and radon
entry rates may be off by as much as one order of magnitude, and that the critical element
in the model assessments is the measurement of gas permeability. For the application of
numerical models to predict entry into real houses, the following three observations are
relevant:

(i) Model predictions of soil-gas and radon entry into houses located on less heterogeneous
soils than clayey till - where the permeability is easier to measure - are likely to give much
better results than those presented in this study.

(ii) The observed discrepancy between predicted and measured radon-entry rates is
statistically insignificant for flows below 6 L min” (0.4 m* h™") which correspond to what
is considered to be a typical soil-gas entry rate into a house depressurized only by natural
means. If scaled to a real house - assuming the flow is proportional to the area of the slab -
this limit corresponds to a flow as high as 7 m* h™.

(iii) The two discrepancies (the underestimation of soil-gas entry rate and the overestimation
of the associated radon concentration) will tend to cancel each other and give a better
prediction of radon-entry rate than showed in this study where the radon simulations were
based on the correct entry rates of soil gas (not those incorrectly predicted by the model).

In conclusion, the good agreement between predicted and measured radon-concentration fields
in the soil below and around the structure shows that the model itself is well founded. It is the
assessment of gas permeability of the soil that is the critical parameter when predicting - not
only - the amount of soil gas that enters a house, but also from where it comes and how
effectively it can transport the available radon.
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Table 1: Comparison of predicted and measured soil-gas entry rates. The model predictions
are based on the maximum permeability observed at the site at the date of the entry-rate
determination.

Date Maximum Soil-gas entry rate per pascal depressurization
observed (Inverse flow resistance)
bilit
permeabiiity Model Measurement Model-
prediction measurement
ratio
- x 102 m? L min’ Pa’ L min? Pa’ -
Oct. 8, 1992 5 0.088 0.28+0.01 0.31
Aug. 4, 1994 11 0.19 042+0.01 045
Aug. 11,1994 10 0.17 041+0.17 041
May 1, 1995 6 0.10 0.30+0.10 0.33

Table 2: Comparison of predicted and measured radon-entry rates. Uncertainties relating to the
model predictions come from the uncertainty of the input parameters to the model. An
effective permeability equal to 2.4x10™" m?® is used in all of the calculations. This is the soil-
permeability "as seen from the structure”.

Soil-gas flow into Radon-entry rate into the structure
the structure
Model Measurement Model-
prediction measurement ratio
L min’ Bqs! Bq s’ -
0 (diffusion) (4+1)x10°? (4£1)x107 1.0+0.4
55 2.5+04 1.8+0.6 1.4+0.5
10 35+06 1.1+£0.2 32408
20 47408 1.3+0.2 3.6+0.8
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Figure 1: Cross-sectional view of the test structure. Some of the probes located below the

structure (labelled M22 to M31) are also shown.
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Figure 2: Inv. flow resistance (i.e. the soil-gas entry rate per Pa depressurization) versus
water-table depth. The model calculation is for homogeneous soil with a permeability of
24x10" m”.
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Head of project 4: P. Wouters

II. Objectives of the reporting period

The general objective of the BBRI contribution to the project was to study, from theoretical
and experimental viewpoints, the role of ventilation and air flow patterns in the context of
radon, with a particular attention paid to radon reduction techniques.

Air flows play a role at two levels in the radon context, on the one hand, the radon transport in
the ground (soil gas movement) and, on the other hand, the air movements in the building
(interzonal air flow). Both aspects were studied which involves model calculations and in-situ
experiments, some of them in collaboration with other participants to the project.

II. Progress achieved including publications

.1 In situ studies: selection and evaluation of mitigation techniques for radon
reduction in dwellings

A large part of the project was devoted to in-situ studies. Three Belgian dwellings were
investigated one located in Court-St-Etienne, one located in Olen and the last one in Visé.

The objective of these experimental studies was to define and evaluate remedial techniques and
to achieve a better understanding of the radon transport These three studies deals, among
others, with the questions about the choice of the parameters to be measured in order to define
appropriate remedial actions. Indeed, parameters related to the characteristics of buildings, to
their use and to the occupant behaviour, as well as the characteristics of the soil, play a role of
first importance and strongly complicate the problem This complexity is at the root of the
difficulties which arise when defining and applying suitable corrective measures, and justifies
that research activities are developed on the topic

The Visé dwelling has been the subject of several investigations, including a study of the inside
air movements with tracer gas techniques This comprehensive study provides a good example
illustrating the scientific approach followed for tackling radon problems in dwellings with the
most appropriate technique and will be therefore presented with some details in this final
report. Both other case studies are more succinctly reported

a) A case study in Visé

The building

Figure 1 shows a sketch of the ground floor of the Visé dwelling. It consists of two old
buildings a house dating from the beginning of the 19th century and an annex built in 1938
The annex is mainly composed of the kitchen and of the play-room. The ground floor rooms
are built either on basements either on the soil Figure 1 allows to see that the basements only
cover 30 % of the total ground floor area. Each basement has a vent. The first floor consists
of two bedrooms, a bathroom and a hall. The second floor corresponds to the attic used as a
lumber room. When visiting the dwelling, it can be quickly noticed that the building is poorly
airtight and presents visible airtightness defects among others on window-frames, particularly
at the first floor, and at the roof level
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Figure 1 - The Visé dwelling - Sketch of the ground floor

Radon concentrations

Radon concentrations up to 4500 Bq/m’® were measured in the occupied rooms of this dwelling
while concentrations of 10000 Bg/m® were found in the cellars. It is interesting to mention that
the measurements performed in the closest neighbouring dwellings revealed radon
concentrations between 50 and 150 Bq/m3 which is below usual action levels and, in
comparison with the studied dwelling, very low

Evaluation of some building charactenistics

It has been recognised that determining the characteristics of the building is an essential step to
define, with the highest probability of success, appropriate corrective measures In practice, it
is important to choose the minimal number of parameters sufficient to manage with success the
choice of the most appropriate corrective measure With this respect, it seems to us that the
parameters connected to the airtightness of the building (airtightness of the envelope but also
of certain rooms in particular) are among the most important ones Indeed, airtightness seems
to play an important part in relation with the different corrective techniques of which main
principles can be found in the literature (I, II and III) sealing of entry routes, techniques based
on ventilation and techniques aimed to reverse the radon driving pressure difference.

The important findings resulting from the measurements and inspections performed can be
summarised as follows

— The cellars probably play an important role since there is no ground covering and many
entry routes exist between them and the rest of the building

— Nothing allows however to state that these cellars are the only radon entry paths in the
building since radon can also enter directly in the other rooms in contact with the soil.

— The building is not very airtight and therefore is submitted to quite high ventilation rates

— As well the airtightness of the cellars is very poor but it seems possible to highly improve it
at low cost
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— The dwelling being located along the river Meuse, it is possible to find river gravel when
digging the soil

Choice of an appropriate mitigation technique

Since a lot of entry routes were detected between the basements and the rest of the building, a
first logical action is to reduce them as much as possible In view of the very high radon
concentrations measured, it is clear that this first step is certainly not sufficient but it will
nevertheless helps to diminish the radon ingress into the dwelling and therefore increase the
efficiency of other possible techniques

Active remedial techniques are generally categorised in two groups: the ones which are based
on the building ventilation and the ones based on the reduction of the radon entry rate from the
soil. As the evaluation of building characteristics showed that the airtightness of the building
and of the different rooms was poor, the building is already well naturally ventilated
Considering the high radon concentrations measured, reducing them to an acceptable level
would result in huge ventilation rates. Therefore, the techniques based on building ventilation
were not retained

In order to reduce the radon gas entry from the soil, one must inverse the pressure gradient
which can be achieved either by increasing the pressure in the rooms in contact with the soil
(room pressurisation technique) or by decreasing the pressure in the soil (soil depressurisation
technique) The pressurisation technique can only be applied in rooms which are quite airtight
Otherwise, the air flow rates needed to increase sufficiently the room pressure would be too
high Therefore, this technique could only be applied in the two basements Indeed, the entry
paths getting indoors and outdoors were well localised and the airtightness of these rooms
could be sufficiently improved. However, this technique will only have a favourable influence
on the radon concentrations measured in the rest of the dwelling if the two basements are the
only rooms through which radon enters. In the opposite case, all the other lower rooms
through which this gas could enter will also have to be pressurised This seems difficult in the
prevailing case considering the bad airtightness of the building and the type of rooms which are
to be processed.

Soil depressurisation technique was finally chosen. This technique allows in principle to
prevent radon ingress through entry paths situated in all the lower rooms and this without that
it is necessary to modify the airtightness characteristics of the building envelope. Moreover,
some gravels could be found since the dwelling is located near the river "Meuse" which could
increase the soil permeability hence the probability of success

Evaluation of the chosen corrective technique

A sump was realised in the cellar beneath the living room, near the left lower corner of this
basement so as to obtain the more central position with respect to the whole dwelling.

The pressure field extension was estimated by looking at the pressure difference between the
soil and the other cellar only a few tenth of Pascal were measured

Despite the very weak pressure field extension, the radon concentration measurements
performed to evaluate the efficiency of the remedial technique provided values lower than 100
Bqg/m’ in the occupied rooms

It can therefore be concluded that the selected method proves to be efficient in spite of a weak
pressure field extension, and in spite of the absence of an airtight covering on the soil of the
basement where the suction point is located In opposition to what is sometimes stated, it
seems not always necessary to create high pressure differences between the soil and the interior
of the building at each point. A depressurisation of the soil of some tenths of Pa in points
distant from the suction point, showing that there is an effect linked to the suction, seems to be
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largely sufficient This conclusion confirms some findings concerning the effectiveness, in
difficult situations, of the soil depressurisation technique applied in the UK (IV).

Radon entry and transport inside the dwelling

The above conclusion concerning the effectiveness of the soil depressurisation in difficult
situation would have to be reconsidered if the soil of the cellar beneath the kitchen was
presumed not to act as a radon source for the dwelling

Tracer gas measurements were performed to make a final evaluation of the SSD technique
implemented in the dwelling and to validate the use of tracer gas for studying radon transport

Living room
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Figure 2 - Predicted and measured radon concentrations in the living-room

Two tracer gases were used simultaneously N,O was injected in the cellar situated beneath the
living-room, while SFs was injected in the cellar beneath the kitchen. The injection was
adjusted in function of time, in order to maintain a constant concentration in each of these
cellars The concentrations of each one of these two gases were measured in the cellars and in
each room, in function of time

From the tracer concentrations in one specific cellar and one specific room, one can calculate a
"pollution index" which represents the amount of air in the room which comes form the cellar
Both pollution indexes (for both cellars) were evaluated in the seven rooms. Knowing the
radon concentrations in both cellars, one can predict the radon concentrations in these seven
rooms However, this calculation makes the implicit assumption that all the radon found in the
rooms comes from the cellars If it was not the case, no agreement would be found between
predicted and measured values Figure 2 shows the predicted and measured concentrations in
the living-room As it can be seen, the agreement between both concentrations is quite good

On the one hand, the overall analysis shows that. the two cellars behave as important source
rooms, the building can be divided in two parts, each of them dominated by one source room,
there is no other major source room in the dwelling.

On the other hand, the tracer gas measurement performed confirmed that the SSD technique
was successful in reducing the radon concentration in the occupied rooms in spite of the weak
pressure field extension

A detailed description of this study can be found in [10].
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b) A case study in Court-St-Etienne

The Court-St-Etienne dwelling is another building with high radon concentrations (several
thousands Bg/m? in occupied rooms)

Before contacting BBRI, the inhabitants had installed a subsiab natural ventilation system but
without achieving a reduction of the radon concentrations The pipes installed by the
occupants were used to install and evaluate the active sub soil depressurisation technique, in
spite of the existing difficult conditions. very bad airtightness of the slab, clayey soil, installed
suction pipes placed at an unfavourable position. The pressure difference between the soil and
the house measured far from the suction pipes indicated that the pressure field extension was
weak. In spite of that, the radon concentration measurements proved the remedial action was
a success

A detailed description of this study can be found in [4].

¢) A case study in Olen

The Olen dwelling is a building in which radon concentrations of several Bg/m* were
measured An investigation carried out by the CEN-Mol (team of H. Vanmarcke) showed that
the soil situated under the veranda would be the main radon source After visual inspection, a
soil depressurisation technique was chosen owing to the characteristics (among others the
airtightness) of the veranda. This remedial action proved to be very efficient in reducing the
radon concentrations in the dwelling More information can be found in {6].

d) Conclusions

The lessons that can be drawn from these in-situ studies concern the results of the
measurements of the radon concentrations, the procedure followed to define the adequate
corrective measures, the soil depressurisation technique itself, and, finally, the use of tracer gas
for evaluating radon transport in dwellings

Regarding the radon concentrations, an interesting result is the difference between the values
measured in the Visé dwelling and the neighbouring dwellings. This confirms that it may be
misleading to generalise conclusions based on the study of a very limited sample of dwellings

Regarding the procedure which led to the choice of the soil depressurisation technique, it is
important to point out that the investigations made allowed to choose, at the first attempt, the
right method to apply (at least for the Visé and the Court-St-Etienne dwellings) It is tempting
hence to state that these success shows in a certain way that the parameters related to
airtightness are of the highest importance to determine the appropriate corrective techniques

An important conclusion related to the soil depressurisation technique is also to be drawn from
this studies - it seems that in contrast to what is sometimes said, it is not always required to
create great pressure differences between the soil and the interior of the building at each point
A depressurisation of the soil of some tenths of Pa, showing that there is a an effect linked to
the suction, seems to be largely sufficient in points distant from the suction point. It must also
be added that this technique proved efficient without being necessary to put an airtight
covering (concrete or plastic sheet) on the soil of the basement where the suction point was
located. This also goes against some principles concerning this method

Finally, tracer gas techniques proved to be very efficient in assessing radon transport within
dwelling
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1.2 Soil gas movement modelling

The radon gas movement in the soil depends on various phenomena advection, diffusion,
decay, emanation, etc. The complete study of the problem leads to transport equations which
involves a lot of material characteristics (material porosity, diffusion coefficient,
permeability, .) These can vary in the space and should, for the sake of exactness, be known
at each point of the studied system Fortunately, the characteristics of the same layer of
material (concrete, clay, sand... ) take generally similar values at every point. But, all the same,
one has to know the geometric configuration of the layers forming the system and the
properties of each of them. We believe that such models are very important to understand the
radon transport within the soil but are too complex to be used in the definition of mitigation
techniques in the field (for cost and time consumption reasons)

However, simplifications can be made which makes it possible to use soil gas modelling more
widely, especially in the framework of mitigation techniques Commonly used simplifications
consist in neglecting other transport phenomena than the advection and assuming laminar air
flows in the soil (V). A linear relation is then found between the pressure gradient and the soil
gas velocity, the so-called Darcy’s law, taking account of only one material characteristic, the
permeability The assumptions made are perhaps quite severe but more complex models would
require material characteristics which are in most cases not available It should be noted that
even permeability values are difficult to estimate in practice and that only order of magnitude
can generally be given In particular, Bell P and Cripps A. pointed out that the permeability
could vary with the flow path length (VI).

Since Darcy’s law is linear, the finite difference codes which solve any kind of linear flow
models can be used The code TRISCO (VII) was used within the framework of this project.
This approach appears to be well suited for the design and the evaluation of soil
depressurisation remedial actions (V). It should be noted that in the case of soil
depressurisation techniques, the assumption consisting in neglecting diffusion transport is
certainly valid since the advection is forced by the fan However, air velocities being high,
Darcy’s law must be used with care In the case of natural convection, it is not clear whether
diffusion can be neglected or not but the low velocities encountered are more likely to follow
Darcy’s law

a) A user friendly simulation tool intended for architects

The use of most of the finite differences or finite elements programs is not evident for non-
specialists, and this as well with respect to the understanding of the sofiware as with respect to
the collection of the input data and the interpretation of the results

Therefore, the Belgian firm Physibel developed in 1992 a software package allowing to
develop a so-called ‘atlas of thermal bridges’ KOBRA (VIII) The software in combination
with a useful atlas of building details should allow architects, building contractors, engineers,
to evaluate in a very simple way the importance of certain thermal bridges as well as the impact
of certain modifications

The development of such atlas is a huge task Therefore, BBRI brought organisation of 7
countries together for developing a European atlas. This project at present receives support
from the EC-DGXII SAVE program
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Figure 3 - Evaluation report of the KOBRA software

Given the similarity between heat flow by conduction and laminar air flow processes in the
ground, the concept could be used for the problem of radon transport in the ground The final
product would be a collection of construction details frequently encountered in the framework
of radon problems The end user could easily adapt all parameters (size of different elements,
permeability, pressure at boundaries, .) and get immediate results

Some construction details relevant for the evaluation of soil depressurisation techniques were
introduced in the software. Figure 3 gives an example of evaluation report that can be
obtained

The current version of KOBRA handles only 2 dimensional details which could be a serious
limitation in the case of soil gas modelling It is however intended to enlarge the thermal
bridge atlas to 3 dimensional details which are more relevant for the evaluation of radon
transport in the ground, especially for the modelling of sub slab depressurisation mitigation
technique

b) Soil gas modelling in the SSI test house

In collaboration with SSI, a model was developed to simulate radon infiltration from the
subfloor of one test house of which the ground composition is quite well known Figure 4
shows a 3D view of the model

The objective of the modelling exercise was to calculate the amount of air flowing from the soil
into the crawl space Knowing the radon concentration in the soil, it is then possible to
determine the radon flow rate into the dwelling The obtained results are compared with the
measurements performed by SSI (Hubbard L , project 7).

Let us note that, in this case, the convection is natural which means that diffusion plays
perhaps a not negligible role in the transport but is not taken into account by the model
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Figure 4 - Soil gas modelling in the SSI test house - 3D view of the foundation model

Figure 4 shows also the isobars in the soil calculated by the model The calculated total flow
resistance between the crawlspace and the outside is equal to 2.0 10* Pa.s/m’

SSI has measured an average (15 days) source strength to the crawlspace of about 4 1 By/s
using passive tracer gas technique in combination with radon concentration measurements

On the same measurement period, the average radon concentration in the soil under the house
was about 34000 Bq/m® and the pressure difference between the crawlspace and the outside
was about 2 8 Pa Using those values with the soil model yields a source strength of 4 7 Bg/s
to the crawlspace which is in very good agreement with the measured value when thinking of
the numerous assumptions made

It can be concluded that the use of a finite difference code which had already proved to be well
suited for the design and the evaluation of soil depressurisation remedial actions (V), was also
able to estimate the gas flow rate from the soil into a crawlspace under natural ventilation
conditions

Besides, two other simulations were performed with altered values of permeability so as to
evaluate their impacts on the gas flow rate. The results showed that the permeability of the
clay layer had a little impact on the calculation a variation of 2 orders of magnitude entails a
varation of only 5% on the calculated gas flow rate. On the contrary, variations of the
permeability of more permeable layers (sand in this case) have almost a proportional effect
which means that the uncertainties on the soil permeabilities in practice have a strong impact
on the simulation results

This study is described in detail in [11}

¢) State-of-the-art document

A part of the work during this working period was dedicated to the synthesis of what is
achievable with the available modelling tools and how to collect the necessary input data This
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results in a document (“Air flow related modelling aspects in the context of radon problems in
dwellings an overview of the state-of-the-art”) intended for non-specialist person involved in
the radon research At the present stage, a working draft version is available
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Head of project 5: Dr TK Ball
II. Objectives for the reporting period

The aims and objectives of the project were: to develop radon potential mapping
techniques, to investigate the roles that existing geological and geochemical data sets; new
measurements of soil and bed-rock radioelement concentrations; and in particular the
determination of soil gas radon levels, might have to the efficient recognition of zones of high
radon values in houses. As well as understanding the factors influencing the generation of
radon from the ground the relationship with house levels was to be determined. Field areas
were chosen to combine a high density of house measurements with geological features
typical of an European context. The areas were underlain by a variety of rock types and in
glaciated and non-glaciated regions. The glaciated areas are characterised by being both
glacially eroded, with relatively minor areas of glacial deposition and also representative of
major areas of glacial deposition. Such work is complementary to studies in the more heavily
glaciated regions of Sweden, and would typify the situation in many European countries
which were at or near the limit of glaciation, mostly to the area south of the Baltic Sea.

Geochemical data were collected in Spring-Autumn 1992 for Somerset and
Spring/Autumn 1993 for Derbyshire, where large house data set were available for
comparison. Field work was undertaken in late Spring 1994 in Scotland and Northern
England.

II1. Progress achieved during the Reporting Period

SOMERSET

Somerset adjoins the designated radon affected counties of Cornwall and Devon, and
a large NRPB housing data set was available. Rock types ranging from various limestones
through calcareous shales to clays, and relatively unconsolidated sandstones to competent
sandstones and shales, were available for testing. The rocks are characterised by a small range
of uranium concentrations but a wide spread of bed-rock permeabilities. This contrasts with
Derbyshire and Northamptonshire where the uranium concentrations were more widespread.
Somerset was south of the limit of ice during the Pleistocene and retains many of the
erosional features which predated this period. Head, formed under periglacial conditions,
mantles much of the area, but is absent or sparse on limestone terrains. It is an unstratified
or poorly stratified accumulation of rock fragments of local origin, mantling high ground but
often transported by solifluction onto valley slopes and bottoms. Another common overburden
is valley terrace deposits. These line river valleys at a higher level than the current flood
plain. Since the area has an extensive coast-line there are also thick deposits of estuarine
alluvium in low lying coastal areas, and which extend inland. Estuarine alluvium is clay
dominated and relatively impermeable. There are also thick deposits of peat underlying large
areas of low ground. Overlying the Cretaceous Chalk there is commonly a residual overburden
deposit: Clay-with-Flints. This is of varying age but is characteristically much more
uraniferous than the parent chalk.

The field work took place during September 1992. Soil gas surveys and geological
data have been compared with the NRPB house data set. By considering the permeabilities
and the radon in soil gas values a reasonable relationship exists with the percentage of houses
above the action level. This relationship enables the geochemical data to aid the identification
of areas of high radon potential where house data are absent or sparse, and to advise on the
construction of contours for maps based upon house data.

Considerations of the aquifer characteristics of the bed-rock give an indication of the
permeability to fluids passing through the bed-rock and hence give an indication of the likely
transport of ground gas. There are many aquifers, both exploited and potential, in the area and
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consideration, in any modelling exercise, must be given to the characteristics of these. The
properties may be summarised:

Granular aquifers. Primary porosity, fairly homogenous, isotropic, Darcy's Law
applies, flow is slow and laminar.

Fractured rock aquifers. Secondary permeability along joints, bedding planes
and faults. Less homogenous and isotropic but depends on scale. Darcy's law sometimes
applies, flow may be turbulent.

Karst aquifers. Ternary permeability by solutional enlargement of fractures.
Inhomogeneous, anisotropic, Darcy's law does not apply. Flow is irregular and almost always
turbulent.

Generally the aquifers are separated from each other by aquicludes. The main
aquicludes are clay bearing formations, although some sandstones have properties which
similarly prevent the rapid flow of fluids.

The main granular aquifers are the sandstones such as the Upper Lias Sand
Formations. Fractured rock aquifers are typified by the harder sandstones such as those in the
Coal Measures or some of the least karstified limestones.

Karstic Aquifers are represented by the major limestone units. The Carboniferous
Limestones in particular have extensive cave systems, whilst many of the other limestones
show evidence for small scale karstic and epi-karstic development.

It is clear that there are some rocks which show characteristics common to several
aquifer types. The Lower Cretaceous Chalk deposit, for example, is a highly porous rock but
the necks of the pore spaces are so small that there is little transfer of fluids between the
pores. Because of the slow flow of water in this regime the main migration route for radon
in the bulk of the rock is by diffusion, but the distances in water are relatively small, being
limited to about 10 cms. There is thus little transport of radon in the granular regime. The
Chalk is however an excellent aquifer because it is mainly a fractured rock aquifer. The radon
content of the groundwater therefore reflects the radon emanating from the walls of the
fractures. The fracturing is irregular and tends to occur in zones. Some of these fractures are
enlarged by karstic processes. Radon in overburden gases reflects this inhomogeneity, with
a wide spread of values reflecting the variable nature of the fracturing.

Some of the geological formations are typified by mixed rock types. For example the
Lower Lias ranges in composition from a relatively pure limestone near the northern limit
through to dominantly clay with sparse interbedded limestone in the south of the county. An
element of judgement is thus necessary in assigning a radon potential to areas underlain by
this rock type.

Where there are sufficient houses (>80) house radon distribution values for geological
formations in general approximate to the lognormal rule and identify unimodal populations.
There is a good relationship between the actual percentage of houses above the Action Level
and the percentage expected from the distribution data. Two of the formations show
bimodality. The Yeovil Sand Formation (in the Upper Lias) for example can be divided into
two lognormally distributed populations with means of 25 Bg/m’, accounting for 90% of the
data, whilst the remainder has a mean of 125 Bg/m’. The only other formation with strong
evidence for bimodality is the Morte Slates within the Devonian. The data for this formation,
can be resolved into two components; the upper 5% having a mean of 370 Bg/m®, with over
99% of this sub- populatlon being above the action level, whilst the remainder has a mean
value of 40 Bq/m and with 0.5% expected to be above the action level.

A comparison between the geological assessment of the individual rock types with the
actual data obtained from the housing survey is given in Table 1. Because the individual
housing data are confidential it is only possible to assign a rock type to the data in general
terms, and houses are not included in such a data set if the positioning is ambiguous. A small
inbuilt bias is thus introduced since houses positioned near the junctions between rock
formations are thus under-represented. The classes used relate to: High, where 10% or more
of houses are above the Action Level. Moderate, where 1%-10% are above the action level.
Low-+ where it is judged that the potential is low but there may be isolated high values. Low,

-3115-



where <1% are affected. Agreement is generally good despite the small populations available
for certain rock types. The greatest disagreement is with the Cornbrash, which is a clay rich
ferruginous limestone. Moderate levels of radon were observed in related soils and the nature
of the rock type indicates moderate permeability. However the housing data indicates that less
than 1% is affected.

DERBYSHIRE

The county of Derbyshire has contrasting uranium levels in the bed-rock and also
contrasting permeabilities. The logistics of extending out from the well surveyed Chapel en
le Frith area, mapped in the first round, to include similar lithologies in neighbouring areas
and hence to develop procedures for covering larger areas more efficiently, were studied.
A simplified geological map for Derbyshire and adjoining areas is given in Figure 3. The
oldest rocks are the heavily karstified Carboniferous Limestones with included basic igneous
rocks. These generally have low uranium levels (commonly 1-2ppm) but the uranium bearing
minerals are often widely disseminated or are in low density components of the rocks. The
specific surface area of the uranium bearing phases is often large and radon can be generated
from the mineral host with great efficiency. Some of the marginal limestones are uranium
enriched.

The limestones are overlain by Namurian rocks the basal members of which are highly
radioactive black shales. The main part of the succession however comprises a sequence of
thick shales and sandstones with average uranium concentrations. These are overlain in turn
by the Coal Measures (= Westphalian): a cyclothemic sequence of sandstones, shales, seat-
earths and coals. In places, especially in the Lower Coal Measures, the sandstone units are
thick and abundant. Highly radioactive "Marine Bands" occur sparsely within the Namurian
and Westphalian Strata.

The rocks were folded uplifted and eroded prior to the deposition of Permo-Triassic
rocks. In the east the first representative of these periods is the Magnesian Limestone.
Elsewhere the lower beds belong to the Sherwood Sandstone Group (= Bunter Sandstones)
overlain by marls of the Mercia Mudstone Group (= Keuper).

The whole region was glaciated during the Pleistocene. Since the area is largely upland
the main part underwent glacial erosion, with deposition on the lower ground, which is mostly
underlain by the Permo-Triassic rocks. In the high ground glacial deposits are mostly valley
confined fluvio-glacial, comprising sands, gravels and terrace deposits..

Limestones are the most important radon generators in the region. The Permian
Limestone, which is karstified but to a smailer extent than those in the Carboniferous, shows
lower levels of radon emanation, which is also reflected in houses. On the basis of the
geochemical sampling, predictions were made for radon characteristics of the rock types and
then these indications were compared with the house data. The clay rich rocks in the south
of the area were predicted to have little radon potential and this remains so. However there
are small area sub-environments which have a higher potential.

The sandstones in the Namurian and Westphalian are fractured rock aquifers and
despite having low levels of uranium, much of this is disseminated in the cement surrounding
the individual sand-grains. They are consistent moderate generators of radon.

Radon from the shales of the Namurian and Westphalian conforms with their uranium
concentrations. The highest levels occur over shales (Edale Shales) in the lowermost part of
the Namurian and over marine incursion horizons higher in the Namurian and the
Westphalian.

The whole area was glaciated with erosion in the high ground but with glacial and
fluvio-glacial deposition in the low lying areas.

Radon in houses is related to the geological features. Most of the geological units
show a strong unimodal lognormal distribution of the data. There are exceptions, e.g. where
the houses overlie unconsolidated overburden, the data either fits very poorly to a lognormal
distribution or fits better to a normal distribution.
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The geological map of Derbyshire and the surrounding area has been recast to show
the potential for radon to be produced in the areas underlain by the individual rock units
(Figure 3).

a). Boulder Clay

In Derbyshire the main glacial deposit is Boulder Clay, a form of ground moraine produced
by the comminution of rock. It is usually a stiff tenacious clay containing sub-angular blocks
of various sizes. It forms a mantle of centimetres to several metres thickness. The deposit is
usually locally derived although it may contain large erratic blocks from a distance of several
kilometres.

The nature of the deposit is one of low permeability. It would be expected that this
deposit would reduce the flow of ground gas and provide an effective restraint on radon
entering buildings. The average ratio (Houses affected on Bed-rock / Boulder Clay) is 14.6
but the range is 2.5 to 25. The largest ratios are for the sandstones and gritstones, the lowest
for the shales where the permeability difference is smaller. Only two limestone units have
sufficient houses also underlain by Boulder Clay for statistically valid comparisons.

However there are rare and isolated occurrences where the presence of Boulder Clay
enhances the radon problem. Boulder Clay over some of the Sherwood Sandstone units
appears to generate high levels of radon. This is shown in houses in Derbyshire, and from soil
gas and total radon emanation studies in the adjoining area to the west of Derbyshire.

b). Head.

The effect of Head in increasing the radon flux from the ground was noted for the Somerset
area which was south of the glacial front. In that region Head is likely to have formed over
a long period in response to separate events during the whole of the Pleistocene. Because the
whole of Derbyshire was glaciated, Head is likely to be much younger and consequently less
mature than in Somerset.

Where Head is found on sandstones and grits the effect is to enhance the radon levels
in both houses and in soil gas. The presence of Head over the shales reduces the effect of the
shales in general, although local geomorphology has a profound effect.

In upland areas downhill movement of Head means that the Head found on certain
horizons reflects the properties of the rocks further uphill rather than the rocks on which the
Head is presently found. For example the highly uraniferous Edale Shales has Head derived
from the much less uraniferous overlying Mam Tor beds which are mixed sandstones and
shales, and this is reflected in the radon levels in the soils and in houses, and so on.

In Somerset the land forms were such that Head developed upon the Mercia Mudstone
remained on this rock unit, the resulting higher permeability caused an increase in the radon
component of soil gas and was also reflected in houses. We have only 4 examples of houses
on Head on the Mercia Mudstone in Derbyshire and of these, two are above the Action Level.

Generally speaking therefore Head as a deposit underlies a high proportion of affected
houses and although the affect clearly varies with bed-rock type and provenance its presence
is certainly cause for concern.
¢). Alluvium.

Alluvium varies in grain size but in the Derbyshire area is generally coarse, from sand size,
upwards. Alluvium has been shown to emanate modeérate to high levels of radon, because of
its high permeability, and this is reflected in high radon in house measurements.

GLACIAL DEPOSITS IN SCOTLAND AND NORTHERN ENGLAND.

The following specific glacial features were investigated:

a)._Eskers occur when river channels are formed beneath the ice of a valley glacier or ice-
sheet. The beds of the rivers are filled or partly filled with sand and/or gravel. When the ice
disappears the gravel remains to form a ridge which can extend for several kilometres.
Usually it forms a pronounced feature above the surrounding more subdued glacial deposits.
In the heavily glaciated areas of Scandinavia the eskers may be several tens of metres high
and high levels of radon are often found in buildings constructed on the eskers. Mostly the
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affected eskers in Sweden are composed of granitic debris which has high radon emanation
characteristics.

The purpose of the current investigation was to examine some eskers in Southern
Scotland and in Northern England. The geology is complex in both areas but the rock types
making up the eskers are different to those which provide high levels of radon in Sweden.

Generally we can conclude that eskers in Britain seem to generate low to moderate
amounts of radon but, because of the high permeability, it is expected that some houses built
over eskers would be affected by radon ingress. However eskers in Britain are relatively
unpopular sites to live on, often with steep slopes and insecure foundations to buildings, so
that the proportion of dwellings as part of the overall housing stock is low.

b). Terminal Moraines are formed at the fronts of valley glaciers or ice sheets. They usually
have a high proportion of coarse material with high permeability as a consequence. They are
arcuate usually and frequently form when there is a temporary standstill during glacial
recession.

¢). Ground moraine, Fragments of rock which find their way into the bottom of glaciers by
falling down crevasses, together with other fragments plucked from the floor of the valley,
are dragged beneath the ice to form ground moraine.

The high likely permeability indicates a potential for high radon emanation. However
the amount of radon is dependent upon the composition of the morainic material. In terminal
moraines or where the morainic debris is particularly thick the included material controls the
amount of radon generated. Very high levels of radon emanate from uranium specialised
granite debris whilst there is a reduced amount obtained from less uraniferous rock-types.
d)._Boulder Clay is a form of ground moraine. It obscures much of the solid geology of
Eastern, Central and Northern England and most of Lowland Scotland.

Generally Boulder Clay reduces the effect of radon from the underlying bed-rock. It
usually has a high clay content and consequently the dominant effect seems to be that it forms
a relatively impermeable blanket over the bed-rock. There are some circumstance where it
may be envisaged that the effects may be to increase the level of mobile radon where there
is an especially permeable substrate. High radon emanation measurements from soil samples
as well as elevated radon values in dwellings occur where there is a combination of Boulder
Clay over the Sherwood Sandstone Group (a highly permeable granular aquifer). If the
Boulder Clay contains debris from uraniferous shales then the presence of a limestone
substrate may increase the radon values in soils.

The Peterhead Granite in Scotland is covered by till, some of which is from the sea
(noted as Coastal Drift) and some from Inland (Inland Drift). The Inland Drift, which has a
higher proportion of material derived from the granite, emanates significantly higher levels
of radon.

PARTS OF NORTHAMPTONSHIRE

A very extensive house data set became available for parts of Northamptonshire. The county
is close to the southern limit of the ice sheets during the late Pleistocene. This house data set
has been analysed with particular regard to the relationship between the bedrock and
overburden geology. The house data were analysed in relation to geological features. Two
adjoining geological survey sheets (Northampton and Wellingborough, Figure 1) have been
examined. Large numbers of house surveys for radon were available for these sheets.

The Northampton Sand Formation (worked in places for iron ore) produces the highest
levels of radon with about 24% of the houses exceeding the Action Level in the
Wellingborough area, but this reduces to about 8% on the Northampton Sheet. This difference
is concluded to be due to the presence of the so-called "Variable Beds" which forms the upper
portion of the Northampton Sand Formation in the Northampton area but are largely missing
from the Wellingborough area. The Variable Beds are well indurated with low radon
generation and transmission properties.

In an area with low dips and interbedded hard and soft rocks the hard rocks underlie larger
areas than would be expected from their thicknesses alone. Because of the better load bearing
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characteristics, the harder rocks also have more buildings on them than the softer rocks.
The Jurassic rocks in the area are of Shelf Facies and show considerable lateral facies
variation. This is exemplified by great changes in thickness over short distances and variation
in the rock types encountered in each geological formation. Limestones with their high
permeability are potent emanators of radon into the gas phase despite their generally low
levels of uranium. However thickness is also a factor, there must be enough gas phase present
to be drawn into buildings and then generate a problem. Thin limestone units enclosed in
clay-rich rocks therefore present less of a problem than thick limestone units. One unit (the
Blisworth Limestone) is thicker in the Wellingborough area than in Northampton and the
proportion of affected houses is higher (4.5% against 1.2%).

Clay rich rocks in the area are not free from radon problems with the exception of the
Oxford Clay. The other major units all have house data-sets with more than one percent of
the houses affected.

Generally Boulder Clay in the Northampton area, just as elsewhere, reduces the effect
of the radon emanating from the underlying bed-rock. The reduction is greatest for the
Blisworth Limestone (1.2%>AL, Boulder Clay on Blisworth Limestone <0.01%) and in this
case the data set is sufficiently large that, in terms of the legislative classification, the boulder
clay areas could be treated differently to the un-glaciated areas.

The same argument may be applied to the Middle Lias Silts and Clays (3.79%>AL,
compared with 0.9%>AL for the Boulder Clay covered areas). The other rock types either
have too few houses over the Boulder Clay covered areas or show such a small difference to
the "bare" rock as not to require a different classification.

CONCLUSIONS

The main controls on radon generation from bedrock are permeability, uranium content and
mineralogy and these conclusions are substantiated for the main part of the investigations. The
major bedrock types giving rise to problems in houses in the UK may be classified in
descending order as granites, limestones, sandstones shales. The granites mostly because of
their high uranium content and fracture permeability; the limestones because of their high
permeability and widely dispersed uranium distribution; the sandstones because of their
fracture and granular permeability. The shales only produce high radon where the uranium
content is high.

In general terms the ground moraine producing the Boulder Clay deposits reflects the
immediately underlying bed-rock. This is not altogether surprising since much of the morainic
debris would be locally derived.

Superficial deposits should not be treated as an unit. It would be misleading to include,
for example, all of the Boulder Clay in one data-set. One should always relate the superficial
deposits to the bed-rock.

Detailed subdivision of certain areas and geological formations means that the
geological map may be used with considerable confidence for predicting radon risk even in
the absence of site investigations. However because of lateral facies variation in areas of shelf
facies rocks conclusions drawn for one area should be used with caution when extrapolated
to adjoining areas. What results apply to one geological map sheet may not apply to others,
and even contiguous areas show very marked differences in the proportions of affected houses
over apparently the same rock type.
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Table 1.Relationship between actual and predicted house data.

Lithology Radon Radon | Number % > Predicted % Predicted Mean Geo-
Minimum ] Maximum AL. Lognormal Geological mean
Peat 10 44 7 0.00 0.13 Low 22 18
Head on Mercia Mudstone 10 120 15 0.00 2.00 Moderate 46 36
Head 10 500 258 2.72 3.00 Moderate 63 45
Burtle Beds 10.68 135 13 0.00 0.90 Low 37 29
Blown Sand 10 89 20 0.00 0.01 Low 19 16
Alluvial Cone 59.14 88 13 0.00 0.01 Low 41 37
Marine/Estuarine Alluvium 10 85 59 0.00 0.01 Low 24 20
Valley Gravels 11.5 388 115 2.61 2.00 Moderate 45 32
Alluvium 10.07 468 80 2.50 1.70 Moderate 51 36
Clay w. Fiints 15.39 224 20 5.00 6.00 Moderate 91 61.11
Upper Greensand 10 342 63 12.70 9.00 High 83 57
Oxford Clay and Kellaways Beds 10 87 32 0.00 0.15 Low 26 21
Cornbrash 10 93 37 0.00 0.40 Moderate 32 26
Forest Marble 10 168 99 0.00 0.15 Low 28 21
Fullers Earth & FE rock 10 242 35 2.86 1.60 Low + 41 29
Inferior Oolite 10 357 61 11.48 13.00 High 110 63
8dry. Dolomitic Conglom. 66.45 353 4 75.00 50.00 High 242 204
& Inferior Oolite
Yeovil Sands 10 263 174 1.72 0.60 Moderate 38.42 28.9
Midford Sands 10 566 17 23.53 26.00 High 154 81
Junction Beds 10 88 29 0.00 0.15 Low 41 35
Pennard Sands 10 162 187 0.00 0.10 Low 28 23
Middle Lias 10 136 28 0.00 0.25 Low + 37 31
L/M Lias Silts/Maris 11.11 101 17 0.00 0.30 Low 38 32
Lower Lias(Blue Lias) 10 1163 1122 6.24 6.00 Moderate 74 47
Littoral Facies 17.7 867 49 28.57 31.00 High 181 127
White/Blue Lias 11.2 238 9 22.00 18.00 High 220 51
Rheatian inc. Penarth 10 285 42 7.14 4.00 Moderate 64 47
Blue Anchor Formation 10 62 16 0.00 0.02 Low 30 25
New Red Marls 10 337 371 0.81 0.30 Low 31 29
New Red Sst 10 343 83 2.41 1.00 Low + 43 32
Dolomitic Conglomerate 10 1007 46 2.30 6.00 High 74 47
Permo-Triassic Breccia 18.87 101 9 0.00 1.60 Moderate 33 25
Conglomerate
Lower Coal Series 10 67 12 0.00 0.05 Low 21 18
Hotwells Lst 119.63 303 4 25.00 44.00 High 184 171
Bamptom Lst Group 39.21 86 11 0.00 1.70 Moderate 59 52
Chfton Down limestone 10 232 14 14.00 11.00 High 80 56
Black Rock Lst 24.31 1291 22 22.73 28.00 High 192 101
tower Limestone Shale 10 307.4 8 12.50 10.00 High 74 45
Doddiscombe Beds 10.1 625 8 37.50 31.00 High 200 100
Pilton Beds 22.36 165 8 0.00 4.00 Moderate 59 41
Baggy Beds 18.33 298 13 7.6% 8.00 Moderate 78 55
Pickwell Down Beds 10 558 43 4.65 13.00 Moderate 100 61
Morte Slates 19.34 505 59 6.78 6.50 Moderate 83 61.2
Kentisbury Slates 32.21 129 6 0.00 6.00 Moderate 83 74
Brendon Hill Beds 36.89 264 [ 33.33 30.00 High 180 117
Leighland Beds 10 274 20 10.00 12.00 Moderate 82 55
Avill Group &Cutcombe slates 10 306 27 7.00 6.00 Moderate 66 47
Hangman Grit 10 127 12 0.00 1.50 Moderate 34 30
Lower / Middie Devonian 52.06 120 5 0.00 5.00 Moderate 83 79
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Head of project 6: Prof. Dr. R.J. de Meijer.
2 Objectives for the reporting period

The role of building materials with respect to the indoor radon concentration is twofold
namely, building materials produce radon and thus are a source and building materials
may act as a barrier for radon. The objective of this project is to obtain better understan-
ding of the processes that are responsible for the production and transport in building
materials. This will contribute to the development of both efficient reduction measures for
radon entry form the soil and low-radon producing building materials.

This objective will be met by the construction of an instrument to measure 1-
dimensional radon transport through building materials. With this instrument measure-
ments will be performed on radon production and transport from and through various
building materials. The results of these measurements will be compared with 1-dimensio-
nal radon transport models.

3 Progress achieved including publications

3.1 Introduction

Building materials play an important role in the magnitude of the indoor radon concentra-
tion. This role is twofold: building materials produce radon and as such are a source, and
they are a barrier for radon. Basically four processes contribute to the amount of radon

released from a surface,

1) diffusion of radon produced (internally) by the material;

2) diffusion of externally produced radon through the material;
3) advection of radon produced (internally) by the material and
4) advection of externally produced radon through the material.

In this case, externally produced radon designates radon that originates from the soil or
from other building materials. For a certain building material the relative importance of
the above-mentioned processes is determined by its characteristic parameters and by
ambient conditions such as,

1) air pressure difference over the surfaces of the material, this will determine the
magnitude of radon release by advection;

2) radon concentration difference over the surfaces of the material, this will determine
the magnitude of radon release by diffusion;

3) moisture content of the material, this will both effect diffusive and advective radon
release;

4) temperature of the material, this may effect the moisture content and thus indirectly

radon release.

To unravel the relative importance of diffusive and advective radon release systematic
measurements of the radon release rate for samples with different parameters and under
different and controlled ambient conditions are needed.

In this final report we present results of experiments on radon release, from a
sample of concrete using a first design of an experimental set-up. During these experi-
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ments some experimental difficulties with the set-up were encountered and we decided to
redesign the experimental set-up. First results with this improved set-up are also presented.

3.2 First design of the instrument

The first design of the experimental set-up was based on the following considerations:

1) As the measurements are compared with 1-dimensional models radon transport has
to take place along a straight path. This implies that the sample should be as
homogeneous as possible, meaning that variations in composition ought to be
minimized and cracks should be avoided. Moreover edge effects should be reduced
as much as possible.

2) Measurements have to be continued until equilibrium in the radon concentration is
reached since the mode! calculations are made for steady-state conditions.
3) To unravel the relative importance of the contributions of diffusive and advective

transport, experiments have to be carried out under a number of combinations of
concentration and pressure differences.

4) Advection should be restricted to flow of air through the sample; no air should
flow via the sealing along the edges of the sample.

5) Pressure differences over the sample ought to be constant, also during long-run
experiments of several weeks.

Based on these considerations a set-up was constructed that consists of a stainless steel
box closed off with a sealed lid (Fig. 1). The outer dimensions are 0.662x0.462x0.314 m>.
Inside the set-up a concrete sample (see Table 1 for sample characteristics) was placed on
a steel inner rim. The sample dimensions are 0.6x0.4x0.1 m>. These sizes are such that an
optimum is reached between the reduction of edge effects and the ease to handle the
sample. The sample divides the set-up in two compartments: in the lower compartment a
radon source may be placed, the upper compartment is used to detect the transported
radon. The sample itself is sealed by treating the side surfaces with an epoxy (Araldite).
The sample is sealed to the inner walls of the set-up by the use of an inflatable tube inside
a U-profile.

Bicycle tube

|_l_ Open connection
to outside air

Detection chamber

Coptrol
Source chamber unit
Valve
Sponge rubber Radon source supply
(optional)

Figure 1: First design of experimental set-up
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In the walls of the set-up ten multi-functional connectors are mounted, to be used for
pressure and radon concentration measurements, air supply and air outlet. For radon
concentration measurements two quasi-continuous, Lucas cell based monitors (PYLON
ABS5) are used. The monitors are programmed such that the air circulated via a filter for
one hour and registered the ®-counts for three subsequent one hour intervals. An algorithm
was developed to calculate radon concentrations from the count rate with a correction for
outplated progeny on the walls of the Lucas cell.

Table 1: Characteristics of concrete sample

intrin. perm. (specified) 1.3:10" m?

intrin. perm. (measured) < 1.9.10"7 m?

eff. diff. coeff. (measured) 6.6:10° m? s’

porosity 0.146
density 2260 kg m”
radium content 13.9 Bq kg

The pressure difference over the sample is regulated by an electronically steered valve.
With this valve pressure differences can be kept constant within + 1 Pa at 0 Pa and
+ 15 Pa at 1000 Pa. In the lid of the set-up one of the multi-functional connectors serves
as a narrow "free flow" outlet to ambient air. For the anticipated value of the permeability
the flow of air through the sample should be large enough for the system to be stable even
under rapidly falling barometric pressures.

3.3 Experiments with concrete sample

Eight experiments were carried out without a radon source in the lower compartment
(Table 2; #1-8), and with pressure differences over the concrete sample of 0 Pa (2x),
100 Pa, 300 Pa, 600 Pa and 1000 Pa (3x). Two experiments were done with a radon
source in the lower compartment (Table 2; #9-10), one with a pressure difference of O Pa
and one with 1000 Pa.

3.4 Discussion of results with first experimental design

It was found that in all experiments without a radon source the equilibrium concentration
in both compartments was approximately equal. During the experiments it was realized
that this result could only be explained qualitatively from the model if the observed flow
did not take place through the sample but along the sample due to limitations in the
sealing capacity of the inner tube. From a number of experiments in which we followed
the pressure drop in time, with the pressure control system off, we found an upper limit of
. 1.9 10" m? for the intrinsic permeability. This implies that our sample is at least a factor
1000 less permeable than ordered (value specified to the manufacturer was 1.3-10* m?).
Due to this extreme small permeability of the sample, leakage due to imperfect sealing
became magnified in importance. Therefore, we were not able to sensitively test the 1-
dimensional radon transport code. We have tried to simulate the data with optimized
parameters for the leak along the sample. In some cases reasonable agreement was
obtained, in others it was not possible to reproduce the measured values. Furthermore it
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was found that analysis could be strongly improved if the ventilation rates of the upper en
lower compartment are experimentally known. An additional difficulty, realised during this
phase of the project, is the fact that in the original set-up the ingrowth of radon may lead
to so-called "back-diffusion”, so that one does not measure the free-production rate
anymore. The latter rate is the quantity relevant to indoor radon concentrations.

Confronted with these difficulties we decided to redesign the set-up. Design criteria
for this improved set-up were that all flow rates should be controlled and measured and
the humidity around the sample should be controlled. The latter criterion was added
because the analysis of the data suggested that drying of the sample (and thus of its radon
release properties) may have occurred during the experiments due to the use of dry gas
flows.

Table 2: Equilibrium radon concentrations in source (s) and detection (d) compartment

# T(days) | AP(Pa) | Source | C(Bq m?) C,Bq m?)
1 ja1 0 - 1760 (70) 4860 (70)
2 10 1000 - 2800 (40) 3440 (50)
3 |1 1000 | - 2200 (40) 2930 (30)
4 |7 600 - 2540 (30) 3180 (50)
5 7 300 - 3040 (40) 3490 (60)
6 14 100 - 3780 (50) 3970 (60)
7 |22 0 - 4320 (40) 4140 (60)
8 14 1000 - 1780 (40) 3310 (60)
9 |34 0 + 114000 (3000) | 9660 (160)
10 23 1000 + 34200 (1800) 9300 (200)

3.5 Improved design of the instrument

The improved instrument is based on the first set-up. The instrument consist of the same
stainless steel box with sealed lid. Inside the box a sample (0.6x0.4x0.1 m* BM in Fig. 2)
can be placed on a steel inner rim.

A pressure difference over the sample is set by applying controlled nitrogen flows
through the detection and source compartment using two flow controllers (FC in Fig. 2)
for each compartment. In this way a constant pressure difference is obtained that is not
sensitive for variations in barometric pressure. The magnitude of the pressure difference
can be regulated by adjusting the magnitude of the air flow rates. A differential pressure
transducer (dP in Fig. 2) is used to measure the pressure difference between the two
compartments. Test experiments showed that the pressure difference could be controlled
within 1% provided temperature fluctuations are less than 1 K. By either placing a radon
source in the source compartment or leading the nitrogen flow via a radon source through
the source compartment a radon concentration difference can be set between the two
compartments. The concentration in the source compartment will be measured by using
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standard scintillation cell methods. The radon concentration in the source compartment can
be varied by either adjusting the nitrogen flow or by using radon sources of different
strength. To prevent changes in the conditioned moisture content of the sample during
experiments the humidity of the nitrogen flows is controlled by humidifiers (H in Fig. 2).
Temperature fluctuations will be prevented by placing the instrument in a temperature
controlled room. The temperature and relative humidity of the ingoing flows are measured
with combined temperature and humidity sensors (TRH in Fig. 2).

Radon release rates are measured by leading the nitrogen flow from the detection
compartment through a pre-dryer (D1 in Fig. 2) consisting of a large column of silicagel
and a water trap (D2 in Fig. 2) consisting of a tube cooled to liquid nitrogen temperature.
Thereafter the flow is led through a radon trap. This trap consists of a vial filled with
activated charcoal (ACC in Fig. 2). To enhance adsorption this vial is also cooled to liquid
nitrogen temperature. The radon activity on the activated charcoal is measured with
gamma-ray spectrometry. From the measured activity the radon release rate can be
calculated by dividing this activity by the adsorption time and the surface area of the
sample.

Figure 2: Schematic drawing of the improved instrument to measure radon release rates
from building materials. FC: air flow controller; H: humidifier; TRH: temperature and
relative humidity sensor; BM: building material; dP: differential pressure transducer; D1:
silicagel dryer; D2: water trap; LN2: liquid nitrogen; ACC: activated charcoal; AFR:
adjustable flow resistance; RS: radon source (optional).

3.6 Measurement of adsorbed radon activity by gamma-ray spectroscopy
To measure the radon activity adsorbed on the charcoal adsorber the KVI low-background
planar gamma-ray detector is used. In principle, the adsorbed activity of the gamma-ray

emitting decay products **Pb and *"Bi could be used for such a measurement. However,
the sensitivity of the measurement can be enlarged by a factor of 10 by using the total
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count rate in the energy window from 0 to 700 KeV. In figure 3 a spectrum taken with the
gamma-ray detector is shown for 17.1 gr ACC (the amount needed to fill the standard
calibrated KVI pill-box geometry; used in all experiments) with 38 Bq adsorbed radon
(top). This spectrum shows both the 295, 351 and 609 KeV gamma-rays from *Pb and
the 609 KeV gamma-ray from *“Bi. At the low energy part of the spectrum lines are
detected from X-ray fluorescence (e.g. K, and K,) of the lead shielding of the detector.
This fluorescence is induced by gamma-rays from the sample exciting the lead atoms of
the shielding and thus are also a measure for the activity on the ACC. Figure 3 (bottom)
shows a background spectrum taken with 17.1 gr ACC without radon activity; the total
count rate due to background in the energy interval from O to 700 KeV was found to be
0.5942 + 0.0012 cps.
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Figure 3: Spectra taken with the KVI low-background planar gamma-ray detector. Top:
17.1 gr ACC with 38 Bq radon activity; Bottom: 17.1 gr ACC without radon. Live time of
both spectra is 10 hour.

To relate the total count rate in the energy window of 0-700 KeV to the radon activity on
the charcoal we prepared calibrated radon release sources. Three sources were made by
using different quantities (Table 3) of sand originating from the former Wismut mining
operation. This sand has a high radium and low thorium content. As the radon release may
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depend on moisture content and temperature the sources were equilibrated with air of
20°C and 50% RH by placing each source in a SL stainless steel cylindrical (leaktight) can
and inducing (overnight) an air flow of 1L min" of moisturised radon-free air (using a
humidifier). After equilibration the air in- and outlets of the cans were closed and after
about 24 hour air samples were drawn from the cans and the radon concentrations of these
samples were analysed with calibrated Lucas cells. The radon release rate of the sources
was then calculated from these concentrations (Table 3).

Table 3: Radon release rates of sources used for calibration

Radon release rate
Source { Mass (gr) (Bq hh)
RS1 5189 +£0.1 6.28 + 0.09
RS2 270.6 £ 0.1 3.20 £ 0.04
RS3 28.0+ 0.1 0.332 + 0.007

Using the RS1 calibration source test experiments were performed to assess if undesired
absorption of radon in the silicagel dryer and in the water trap occurs. In these experi-
ments the RS1 source was placed in the upper compartment that was sealed from the
lower compartment with a leaktight stainless steel plate. A flow of nitrogen was led
through the set-up in which two Pylon AB5 monitors were inserted. One monitor was
placed directly after the outlet of the box; the other was placed directly after the water
trap. Comparing the count rates from both monitors, corrected for the relative efficiencies
of the monitors and Lucas cells and averaged over a measuring period of several days, we
found that the relative difference of the count rates was not significant and less than 2%.
From this we conclude that if any radon is lost in the drying procedure this amount is
negligible.

To assess if all radon in the nitrogen flow is adsorbed on the activated charcoal we
performed a test experiment with the RS1 source and with about two times the standard
amount of 17.1 gr activated charcoal. After an adsorption period of several hours the
charcoal was removed and split in two equal fractions; one taken from the upflow side of
the adsorber and one taken from the downflow side. Both fractions were analysed with the
planar germanium detector. Only on the upflow fraction activity was found which shows
that no radon leaves the adsorber.

With the calibrated sources 14 calibration experiments were performed. In these
experiments the upper compartment was also sealed from the lower compartment with a
leaktight stainless steel plate. In each experiment one of the calibrated sources was placed
in the upper compartment through which a flow of nitrogen (20°C; 50% RH) was led. In
all experiments a flow rate of approximately 0.7 L min” was used and radon was adsorbed
on 17.1 gr of activated charcoal. As the volume of the upper compartment is approxi-
mately 40L this resulted in a ventilation rate of about 1 h''. Different adsorption times
were used to obtain a range of radon activities on the ACC adsorber. The results of these
calibration experiments showed a completely linear relation between the nett count rate in
the gamma-energy window from 0-700 KeV and the adsorbed radon activity as calculated
from the release rates of the sources (Figure 4). These adsorbed activities were corrected
for radioactivity decay during the time interval between adsorption and gamma-ray
measurement.
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A linear relation n (cps) = ¢ Ag,(Bq) was fitted to the calibration data. This resulted in a
calibration constant ¢ = 0.0870 + 0.0007 (cps Bq™). This is an order of magnitude higher
than if only the count rates in the **Pb and **Bi photo peaks are used (0.007 cps Bq™').
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Figure 4: Results of experiments with calibrated sources RS1 (6 experiments); RS2 (2
experiments) and RS3 (6 experiments). Plotted is the nett count rate n (cps) in the energy
window 0-700 KeV against the adsorbed radon activity A, as calculated from the
adsorption time and the radon release rate of the source. Solid line represents linear fit to
data. Dashed lines represent 95% confidence lines.

3.7 Experimental results with improved instrument

Three measurements were made of the radon exhalation rate from a rectangular block of
phoshogypsum containing approximately 480 Bq kg and with dimensions 7x13x24.5 cm’.
The sample was placed in the upper compartment on the leaktight steel plate and
equilibrated at 20°C and 50% RH. The results (Table 4) show that the method gives
reproducible results even for quite different adsorption times.

Similar measurements were made with the concrete sample previously used with
the first set-up. The sample was placed between the upper and lower compartment and
both compartments were connected and flushed simultaneously with nitrogen (20°C;
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50% RH). The flow out of both compartments was led through the charcoal adsorber,
meaning that radon exhaling both from the upper and lower surface of the sample was
collected. The results (table 4) show that the measured exhalation rates correspond well
with the value obtained with the first design of the instrument. However, a slight decrease
of the measured exhalation rate with increasing adsorption time is observed. This may be
related to the small increase of the absolute pressure in the instrument after the start of a
measurement, caused by the flow resistance of the activated charcoal bed. The absolute
pressure raised with 1 mbar h" during the first two hours and with 0.1 mbar h' in the
following hours. To asses whether this small increase of absolute pressure influences the
exhalation rate of the concrete, numerical one-dimensional model calculations were
performed in which the governing equation for small pressure perturbations in porous
media was linked to the equation for radon transport. In these calculations an intrinsic
permeability of 1.0-10""7 m? for the concrete slab was used. The results are presented
between brackets in table 4, with a reference exhalation rate for the first experiment. A
similar dependence of the mean exhalation rate on the adsorption time is observed. We
may conclude that a very small change in absolute presswre (0.3%) can considerably
influence the measured exhalation rate (in our case 7%). Therefore, in exhalation rate
determinations it is recommended to keep the absolute pressure variations within 100 Pa in
addition to maintaining the pressure difference over the material constant within 1%-2%.

Table 4: Results of experiments with phosphogypsum and concrete samples. Results of
model calculations for concrete are presented between brackets.

Sample exp. number | adsorption time | exhalation rate
(min) (Bqm?h™)
phosphogypsum | 1 270 12.39 £ 0.15
2 485 12.06 + 0.12
3 1040 12.65 = 0.13
concrete result with first design 5105
1 52 493 +£0.10 (4.93)
2 122 4.88 £ 0.07 (4.83)
3 355 4.59 £ 0.04 (4.60)
4 1016 4.57 £ 0.04 (4.63)

3.8 Conclusions

It is concluded from the experience with the first design that radon transparency measure-
ments are far from trivial and may be extremely sensitive to small leaks in the set-up.
Contrary to the general belief we recommend rather high vacuum criteria for the experi-
mental set-up and measurements of flows entering and leaving the set-up. Sealing of the
sample becomes extremely important for low permeable samples. Measurements of the
tightness of the sealant are of importance although not straightforward.

The experiments with the improved design have shown with this instrument radon
exhalation rates can be measured with good reproducibility. In order to unravel the relative
importance of diffusive and advective radon release, pressure conditions inside the instru-
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ment should be extremely stable. With the improved instrument radon exhalation rates as
low as 0.025 Bq m” h” can be measured under controlled ambient conditions, within 10%
statistical uncertainty using adsorption and counting times of 12 hours.

3.9 Publications
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report R46, 1993.

Koopmans, M., de Meijer, R.J. Radon transparency of building materials. Paper presented
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Head of project 7: Dr. Lynn Marie Hubbard

The research reported here was never funded by the European Commission, because
of a very late signature of the Association Agreement between the Commission and
Sweden. However, we proceeded under the assumption that it would have been. In the
end, the funding came directly from Sweden.

II. Objectives for the reporting period.

The objective for this project has been to obtain enough information from the detailed
study of house dynamics to gain expertise in knowing how to simplify models for making
predictions on radon behavior indoors, which leads to a better estimate of exposure and to
the design of efficient and adequate mitigation. Specific objectives for obtaining this goal
have been: 1) to study the time dynamics at one house in detail to obtain a data base
useful for testing models and predictions (a benchmark house), 2) to determine the effect
of seasonal weather versus house parameters on the soil radon concentration and its
variation with time, 3) to create a usable data base containing all the time series data
collected at the SSI research house, (labeled 902).

II1. Progress achieved including publications.

A large research effort has been concentrated on understanding SSI research house
(902). It provides a good example of a well-behaved house regarding its physical
interaction with the environment, in particular, the dependency of airflows on temperature
changes and wind, and the resulting radon entry. The house is occupied, has a dirt-floor
crawlspace, is built of wood upon a granite wall foundation, has electrical radiators for
heating, and sits on sandy soil (with a clay underlayer under a portion of the house
foundation) on the edge of an esker. The house has been described in publication 1.

It is extremely important to understand that the value in studies of detailed dynamics
in one or a few houses lies not in understanding a particular house in detail, but in being
able to use the data to confirm more general models on the physics of radon entry and
dispersion. Every house is of course unique, special. But every house+s interaction with
the environment is driven by the same physics.

The process of radon entry into buildings from a source in the soil occurs because of
convective flow or diffusion. These processes are always dependent on the same
parameters. What varies between each house is what value the different parameters
assume; the makeup of that set of parameters is unique to each spot. A correct
description of the physics allows one to assume any value of the parameters and predict
the radon behaviour indoors at that spot. Simplifying assumptions allow an easier or
quicker way to make predictions. The whole point of modeling a physical system is to
obtain enough understanding of a physical process to know the extent or range of each
parameter governing the system, to understand how the system reacts for all combinations
of the parameter range, and which simplifying assumptions are appropriate.

In addition to the work reported below, we have collaborated with D. Ducarme from
CSTC-WTCB, contractor 4, and Claus Andersen from RISOE, contractor 3. These
collaborations have involved model calculations of the flow of soil gas into the crawlspace
structure of our research house. They discuss the collaboration in their sections. This
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information is useful as input into an indoor airflow model which can account for radon
movement indoors. We have obtained the public domain indoor aiflow model COMIS for
use in the radon flow modeling.

III.1. Studies on Temporal Variations of Radon in Swedish Single-Family Houses.

The goal of the study described in this section has been to test a procedure for using
temporal variations of indoor radon and other parameters measured over a short time
period to predict longer time-averaged indoor radon. Results of the procedure presented
here show agreement to within 10% between actual measured indoor radon over a long
time period and predicted concentrations from shorter time measurements.

The current practice in characterizing the severity of radon contamination in a house
is to use the yearly averaged radon concentration. The most commonly used method
today for obtaining the yearly average is simply to assume that a short-termed averaged
radon concentration measured in the heating season gives a good estimate of a yearly
average. For example, in Sweden an average radon gas concentration obtained from a
minimum of a two-month measuring time during the heating season is used as
representative of the yearly averaged radon concentration. Many other countries use a
similar procedure and sometimes a shorter time period. Errors that result from this
procedure of estimating the yearly average can lead to incorrectly applied or unnecessary
mitigation, or no mitigation when it is needed.

III.1.a Results

Figure 1 shows the daily, bimonthly, and yearly averaged indoor radon concentrations
measured over a 3.5 year period. The daily 24-hour averages vary considerably around
each yearly average. Each point along the black curve, labeled bimonthly, represents a
two month average with the two-month period starting on that day. Although the
variation is less than with the daily averages, there is still considerable spread around the
yearly average. The annual average is overestimated by around 20% on the average
during the summer and during the winter months it is underestimated considerably.
During winter 1993-1994 the underestimation is by more than 50%.

The graph also shows a variation from year to year in the annual average, most
marked between 1991 and 1992, leading one to ponder the meaning of an annual average.
If 200 Bg/m3 radon gas is a recommended action limit then in 1991 a full year
measurement of indoor radon would have led to implementation of mitigation, unlike 1992
and 1993. The average indoor radon concentration for the entire time-span is 182 Bg/m3.

Figure 2 shows the radon indoors and the outdoor temperature as daily averages.
Although correlations of the indoor radon with the outdoor temperature, over different
time scales, are not as strong as those between the soil radon concentration and the
outdoor temperature (publication 6, and the discussion in section IIL.2), outdoor
temperature is a strong indicator of the indoor radon due to the dominant effect of stack
pressures in causing airflows in this house. The mechanisms by which temperature affects
radon flows are discussed in publication 1. Figure 2 is meant as a tool for visualizing the
strong relationship between temperature and indoor radon. Statistical analysis of the large
data set has shown that temperature is the strongest indicator of the indoor radon in this
house.
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Given this information, it is worthwhile to investigate whether the temperature can be
used to map longer term behavior of the indoor radon. The time period between January
1 and April 30, 1992 has been investigated for accuracy in longer term prediction of the
radon concentration using regressions of radon against outdoor temperature and/or wind
speed for both single-day, hourly averaged time series and 7-day, daily-averaged time
series. Shown in Figure 3 are the results of a prediction based on a regression from a
single 24-hour period, February 11, 1992. This 24-hour period was representative of the
days between Jan. 1 and April 30; it was neither the best nor the worst.

The regression was performed only between radon indoors and outdoor temperature
obtained from a local official weather station (SMHI, Sveriges meteorologiska och
hydrologiska institut, 1995), after testing and eliminating other parameters. The weather
station temperature data was used to demonstrate the feasibility of using local weather
data instead of data collected on the site. The intercept for this regression is 93 Bq/m3
and the coeficient is 32. The 12 correlation coefficient is 0.52, which is a value
representative of the fits, and not the best or worst value. No time lag was introduced for
this fit.

The predicted time series gives reasonable agreement with the measured data, as seen
in Figure 3. But what is more impressive is the agreement of the average values over this
4-month period. The average value for the 4-month period predicted from a regression
over 24 hours during this 4-month period differs from the measured average value by less
than 10 Bg/m3, out of a measured average of 145 Bg/m3.

Figure 4 shows the data from using the same regression fit to predict the radon time
series and average values over a 2 year period, excluding the summer data. Again the
agreement is quite acceptable, with the averages differing by around 5%. The third
average value plotted in the figure as a dotted line is calculated from using an average of
30 years of daily outdoor temperature data over an entire year, obtained from a weather
station located about 15 km from the house (SMHI, 1995). This data also agrees well,
within 10%, with the measured averaged radon concentration. The 30-year averaged
temperature data was used to demonstrate that past time averaged temperature data can be
used to compute the radon averages. That is, one does not need future temperature data
to predict an average value for the current year. This agreement is quite encouraging.
This is an important point in confirming the usefulness of this technique.

III.1b Conclusions.

The data demonstrates a strong dependence of the indoor radon concentration on the
outdoor temperature in a single well-studied house. The temperature dominates as a
predictor for the radon, due to the strong effect of the stack pressures. A long
time-averaged radon concentration can easily be modelled with a simple regression
technique. One remaining question is what is the shortest time scale that we can measure
the dynamics and obtain enough information to make longer term predictions with
reasonable accuracy, and what is the requirement on the dynamic conditions during the
regression time period.
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II1.2 Time-Variation of the Soil Gas Radon Concentration Under and Near a Swedish
House.

Although there have been several studies documenting the measurement and modeling of
the time variation of radon in indoor air, there have been only a few studies of the time
variation of radon in the soil gas in the earth under or near an occupied house.
Knowledge on how much soil gas radon varies is needed for understanding the reliability
and usefulness of soil gas measurements made at one point in time, and determining
which measurements are appropriate for soil radon risk classification. Another use for
this knowledge is in understanding how the radon source strength available to the indoor
air varies with time, for use in model calculations aimed at estimating the long-term
exposure to radon in indoor air.

Since the spring of 1993 the soil radon gas concentration has also been measured as a
time series at SSI research house (902). The soil data has been coliected at a depth of one
meter in three locations under and near the house. This section discusses the degree to
which the house versus the weather interacts with and influences the soil gas radon
concentration, and how much the influence of these two factors on the soil gas radon
content varies with season and location. Strong correlations with barometric pressure and
outdoor temperature occur. The maximum soil gas concentrations occur during the
summer months and the minimum concentrations occur during the winter, with the
summer and winter levels differing by a factor of between two and three, depending on
location. Changes in the 24-hour averaged indoor radon concentration correlate well with
the changes in the soil radon. The degree to which soil gas radon content may be used as
an indicator of indoor radon contamination is discussed.

I11.2.a Measurements

Three soil radon detectors based on digital counters which count alpha-decays from radon
gas have been constructed, calibrated and installed in the earth. The modified detectors
are calibrated in the radon room at SSI approximately every 6 months. The results from
those calibrations show that the detectors are stable under different ambient conditions,
ie., low temperature (down to 0 C), and high humidity. Two of the counters are located
one meter from the perimeter of the house centered on two different sides, north and east.
The third counter is buried one meter deep directly under the center of the house. In
those three locations continuous time series of data have been recorded during long time
periods starting from May, 1993. Measurements in a fourth location, half way up to the
top of the esker, 15m from the nearest house, were started in the late winter of 1995,
using the counter which had previously been located on the east perimeter. This
measuring point will give soil radon concentrations not affected by the house. Details on
construction and operation of these detectors can be found in publication 6.

Hourly averaged radon in the soil gas at three different locations under and around the
research house are recorded on the data logger. The other parameters which are recorded
at the same time are measurements of radon in different indoor zones, pressure
differentials across the building shell, temperatures in the soil and air, barometric pressure,
and wind speed and direction. With continuous radon measurements in these locations,
we observe changes in the soil gas radon concentrations due to the effects of the weather
versus the effect of the house on the soil. These time-series measurements are used to
study correlations between the soil gas radon concentrations and house versus weather
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dynamics.
II1.2b Observations and Discussion

The house affects the soil through the stack induced pressure gradient between the house
and the soil, and through pressure differences due to the wind. The soil directly under the
house remains dry during all seasons, so that the flow properties of the soil, e.g., the
permeability, which change with changing water content, remain constant under the house.
Beyond the perimeter of the house this is not true. How much these differences affect the
time variations, or dynamics, of the soil gas radon content is one useful observation of
these measurements. The degree to which these dynamics change with seasons is

another.

Figure 5 displays data from one week in the summer of 1993 when the house was
unoccupied and the windows and doors were left closed, so that the indoor radon behaved
according to the physical mechanisms driven by the environment, i.e., there was no airing
of the house by the occupants. The wind was insignificant throughout this week. The left
scale measures the indoor radon in Bg/mn and the barometric pressure on a scale to
magnify the variations recorded in mbar. The maximum daily averaged barometric
pressure for this time period was 1020 mbar and the minimum was 999 mbar. The
barometric pressure scale is magnified in order to visualize the correlation in its behavior
and the other parameters. The right scale measures the soil gas radon one meter beyond
the north side of the house and 1 meter deep in the soil.

There are 24 hourly averaged points plotted each day with a continuous line for the
two radon concentrations. In addition, a 24-hour average of each parameter is plotted as
a little box at the center of each daily period. The ticks marking each day are at
midnight, hour 24:00. This data display two different time scales of physical processes.
The first is the hourly variation of the indoor radon concentration so typical of a
non-windy period, with the variation in the indoor radon concentraion driven by the
indoor-outdoor temperature difference. The second time scale is a 24-hour averaged, daily
scale. The radon concentraion in the soil does not show the same type of hourly pattern
as the indoor radon but instead shows a variation anti-correlated with the barometric
pressure: increased barometric pressure, and decreased soil radon.

Although the indoor radon has an hourly temperature dependent pattern, the daily
24-hour averaged values are very well correlated with the soil radon, which is also the
source to the indoors. The indoor radon has an hourly temperature dependent pattern
which is modulated by the more slowly varying radon source in the soil. This correlation
is most marked during non-windy periods.

Figure 6 shows the seasonally averaged values of the soil radon content at the three
locations under and next to the house, measured between May, 1993 and August, 1994.
The measurements show a variation between the locations which, as described above, are
only meters apart. The probe on the north side of the house was higher than the other
two locations during both summer periods. What is most markedly displayed by the
figure is the strong seasonal variation in all three locations with winter time radon values
being lowest.

The strongly seasonally dependent pattern in the soil radon concentrations is well
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correlated with the outdoor temperature, shown in Figure 7 as daily averages of the two
time series. The correlation is strongest in the fall, winter, and spring seasons with r
values over most week-long periods between 0.8 and a little over 0.9. The r values fall
off to around 0.2 - 0.5 during the warmer summer periods. A 1-day time lag for the soil
radon concentration response to the outdoor temperature is found to be optimum for the
daily averaged time series.

The house sits on sandy soil with a thin clay layer under part of the house about | m
deep. Most of the available soil is high in permeability, consistent with sand with
permeabilities measured between 10-9 and 10-11 . The time series data gives a clear
strong correlation between the pressure difference between the crawlspace and the living
level of the house and the outdoor temperature, as expected because the house has a
natural draught ventilation system. The indoor radon is also well correlated with the soil
gas radon concentration, especially when analyzed as a daily-averaged time series. The
observations described above are consistent with the following scenario.

The natural-draught ventilation system of the house causes pressure differences
between the house and the soil which increase with increasing temperature difference
between the indoors and the outdoors. The increased pressure differences cause increased
airflows into the house from both the outdoor air and the soil gas air. That is a well
known phenomenon. In this house, which sits on highly permeable soil, the increased
airflows and resulting ventilation of the house during colder temperatures also ventilates
the soil resulting in the seasonal variations shown in figures 6 and 7: decreased soil radon
in the winter.

If this is the mechanism explaining the strong dependence of the soil radon on the
temperature, then there should be less correlation between the soil radon and the outdoor
temperature in the summer compared to the winter. This is because the ventilation effect
of the soil would be less with the smaller indoor-outdoor temperature differences in the
summer. In fact, as mentioned above, 12 coeficients from linear regressions between soil
radon and outdoor temperature are considerably greater in the winter than in the summer.

An alternate mechanism for the observed pattern would be a stack effect occurring in
the esker itself. The research house sits at the bottom of a classic Swedish esker. The
esker itself rises about 40 m above the house. During weather colder than about 8 C,
which is approximately the temperature inside the esker, the highly permeable esker
material would transport air up from the bottom out the top, resulting in a depletion of
radon in the soil at the bottom of the esker. The opposite would happen during warmer
weather.

Although the pressure field from the house should dominate in the measurements
made near or under the house, it could be that a combination of these two mechanisms is
occurring. Other mechanisms related to temperature seem less likely, such as temperature
induced humidity or water content changes in the soil which would lead to different
fractions of dissolved versus gas phase radon. Because the response time of changes in
the soil gas radon to changes in temperature is so short, a ventilation effect is most
likely.

A discussion on how much the wind affects the soil radon content can be found in
publication 6.
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Figure 8 shows daily-averaged measured and preducted radon in the soil under the
house. The prediction is based on a simple linear regression of radon as a function of
temperature over March and April months. The regression was optimized to a 1-day lag
of the radon behind the temperature, with an r2 value of 0.91. The regression constants
were then used to calculate a full years soil radon concentration. It is shown in the figure
as the -predicted- curve. It follows the measured curve remarkably well. The agreement
between the measured and predicted yearly averaged values differs by just over 1000
Bg/m3, which is only a 2% error. The yearly curve was also predicted using the same
regression constants but outdoor temperature data obtained from the local weather station.
The temperature data is the average of 30 years of daily-averaged temperatures. The
curve itself is quite smooth; all the short-time daily variations seen in figure 8 are
smoothed away. But the annual average was again within 1000 Bg/m3 of the measured
value, a nice agreement.

II1.2.¢c Conclusions

The simple yet useful result of these observations is that in this soil, temperature alone
can be used as an indicator of the radon concentration.
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Radon indoors measured and predicted.
The prediction is based on a regression from a single 24-
hour period on February 11, 1992,
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Figure 3. Regression performed between indoor radon measured over a
24-hour period and outdoor temperature obtained from a weather station.
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Figure 4. Prediction based on a regression between indoor radon
measured over a single 24-hour period and outdoor temperature obtained

from a local weather station, same as in figure 3.
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Rn indoors, in the soil, and barometric pressure,
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Radon in the soil and outdoor temperature over a 15 month
period. Daily averaged quantities are shown.
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Daily-averaged measured and predicted radon in the soil
under the house.
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Figure 8. Shown with the daily-averaged measured and predicted radon
are the averaged values over the entire measuring period based on the
measurements, the prediction, and the prediction using daily outdoor
temperatures resulting from a 30-year average of daily temperatures.
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Head of project 8: Dr. V. Balek

II. Objectives for the reporting period.

The improvement of understanding the influence of humidity and temperature on radon
release from soils, rocks, building materials and the prediction capability for radon/thoron
release from soils and building materials.

IIL. Progress achieved including publications.

L. A physical model for radon and thoron release from porous materials was designed.
The recoil and diffusion mechanisms, the dissolution of radium and radon in water present
in pores, the adsorption of radon on dry and wet surfaces of porous materials at the
constant temperature were considered in the model. During the development of the model
the critical analysis of the relevant literature sources was done.

A new mathematical description of the processes participating in the transport of
radium and radon and thoron was proposed for the steady state conditions (the processes
of the subsequent recoil of Ra-224 and Rn-220 were considered).

2. Mathematical modelling of the influence of humidity and porosity of the materials
on radon and thoron exhalations from porous materials was carried out.

The theory proposed by Rogers and Nielson [1] for radon generation and transport
in porous materials was used for the mathematical modelling of the influence of humidity
and porosity on radon exhalations. The results of the mathematical modelling are
demonstrated in Figure 1. As is shown in Figure 1, the exhalation ED of radon strongly
depends on the porosity. At low relative humidity values (see curves 1,2 and 3, Figure 1)
the dependence of ED on humidity has an increasing trend. However, at higher relative
humidity values (see curves 4-7, Figure 1) the character of this dependence is different,
exhibiting a maximum, after which the ED values decrease with increasing porosity. This
can be explained by the role of the water filled in open pores at the higher humidity
values.

In Figure 2 we have demonstrated that at a given porosity E= 0.4 the radon
exhalation decreases with increasing humidity of the gas surrounding the porous sample.
In the mathematical modelling different values of the radium solubility constant were
considered. In the case of the low dissolution of radium from the surface into pores filled
by water the nearly linear dependence between ED and relative humidity values was
found.
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3. The differences in the behaviour of radon Rn-222 and thoron Rn-220 in their
transport in porous solids were outlined. The differences are due to the different half
lives, of the radon isotopes, as well as to the subsequent recoil processes which take place
in the sample labelled by Th-228 and Ra-224 (and Ra-226), respectively. It was pointed
out that the application of thoron in the revealing and investigation of dynamic changes
taking place in the solid matrices as well as in the porous systems is more advantageous in
comparison to radon application. In its turn, the results obtained from the thoron
measurements can be used for the description of the changes influencing the release of
radon from the materials under dynamic conditions (i.e. heating and cooling of samples).

4. The following samples of soils, building materials and isolation materials were
selected for investigation in this project :

bentonite clay

sandy soil

concrete block

pieces of wood

polystyrol

cotton

The selection of materials was made with respect to different porosity and water
content of the materials. The viewpoint of practical application of the results was also
considered : the samples represent the components of soils (bentonite clay, sandy soil),
building materials (concrete) as well as insulation materials (wood, pieces of polystyrol
and cotton). The selected materials represent both hydrophilic and hydrophobic surfaces.

5. The labelling of the samples of the materials by Th-228 and Ra-224 was made by
the surface adsorption of the water solution containing the above radionuclides. The
samples have been stored before the experimental measurement of thoron release for at
least I month to allow the radioactive equilibrium between Th-228 and Ra-224 is attained.

6. The measurement of thoron release rate from the sample of bentonite clay was
carried out using the equipment described by Balek [2]. The measurement was performed
every minute in the conditions of constant temperature as well as during heating at the rate
of 1K/min. The temperature interval used for the heating was -10°C to +150°C.

After the sample heating, its cooling to room temperature was carried out at the
rate of 1K/min. Several heating runs in humid air (100 % R.H. obtained by passing the
air flow through the water container at 25°C) and dry air (obtained by passing the air flow
through concentrated sulphuric acid) overflowing the sample were carried out. The air
flow was used to transport the released thoron from the sample into the detection
chamber [2].

The results of the experimental measurements of the thoron release rate from
bentonite clay sample are represented in Figure 3.
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The heating of bentonite clay was carried out in the wide temperature interval
(from -10°C to +150°C) with the aim to observe effects of different processes on radon
exhalation from the clay, namely the desorption of water from different types of pores.
The sample heating was performed at the conditions of different humidities of the flowing
air in order to simulate environmental conditions.

The cooling of the clay sample, previously heated to 150°C, was performed with
the aim to investigate the effect of humidity of the surrounding air on the radon exhalation
from the bentonite clay, from which the internal water in the pores was released.

We have observed that during the heating of bentonite clay remarkable changes in
the thoron exhalation take place, which can be ascribed to the changes in the water content
in pores, as well as to the changes in the pore volume.

At the temperatures of 67 and 84°C the heating at the rate of 1K/min. was
interrupted for 20-30 minutes in order to investigate the behaviour of the sample at
isothermal conditions of 67 and 84°C. The time dependencies of the thoron release
measured at these temperatures differ, as is shown in Figure 4.

The differences reflect different behaviour of the sample at these temperatures,
caused by different water content in the pores and possibly by a decrease of pore volume.

During cooling, the bentonite clay heated up to 150°C was investigated, the air of
different humidifies overflowed the sample measured. The differences in the curves
(Figure 5) were observed : higher values of E were measured in the case when the sample
was overflowed with humid air in comparison with dry air. As is shown in Figure 5,
curve I the increase of the thoron release rate E was observed at the temperatures lower
then 50°C in the case when the sample was overflowed with the humid air. This
observation can be explained by the condensation of water in micropores, which lead to
the lower indirect recoil effect by stopping the recoiled atoms of radium and thoron in the
water condensed.

WORKING PLAN FOR THE NEXT PERIOD :

1. Design of the improved mathematical model for radon/thoron release as influenced
by the humidity and porosity changes during heating and cooling of the samples.

2. Mathematical modelling of the influence of humidity and porosity during sample
heating and cooling using the improved model developed for the dynamic (non-steady
state) conditions.

3. Experimental measurements of thoron release from various samples of building
materials and isolation materials (sandy soil, concrete block, piece of wood, polystyrol and
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cotton) during heating and cooling at varying humidity condition.

4, comparison of theoretical curves (obtained by mathematical modelling) and
experimental curves (obtained by measurement) of thoron release from the materials.

5. Mathematical description of the differences in the release of radon and thoron from
porous materials at varying humidity and porosity.

6. Recommendations for the practical use of the project results, especially with
respect to the prediction of radon exhalation capacities of various porous materials under
different temperature and humidity.

7. Preparation of the project final report.
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FIGURES

Fig 1.: The dependence of radon exhallation from porous solid on the total
porosity values at various fraction of water saturation of pores.
The fraction of water saturation of pores m equal :
m=0.]1 ( curve 1), 0.2 ( curve 2), 0.3 ( curve 3),0.4( curve 4),
0.9 (curve 5), 0.6 (curve 6 ), 0.7 (curve 7).
In the modelling the following parameters were considered :
thickness of the plate -like porous sample =1 cm ,radon surface
adsorption coefficient equals to zero , radium dissolution constant in
solid -to-pore liquid equals to 100 ,radon equilibrium distribution
coefficient equals to 0.25, radon diffusion coefficient in air equals to
0.11 cm2/s, local coefficient of radon emanation into the pore air
phase.

Fig .2..The dependence of radon exhallation from porous solid on the
fraction of water saturation of pores at various values of the radium
dissolution constant .

The radium dissolution constants in solid-to-pore liquid equal
K= 1.5( curve 1) ,2( curve 2), 4(curve 3) ,6(curve 4),8(curve 5),
10(curve 6), 20 ( curve 7).

In the modelling the same parameters as in Fig.1 were considered,the
considered value of total porosity was 0.4.

Fig. 3.:Results of the experimental measurements of thoron release rate
from bentonite clay sample heated at the heating rate 1K/min
in humid air( curve l) and indry air  ( curve 2) .

Fig.4..Results of the experimental measurements of thoron release rate from
bentonite clay sample isothermally heated at 67 C ( curve 1) and 84 C (
curve 2) in dry air .

Fig 5.:Results of the experimental measuremets of thoron release rate from
bentonite clay sample heated to 150 C obtained during the sample
cooling to room temperature at the rate 1K/mun in humid air flow
( curve 1) and in dry air flow ( curve 2).
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Figure 3
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Head of project 9: Dr. C Cosma

II. Objectives for the reporting period.

1) To improve the radon flux measuring method by adsorption on activated coal and
confrontation with other laboratories. To re- measure the radon flux in already supposed
"high radon areas” (Cerna Valley, Cluj-Napoca, Stei region).

2) Correlation between radon flux, meteorological parameters and indoor radon
concentration.

3) Measurements of indoor radon by Kusnetz method and promoting indoor radon
integrating measurements in relevant areas.

4) Getting accustomed to theoretical models of radon mitigation (in soil, under buildings,
penetration into dwellings, ventilation).

HI. Progress achieved including publications.

Background

Although research on radon in geothermal waters in Romania has been done since 1908
intensive and steady progress in this field has been found only in the last 2-3 years. The
research regarding the radioactivity of mineral and geothermal waters in Romania between
1925-1975 are summarized in: "Selected Works" (by G.Athanasiu) Romanian Academic
Press, Bucuresti, 1977 and "Radioactive Waters and Gases in Romania" (by A.Szabo) Ed.
Dacia, Cluj-Napoca, 1978.

Since the 1970s research was also concerned with radon in mines and in uranium mines in
Romania but the measurements were kept secret, still, some of them were published after
1990. Between 1980-1990 two Ph.D.Theses were worked out (M.Zoran and C.Cosma), on
outdoor radon and radon content in geothermal gases and waters.

There also are certain unpublished data concerning indoor radon and the radioactive
content of building materials, data belonging to the Hygienic Public Health Institutes
network (Bucureti, Cluj, Timisoara, lasi).

As regard indoor radon all the measurements are short period measurements (Kusnetz
method or method of filtered samples).

The National Institute of Meteorology and Hydrology, Bucharest deals with such matters
as well (S8.Sonoc, LDovlete, V.Cuculean, 1.Oswath).
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Only begining with 1994 the method of indoor radon integrating measurements was used
(Karlsruhe detectors).

The author of the present report (C.Cosma) made measurements of radon in gases
emanated from minerals and geothermal waters sources and measurements of the soil
radon flux (between 1980- 1987). The results obtained were published in the Ph.D theses.
After Chernobyl period and especially after 1990 I started again doing measurements of
the soil radon exhalation and since 1993 (with my acceptance in a PECO program
collaboration) I have been developing these concerns and on the other hand, I made
measurements on indoor radon in particular areas in Romania, using integrating methods
as well.

Progress

The method used for radon flux measurement is that proposed by Megumi and Mamuro
(J.Geophys.Res. 77,3052,1972) namely the adsorption on active charcoal of the radon flux
from a determined area (0.25m?2) and a given period (2-12 hours). The adsorbed radon in a
quantity of 220g of charcoal is measured by gamma spectrometry in Marinelli vessels
using Nal(T1) scintillation detectors.

For the calibration of the device during the first measurements we used the radon extracted
from water with a known radon content. In the second phase we used a RaCl2 Romanian
standard solution (STANDARD 12.051 AIR).

The method was checked by measuring the same sample both in our laboratory and in the
Nuclear Physics Laboratory from Gent University using a calibrated Ge detector, a
Canberra gamma spectrometer and a SAMPO 90 program for spectra processing. The
difference between the results obtained is in the range of experimental errors (8%).

This was the method used to remeasure the radon flux in Cerna Valley (Herculane Spa
area, for 7 places) in March 1995. The daytime values are a little higher than the
night-values and fall into the 17-240mBq/m2.s range, the higher values being associated to
the proximity of some faults in the sedimentary rocks which cover the granite and the
geothermal deposit of this zone. The results obtained in March 95 are in good agreement
with previous measurements (Oct.90, Nov.94). These results together with measurements
of radioisotope content of soil (U,Ra,Th,K) and other measurements of radon content in
gases emanated from geothermal sources were presented at NRE VI Symposium, June 5-9,
Montreal and will be published in [1].

The re-measurement of the radon flux in Cluj-Napoca city in February and May 1995
provided the values determined previously, respectively in the range 10-20 mBg/m2.s. In
October 95 determinations will be made for the radon flux in the Stei region (Uranium
mine) and especially in the waste dump area. In Cluj- Napoca city, during March-April 95
there were made simultaneous measurements for the radon flux from soil (10-15 m
distance from the building) and indoor radon at groundfloor level by Kusnetz method in
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16 places. The measurements show a close connection between the values of the radon
flux and the indoor radon concentrations. The results were also displayed at NRE VI
Symposium (Montreal) and are to be published in [2].

During the period 14 March-15 April 95 at the meteorological station of the Cluj-Napoca
airport the radon flux was measured daily in association with the wind speed, soil
temperature, air humidity and temperature and also atmospheric pressure.

The graphic representation of the radon flux and the parameters mentioned above shows
an intricate dependence but with a visible influence of pressure and temperature of soil.

To study the influence of the atmospheric pressure alone we worked out an experiment
consisting in simultaneous measurement on two identical radon collectors, one of them
allowing pressure variation using a water column.

The experiment is being made and the results will be presented in the final report.

Concerning the indoor radon in relevant areas (Cerna Valley, Cluj-Napoca and Stei region)
the results obtained up to the present will be presented more detailed in the December
report. High values were found for Baita Plai (646 Bg/m3), Baita Sat (325 Bg/m3) in the
mining region of Stei and relative high values were also found for the town of Oradea
(115 Bg/m3) and smaller values for Cluj-NApoca city (76 Bq/m3). These values represent
the arithmetic mean of 30- 35 dwellings, in each dwelling being measured twice a year in
the cold and warm season in bedrooms, living-rooms and kitchens using the Kusnetz's
method.

In Cerna Valley (Herculane Spa) and in Cluj-Napoca there also were made measurements
with Kalsruhe integrating detectors, the results being as follows: 98 Bg/m3 during the
warm season and 198 Bg/m3 during the cold season for Herculane Spa and 156 Bg/m3
during the cold season for Cluj-Napoca (representing the arithmetre mean for 20 dwellings
situated at groundfloor).

In one of the quarters of Oradea city in which geothermal water with high Ra content is
used for house-keeping needs, a higher value of the indoor radon (120 Bg/m3) could be
noticed as compared to the rest of the city (90 Bg/m3) [Kusnetz method}. The
interpretation of these results can be found in {3].

In parallel with these measurements we are concerned with theoretical aspects of radon
mitiation in soil, on which we presented a paper at the Symposium on Radiation
Protection in Neighboring Countries in Central Europe, Portoroz, Slovenia, September 4-8
1995.
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Objectives for the next reporting period:

1. Radon flux measurements and radon soil content determination with a view to trace out
possible high radon areas in Romania.

2. Measurements on indoor radon in some presumptive high radon areas using our method
(Kusnetz) also the first integrated measurements. To design our own method for indoor
radon measurement with track detectors.

3. Development of theoretical models for radon mitigation (soil migration, radon entry to
house, ventilation).

Publications

(1]

(2]

(3]

(4]

C.Cosma, A.Poffign, D Ristoiu, G.Meesen "Radon in Various Environmental
Samples in Herculane Spa (Cerna Valley) Romania” presented at NRE VI,
Montreal, June 5- 9, 96 to be published in Environment International.

C.Cosma, S.Ramboiu, D Ristoiu, O.Cozar, V.Znamirovschi, LD, F Eban, I.Chereji
"Some Aspects of Radon Radioactivity in Romania" presented at NRE VI
Conference, Montreal, June 5-9, 1995 to be published in Environment International.

C.Cosma, I.Pop, S Ramboiu, T Jurcut, D Ristoiu "Radioactive Aspects of Use of
Geothermal Waters in Oradea" Proc.of World Geothermal Congress, 21-26 May,
1995, Florence, Italy, vol4, pg.2791-2795.

D Ristoiu, C.Cosma, T.Ristoiu, J.Miles "Radon mitigation in soils" presented at

Radiation Protection Symposium in Neighboring Countries in Central Europe,
Portoroz, Slovenia, sept. 4-8, 1995.
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indicator of areas in which elevated indoor radon concentrations may be found.
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Van den Boom ENMOTEC GmbH
Porstendorfer Univ. Gottingen
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1. Summary of Project Global Objectives and Achievements
Introduction

Radon mapping methodologies based on established soil-gas sampling techniques are being developed
in several EU and non-EU countries. The ability of these mapping procedures to successfully identify
areas with elevated indoor radon concentrations has not so far been critically assessed. National
agencies with responsibility for radiological protection of the general population in many countries
worldwide are developing strategies, based on indoor radon mapping, to limit the radiological risk
to the population at large. If radon in soil-gas mapping techniques are to be of assistance to national
authorities then critical assessments of these techniques including their predictive capacity need to be
carried out.

Global Objectives
The primary objectives of the project were to

1) assess the effectiveness of the Helium/Radon in soil-gas mapping methodology as an indicator
of areas in which elevated indoor radon concentrations may be found

ii) improve our understanding of the geological factors which control the generation, migration
and ingress of radon into buildings

iii) investigate the variations in radon exhalation from the ground and ingress into buildings due
to changing meteorological conditions

Global Achievements

A survey area of some 25 km? was chosen, centred on the town of Claremorris, Co. Mayo, western
Ireland (see Figure 1). This area was selected because it is underlain by well-bedded, crystalline,
Lower Carboniferous limestone, and because no information existed on the domestic indoor radon
concentrations. It therefore, provided an ideal testing ground in which to evaluate and assess the
predictive capacity of the combined He/Rn in soil-gas mapping technique in identifying high radon
potential areas. Preparatory work for the project was carried out by RPII in Spring 1993 through a
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publicity campaign involving local media and public meetings. A vacant house with elevated indoor
radon levels was secured for the project team at Milltown, Co. Galway some 15 km SE of the
Claremorris survey area (see Figure 1). An integrated field campaign by the project team was
undertaken in May 1993 and May 1994.

Indoor radon gas measurements were carried out by RPII and over 1200 radon dosemeters were
issued to householders during the course of the project. Local detailed geophysical surveys were
carried out by University College Galway (under subcontract to RPII) at the test house site in
Milltown, and at Eskerlevalia (Area 1) and Mount St. Michael Primary School (Area 3) in support
of the indoor radon and soil-gas radon surveys (see Figure 1). A geochemical analysis of a suite of
soil/rock samples taken from the survey areas was completed by RPII using high resolution gamma
spectroscopy.

A reconnaissance or low-density sampling survey of soil-gas radon and helium concentrations was
carried out by Enmotec together with detailed soil-gas surveys (high-density sampling) in three
selected sub-areas, Eskerlevalla (Area 1), Lugatemple (Area 2) and Mount St. Michael Primary
School (Area 3) in Claremorris (see Figure 1), and at the test house site in Milltown, Co. Galway.
A total of 526 soil-gas samples were analysed by Enmotec for Rn-222 with 179 samples analysed for
helium by the US Geological Survey.

Reconnaissance mapping of the bedrock geology and glacial geology was completed by GSI for both
the Claremorris and Milltown survey areas. All extant geological data in GSI files was compiled and
provided to the project team together with topographic base maps for the survey areas.

At the test house in Milltown, Co. Galway a detailed programme of continuous monitoring of soil-gas
radon concentration at 1 m depth; radon concentration at 50 cm depth beneath the floor slab; indoor
radon concentration at several locations within the house; pressure differences between indoor air,
subslab air and outdoor air, and temperature differences between indoor and outdoor air was carried
out by Gottingen during the two week field campaign in May 1993. Gottingen also constructed,
calibrated and field tested a special soil probe for continuous measurement of the vertical radon gas
profile in soil down to a depth of 3.5 m. The field testing of the probe took place in Germany during
1995.

Correlation of Soil-Gas Radon and Indoor Radon Spatial Distributions

In the low-density sampling regional survey soil-gas radon concentrations ranged from 350 Bq m*
up to 393000 Bq m™ with an arithmetic mean value of 83000 Bq m? and a median value of 71000
Bq m?. From a statistical analysis of the data a threshold value of 70000 Bq m* was considered
appropriate for designating high radon potential zones within the survey area. It was also concluded,
however, that a threshold value in excess of 100000 Bq m? could not be ruled out. A high radon
potential zone was taken to be one in which 50% or greater of houses within the zone had radon
concentrations in excess of the national Reference Level of 200 Bq m>.

A statistical analysis of the indoor radon data incorporating 2 x 2 contingency tables which compared
the high/low radon potential zones in terms of monitored indoor radon levels supported the threshold
value of 100000 Bq m>. At this threshold value 41% of houses within the designated high radon
potential zone had radon concentrations in excess of 200 Bq m?, as against 33% of houses when the
70000 Bq m* threshold value was considered. This statistical analysis was taken a stage further to
determine the optimum soil-gas radon threshold value which could discriminate between high/low
radon potential zones on the premiss that a high radon potential zone is defined as one in which 10%
or greater of houses within the zone have elevated indoor radon levels. This classification of high
radon potential zones is currently in use in Ireland. Using this criterion the threshold value which
maintained the best sensitivity and specificity and which kept the number of false negatives (i.e. high
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radon houses in the low radon potential zone) to a minimum was 40000 Bq m”. Ninety-eight percent
of all monitored high radon houses in the survey area fell within the designated high radon potential
zone. Two percent of houses within the low radon potential zone had elevated indoor radon levels.
The discrimination between zones was also good at 40000 Bq m® with a house in the high radon
potential zone having a risk c. 17 times greater than one in the low radon potential zone of having
an indoor radon concentration in excess of 200 Bq m?.

Analysis of the detailed surveys especially the Lugatemple (Area 2) survey gave broadly consistent
results with a threshold value of 55000 - 60000 Bq m>. Six out of 8 identified high radon houses fell
within the designated high radon potential zone. Notwithstanding the limited data set the results of
this particular study suggest that high-density sampling may provide an effective technique for
correctly identifying the radon potential of individual house sites, but further work is needed on this
aspect of radon potential mapping.

Correlation of Geology with Soil-Gas Radon and Helium Concentrations

The predominant patterns in the spatial distribution of soil-gas radon are elongate zones trending NE-
SW with a subsidiary trend WNW-ESE also evident. These trends are broadly coincident with the
mapped joint directions in the limestone bedrock, in particular, the 47°E shear joint direction and the
117°E tension joint direction. Anomalous helium concentrations also reveal lineaments that paraliel
the principal joint directions mapped in the field, and support the view that the soil-gas radon patterns
appear to be structurally controlled by bedrock features such as fractures and joints. These features
together with the evidence in the near surface limestone sequence of partial karstification due to
percolating groundwater most likely provide the main lateral and vertical pathways or natural
plumbing system for the upward migration of radon to the surface.

The radon source in the area is considered to be the thick (> 1 km) Lower Carboniferous limestone
sequence which underlies the entire area. At last two near surface limestone beds have elevated Ra-
226 concentrations, and in the central part of the survey area, thin soils locally developed from in-situ
weathering of the limestone show elevated Ra-226 concentrations > 100 Bq kg'. The conclusion is
that both the limestones and their derived soils are the primary source of soil-gas radon in the area.

Meteorological Influences on Soil-Gas Radon Transport and Ingress into Buildings

The series of measurements performed at the test house in Milltown, Co. Galway confirmed the
dependence of the indoor radon concentration on the pressure difference between subslab and indoor
air. This pressure gradient was mainly governed by the wind pressure applied to the house. The
variation of indoor radon could be reproduced during the measuring campaign by a source factor,
calculated from the product of the pressure gradient between subslab and indoor air and the subslab
radon concentration, supporting the view of convective entry. of soil air into the house as a major
radon entry mechanism.

The compartmentalised structure beneath the subslab which was highlighted by the Ground Probing
Radar (GPR) survey of the interior of the house helped explain the temporal variation in subslab
radon concentration when compared to the soil-gas radon variations at 1 m depth. It also helped
explain the large transport resistance evident between subslab air and outdoor air.

An experiment with a small fan blowing attic air into the ground floor yielded a substantial decrease
in indoor radon concentration. A 1 Pa reduction in the pressure difference between subslab and
indoor air caused a thirteenfold reduction in the average ground floor radon concentration. The
significance of this as a potential radon remedial technique in Irish houses warrants further
investigation.
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The construction, calibration and fieid testing of a special soil probe for continuous measurement of
the vertical radon profile in soil was also undertaken by Gottingen. Preliminary field measurements
have been obtained but additional measurements need to be done to interpret their results.
Experiments are planned for the future to study the influence of meteorological parameters on radon
gas concentrations in the soil using the above soil probe.

Geophysical Investigations

Geophysical investigations were carried out in an attempt to map any sub-surface structural features
in the vicinity of houses with elevated indoor radon levels. Combinations of techniques incorporating
Ground Probing Radar (GPR), EM-VLF-R, EM-VLF, Wenner Resistivity Profiling and Total field
Magnetics were employed during the course of the work. The overriding conclusion from the battery
of geophysical investigations is of a mainly weathered bedrock close to, or at the surface with
karstification and solution features prominent in the surveyed areas.

At the test house in Milltown the indoor GPR survey successfully identified footings beneath the
subslab structure which it is believed affect both the subslab radon concentration and the movement
of subslab air to outdoor air. The main findings of the outdoor GPR survey is that the limestone
surface is jointed and large solution features may be present. The house apparently straddles an E-W
trending ridge of shallow bedrock which may be related to the observed 102°E tension joints in the
area. This ridge may be giving rise to strains in the foundation slab which are evident from cracks
in the exterior and interior walls of the house, thus providing a pathway for ingress of radon into the
house.

As Eskerlevalla (Area 1), the geophysical investigations indicated ridges of shallow competent
bedrock, possibly related to a predominant jointing pattern in the area, with zones of increased
weathering or karstification enveloping the ridges. The inference is that houses built on the competent
limestone ridges, unlike those in the transition zone, will have no large scale jointing in the vicinity
of the house foundations to provide a pathway for bringing radon gas close to the house foundations.

The geophysical surveys conducted at Mount St. Michael Primary School (Area 3) highlighted the
fact that the bedrock surface is not uniform, and hence the thickness of overburden varies greatly both
within and outside the school perimeter fence. This variation brings jointed bedrock close to the
surface in the vicinity of the school, and also allows for thick accumulation of clay in other areas
within the school perimeter fence. Some of the accumulations of clay lie within depressions in the
bedrock surface which, according to local information, may have been extensively excavated and back
filled with permeable hardcore during construction of the school foundations. This situation may
provide a highly permeable zone both in contact with the jointed limestone bedrock and the
foundations of the school, again providing an ideal pathway for radon ingress into the school building.

Seasonal Variability of Indoor Radon Concentration in Domestic Dwellings

Significant variability is evident in the limited data set. Radon measurements carried out during the
Autumn-Winter period may overestimate the long-term average radon concentration by as much as
20%. Similar measurements carried out during the Spring-Summer period may underestimate the
long term average value by as much as 20% - 40%.

Conclusions

1. The Claremorris survey area is one of high soil-gas radon concentrations and elevated indoor
radon concentrations.

2. Regional He/Rn in soil-gas mapping has identified high radon potential zones within the
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studied area on the basis of the >70000 Bq m® or >100000 Bqm’® soil-gas radon
concentration threshold value.

3. Independent indoor radon mapping has confirmed that c. 40% of houses within the designated
high radon potential zone (> 100000 Bq m*) have elevated indoor radon concentrations.

4. Detailed He/Rn in soil-gas mapping may provide an effective technique for correcily
identifying the radon potential of individual house sites.

S. Soil-gas radon patterns in the studied area appear to be structurally controlled by bedrock
features such as fractures and joints. Supporting evidence for this also comes from the
helium in soil-gas mapping and the geophysical site investigations.

6. The indoor radon concentration in the test house can be correlated to the pressure difference
between subslab and indoor air. This indicates that convective flow of subslab air into the
house is the dominant radon ingress mechanism. In the climatic conditions, pertaining to the
west of Ireland this pressure difference is mainly governed by windspeed.
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Figure 1: Geographical Location of Claremorris Survey Area and Milltown.
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Head of Project 1: Dr. Madden

II. Objectives for the reporting period
The primary objectives of the Radiological Protection Institute of Ireland (RPH) in this project were:

(i) Determine the geographical distribution of indoor radon concentrations in the survey area of
Claremorris, Co. Mayo, western of Ireland.

(i1) Evaluate the degree of correlation between the observed spatial patterns of soil-gas Rn/He
concentrations and indoor radon concentrations.

(ili)  Assess the predictive capacity of the combined Rn/He mapping technique in identifying areas
in which elevated indoor radon concentrations may be found.

III.  Progress achieved including publications
Introduction

The chosen field study area is approximately 25 km? in extent, centred on the town of Claremorris,
Co. Mayo, western Ireland (see Figure 1). The area has a population of c. 2500 with an average
housing density of approximately 29 houses per km®. The local housing stock is comprised of
bungalows and one - and two- storey farm houses, all of which are of slab-on-grade construction.
At the onset of the project no information existed on the local domestic indoor radon levels. In 1989
RPII identified a school within the present survey area with radon concentrations in excess of 1000
Bq m? in several classrooms. The entire survey area is underlain by well-bedded, crystalline, Lower
Carboniferous limestone.

Indoor radon gas measurements were carried out by RPII to map the spatial or geographical
distribution of indoor radon concentrations in the survey area, and to assess the seasonal variability
in indoor radon levels in a preselected sample of dwellings. Over 1200 passive radon dosemeters
were issued during the course of the project. Geophysical site investigations were carried out by
University College Galway (under subcontract to RPII) at Eskerlevalla (Area 1) and Mount St.
Michael Primary School (Area 3) in Claremorris (see Figure 1), and at the test house site in
Milltown, Co. Galway. These investigations assisted in characterising surface conditions at the
various sites by mapping any sub-surface structural features in the vicinity of buildings. These
features if present may have some control on the ingress of radon into the buildings. High resolution
gamma spectroscopic analysis of a representative suite of soil/rock samples from the survey area was
carried out by RPII to determine their Ra-226 content.

Indoor Radon Gas Measurements

In Spring 1993 the residents in 718 houses in the Claremorris District Electoral Division (field survey
area) were contacted by RPII regarding participation in the project. The residents in 250 dwellings
agreed to take part, and indoor radon gas measurements were completed in 204 houses. The house
locations of all participating householders were plotted on 1:2500 scale O.S. maps, digitised and
converted to Irish National Grid Co-ordinates, and integrated with all other spatial geodata using GPS
(Global Positioning Systems) and computer-based mapping software. The spatial distribution of
monitored houses is shown in Figure 2. Thirty-one houses geographically distributed throughout the
survey area were also selected for detailed investigation of the seasonal variability in indoor radon
levels. The selected dwellings comprised 19 bungalows and 12 two-storey houses.
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In all houses time integrated radon gas concentrations were measured using the standard RPII
domestic radon dosemeter. This is a passive, closed, alpha track-etch radon detector with Cr-39
plastic as the detecting medium. On return the Cr-39 plastics were chemically etched and counted
by an image analysis system. The standard etching conditions used were 10N Sodium Hydroxide
(NaoH) at 70°C for eight hours. The dosemeters were calibrated in the RPII Radon Calibration
Chamber, and by participation in a recent series of intercomparisons carried out by the EU.

The adopted protocol for mapping the geographical distribution of indoor radon concentrations was
two dosemeters per house; one in the principal living area and the other in the principal bedroom for
an exposure period of at least six months. A whole-house average radon gas concentration was
determined and adjusted to an annual concentration using standard in-house correction factors.

In order to assess the seasonal variability in indoor radon levels the adopted protocol was 24 radon
dosemeters per house; one group of 12 was located in the principal living area and the other group
in the principal bedroom. Each group of 12 dosemeters was placed inside a single, open plastic bag,
which was positioned at one location within each monitored room. At one month intervals the
householders retrieved a single dosemeter from each group and returned them to RPII for processing.

Results

The frequency distribution of regional indoor radon gas concentrations is shown in Figure 3 and
approximates to a log-normal distribution. Indoor radon gas levels range from 20 Bq m? up to c.
1950 Bq m* with an arithmetic mean value of 189 Bq m>. Twenty-five percent of monitored houses
have radon concentrations in excess of the national Reference Level of 200 Bq m>. In Ireland, at
present, 10 km x 10 km grid square areas are classified as high radon potential areas if greater than
10% of houses are predicted to have indoor radon levels in excess of 200 Bq m®. Using this criterion
the entire survey area would be classified as a high radon potential area.

The assessment of the seasonal variability in indoor radon levels proved to be problematic due to
difficulties encountered in retrieving dosemeters from participating householders at the relevant time
intervals. As a consequence of these logistical problems the data for only five houses are suitable for
presentation and analysis. The five houses comprise four bungalows and one two-storey house and
the results are presented in Table 1.

The data for each house were time weighted to give average radon concentrations for the seasons
Autumn, Winter, Spring and Summer where appropriate, and then normalised relative to the long-
term average radon concentration in the house. From Table 1 it is evident that there is significant
seasonal variability both within and between house types. The limited data suggest that radon
measurements carried out during the Autumn-Winter period in the bedroom and living areas of
bungalows will tend to overestimate the long-term average radon concentrations at these locations.
Similar measurements carried out in the Spring-Autumn period will tend to underestimate the long-
term average radon concentrations.

Correlation of Indoor Radon and Soil-Gas Radon Spatial Distributions

To assess the degree of correlation between the spatial distributions of soil-gas radon concentrations
and indoor radon levels a computer generated contour map of the regional soil-gas radon data was
produced (see Figure 4) for comparison with the indoor radon data. The regional soil-gas data were
gridded at 125 m grid cell size (c. half the spacing interval of 250 m) using a log-linear gridding
which takes account of the fact that the data are irregularly spaced and tending towards log-normality.
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Geographical areas were classified as high/low radon potential zones using the soil-gas radon contours
as threshold values. Within these zones monitored houses were classified as high/low radon houses
relative to the national Reference Level of 200 Bq m™ and grouped accordingly. The degree of
correlation between the spatial data sets, and the predictive capacity of the mapping technique to
identify high radon potential areas was assessed using 2 x 2 contingency tables which compare
high/low radon potential zones in terms of monitored indoor radon levels (see Table 2). In this
analysis sensitivity is defined as the number of high radon houses correctly identified in the high
radon potential zone as a percentage of the total number of high radon houses found in the whole
survey area. Specificity is likewise defined as the number of low radon houses correctly identified
in the low radon potential zone as a percentage of the total number of low radon houses found in the
whole survey area. A similar analysis was performed on the detailed soil-gas radon data from the
Lugatemple survey (Area 2). In this case the soil-gas data were gridded at 10 m grid cell size, again
using a log-linear gridding routine (see Figure 5 and Table 3). Plots of sensitivity against 1 -
specificity for all chosen threshold values of soil-gas radon are presented in Figure 6.

Enmotec conclude from their analysis and interpretation of the regional data sets that soil-gas radon
concentrations in excess of 70000 Bq m? are anomalous, and that a threshold value of 70000 Bq m
may be appropriate for the survey area. They also suggest however that a threshold value in excess
of 100000 Bq m* cannot be ruled out. In their interpretation a high radon potential area is defined
as one in which 50% or greater of the houses within the zone exceed the national Reference level of
200 Bq m®. Using this criterion for designating high radon potential zones our analysis of the soil-
gas radon and indoor radon data sets would tend to favour the threshold value of 100000 Bq m>. At
this threshold value 41% of houses within the designated high radon potential zone have radon
concentration in excess of 200 Bq m? (see Table 2). From our perspective as a radiological
protection institute, RPII has defined high radon potential zones as zones in which greater than 10%
of houses are predicted to exceed 200 Bq m®. Using this criterion the 100000 Bq m™ threshold value
is not the optimum discriminatory threshold since 22% of houses in the presumed low radon potential
zone still have radon concentrations in excess of 200 Bq m (see Table 2).

For the combined mapping technique to be of benefit under the RPII criterion for designating
high/low radon potential areas it is important that the majority of high radon houses within the survey
area occur within the high radon potential zone, and that the minimum number of high radon houses
lie within the low radon potential zone. In our analysis of the data this means that the sensitivity and
specificity should be as high as possible, and the number of false negatives i.e. high radon houses in
the low radon potential zone should be as small as possible.

The threshold value which maintains the best sensitivity and specificity, and keeps the number of false
negatives to a minimum is 40000 Bq m (see Figure 6a). Fifty-one out of 52 identified high radon
houses in the survey area lie within the high radon potential zone constrained by the 40000 Bq m
soil-gas radon contour. This constitutes 98% of all identified high radon houses and 35% of all
monitored houses within the high radon potential zone (see Table 2). The high radon potential zone
covers c. 75% of the field study area. The low radon potential zone contains c. 25% of all measured
houses and encompasses c. 25% of the total survey area. Two percent of houses within this zone
have concentrations in excess of 200 Bq m?, which is an acceptable percentage of false negatives.
The discrimination between zones is also quite good at the 40000 Bq m? threshold value as indicated
by the relative risk figure of 17.5 (see Table 2). This indicates that a house in the high radon
potential zone has a risk c. 17 times greater than one in the low radon potential zone of having an
indoor radon concentration in excess of 200 Bq m?.

Our analysis of the Lugatemple data suggests an optimum threshold value of 60000 Bq m? (see Figure
6b and Table 3). This is consistent with the 55000 Bq m™ threshold value suggested by Enmotec.
However with such small numbers of houses in the Lugatemple area the misclassification of a single
high radon house into the low radon potential zone can seriously distort the statistics.
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Notwithstanding this, 6 out of 8 identified high radon houses lie within the designated high radon
potential zone (see Table 3).

Geophysical Investigations

Detailed geophysical site investigations were carried out in three specific areas of high indoor radon
concentrations and/or elevated soil-gas radon concentrations. These surveys were carried out to assist
in characterising the surface conditions by mapping any sub-surface features in the vicinity of houses
with elevated indoor radon levels. These structural features being assumed to have some control on
the ingress of radon into the houses. Geophysical surveys were carried out at Eskerlevalla (Area 1)
and Mount St. Michael Primary School (Area 3) in Claremorris, and at the test house site in
Milltown. Combinations of techniques including Ground Probing Radar (GPR), EM-VLF-R, EM-
VLF, Wenner Resistivity Profiling and Total Field Magnetics were employed during these surveys.

Eskerlevalla Survey (Area 1

An EM-VLF-R survey was carried out in the area surrounding 3 houses. The survey used wall and
field boundaries to help locate measurement positions and the station spacing was generally 25 m.
A contour map of the resistivity values is shown in Figure 7. The houses under investigation are
situated on, or near, shallow, high resistivity (> 1200 Ohm-metres) bedrock which also corresponds
to a local topographic high. The overall pattern of the resistivity contours is interpreted as being due
to shallowly buried ridges of competant limestone bedrock generally trending NNE-SSW, but with
a WNN-ESE trend also apparent. These ridges could be related to a predominant jointing pattern in
the area with lower resistivity (<700 Ohm-metres) zones enveloping the ridges, and indicating zones
of karstification or weathering. The two houses with elevated indoor radon concentrations (House A
and House B) are situated on top of a ridge of competant limestone (House A), and in a transition
zone or edge between a ridge and a weathered zone (House B). The third house (House C) with low
indoor radon also lies on a block of competant, shallowly buried limestone.

In this area there is no clear correlation between the local geology and the incidence of elevated
indoor radon levels. It could be argued that House B with elevated indoor radon levels is built on
jointed, weathered, limestone consistent with the transition zone, and that this provides a pathway for
radon to be brought near to the house foundations. In the case of the low radon house, House C,
which lies on competant limestone bedrock the argument would be that no large scale jointing exists
in the vicinity of the house foundations. House A, the high radon house situated on competant
limestone is not readily explainable since it is difficult to argue that large scale jointing is responsible
for the radon ingress in this case. Jointing may exist in the vicinity of this house which has not been
detected by the survey at a station spacing of 25 m, but it is also likely that differences in house type
and construction may ultimately be the controlling factor in deciding the final indoor radon
concentration in these specific houses.

Mount St. Michael Primary School (Area 3)

A series of geophysical traverses were carried out in the immediate vicinity of the school building,
and in the grounds surrounding the school (see Figure 8a). The near-school surveys were carried out
to map the depth to bedrock, and those outside the school perimeter were sited to map any structural
trends.

To the west of the school resistivity traverses and vertical electric soundings indicate bedrock
generally lies within 2-3 m of the surface with outcrop close to the surface to the NW and SW of the
school premises. A zone of increased overburden thickness is apparent from GPR and resistivity
surveys in the vicinity of the western edge of the school playground. To the east of the school
premises bedrock lies close to the surface with outcrop evident in the eastern approach. EM-VLF-R
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and resistivity traverses to the north and south of the school perimeter fence indicate a zone of low
resistivity. If the data can be correlated across the intervening buildings and playground, than a N -
S zone of low resistivity (< 1000 Ohm-metres) can be defined (see Figure 8b). To the east of this
zone lies high resistivity (> 1000 Ohm-metres) bedrock, close to or at the surface, and to the west
possibly lie a number of zones of alternating high and low resistivity.

The central low resistivity zone is approximately 60 m in length and can be further divided with lower
resistivity (<500 Ohm-metres) to the north. If the correlation of the data across the school premises
is correct, the implication is that there is a zone of increased weathering crossing the school and
deepening to the north. With regard to this N-S zone of increased weathering the area to the north
may relate to a solution feature containing a thick, low resistivity clay sequence. To the south the
zone may relate to weathering or karstification associated with joints and/or a channel-like feature.

The main inference from the geophysical surveys is that the bedrock surface is not uniform and hence
the thickness of overburden varies greatly both within and outside the school perimeter fence. This
variation brings jointed bedrock close to the surface in the vicinity of the school, and also allows for
thick accumulations of clay in other areas within the perimeter fence. Some of these accumulations
of clay lie within depressions in the bedrock surface which may have been excavated and back-filled
with hardcore during construction of the school foundations. This situation may provide a permeable
zone both in contact with the jointed limestone bedrock and the foundations of the school which would
be an ideal pathway for radon ingress into the school.

Enmotec have identified high soil-gas radon concentrations to the NE, NW, W and SW of the school
premises which correlate with the generally shallow bedrock in these areas. Low soil-gas radon
concentrations to the north of the school premises correlate with the solution-like feature where
thickening clay cover may be acting as a radon seal over the bedrock. High soil-gas radon
concentrations to the south of the school premises correlate with the shallowing channel or solution-
like feature as it grades into weathered bedrock.

Milltown_Test Home Site

GPR surveys were carried out both inside and outside the test house. A series of GPR profiles were
run along corridors and across rooms inside the house. The outdoor survey concentrated largely on
the front and eastern side of the house. Some survey lines were also carried out at the rear of the
house (see Figure 9a).

The relevant findings of the indoor survey relate to the house construction where it was found that
the exterior walls and dividing walls were constructed on footings which give rise to a
compartmentalised structure beneath the floor slab. This compartmentalised subslab structure is
believed by Gottingen to be the cause of the massive transport resistance evident between the subsiab
air and the open atmosphere (see Gottingen section of this report).

The objective of the outdoor GPR survey was to determine the depth to bedrock and hence the
thickness of the fill material on which the house is buiit. The interface between the soil/fill material
and the underlying limestone bedrock is clearly seen on most radar sections and this has been
compiled and presented as a depth to bedrock map in Figure 9b. The main findings of the survey are
that the limestone surface is jointed and the character of the radar records indicate that there may be
large solution features present. The soil/fill thickness is thinnest in the immediate vicinity of the
house (0.5 - 1 m) but thickens to 3.0 m at the boundary wall to the south of the house. A similar
thickening of soil/fill is apparent at the rear of the house, to the north. The result is that the house
foundation apparently straddles an E-W trending ridge of shallow bedrock. This ridge may be giving
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rise to strains in the foundation slab which are evident from cracks seen in the outer walls, footpaths
and inner walls of the house. These cracks or their source may be providing patheways for radon
ingress into the house.

A series of resistivity surveys in a field across the road from the house i.e. to the south indicate very
shallow bedrock. Since this field is topographically about 2 m lower than the foundation slab of the
test house, the implication is that the E-W trending bedrock ridge may form part of a larger system
of E-W features such as weathered joints and/or minor faults. This E-W trending feature is broadly
coincident with the observed 102°E direction for tension joints in the area.

Ra-226 in Soil and Rock Samples

Representative samples of soil and bedrock were recovered from the Claremorris and Milltown areas
for Ra-226 analysis by high resolution gamma spectroscopy. In the Claremorris survey area 26 soil
samples from 5-30 cm depth were collected, together with an additional 14 soil samples from the
primary school site in Area 3. At the test house site in Milltown 4 soil samples were collected in the
immediate vicinity of the house. Eleven rock samples were collected from disused quarries in the
survey areas.

Ra-226 activity concentrations in all samples were determined using the 186 keV line. U-238 was
determined from the 63 keV and 93 keV lines of Th-234 assuming secular equilibrium between U-238
and Th-234. The U-235 interference at 186 keV was calculated, assuming a U-238 to U-235 ratio
of 22.3:1. Detection efficiencies were determined using a soil sample, similar in composition to the
soils determined, spiked with a certified radionuclide reference solution.

Results

The Ra-226 activity concentrations of soil samples recovered from the Claremorris and Milltown areas
are summarised in Table 4. In the Claremorris area Ra-226 activity concentrations range from 20
Bq kg' up to 214 Bq kg with a mean value of 76 Bq kg'. This compares with the average value
of radium in soil found in the national soil survey of 46 Bq kg, and the interval 35-65 Bq kg
assigned to the 10 km x 10 km national grid square encompassing Claremorris. At the site level Ra-
226 activity concentrations in the Mount St. Michael Primary School (Area 3) range from 42 Bq kg™!
up to 95 Bq kg with a mean value of 56 Bq kg, and in the test house site at Milltown activity
concentrations range from 31 Bq kg up to 160 Bq m? with a mean value of 102 Bq kg

Ra-226 activity concentrations greater than 100 Bq kg' have generally been taken to represent
potentially hazardous activity concentrations, and concentrations in excess of 100 Bq kg’ have been
found both in Claremorris and Milltown. In particular in Claremorris, elevated Ra-226 activity
concentrations form a spatiaily coherent group to the east/south east of Mount St. Michael Primary
School (Area 3) (see GSI section of this report).

Rock samples from both Claremorris and Milltown have Ra-226 activity concentrations in the range
<20 Bq kg' up to 98 Bq kg'. The majority of samples are low apart from two which came from
two quarries close to Claremorris town. These two samples have activity concentrations of 80 Bq
kg and 98 Bq kg and are elevated relative to the rest of the samples, which do not exceed 38 Bq
kg!. Samples of chert and shale taken from between the limestone beds in Claremorris all show low
Ra-226 activity concentrations <20 Bq kg, whereas in Milltown a shale parting from between
limestone beds has 84 Bq kg'. A detailed discussion of the Ra-226 activity concentration in soils and
rocks collected from both Claremorris and Milltown, and their significance as a potential radon source
is left to the GSI section of this report.
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House Type
Bungalow Bungalow Bungalow | Bungalow Average Two-Storey
Season I'ped | Liv | Bed | Liv | Bed | Liv | Bed | Liv | Bed | Liv | Bed | Liv
Autumn | 1.09 | 1.06 | 1.25 { 1.61 | 1.21 | 0.58 {0.92 {042 § 1.12 1 0.92 | 1.60 | 1.10
Winter 1251095 | 1.70 } 1.13 1091 | 1.31 | 1.07 { 1.17 | 1.30 | 1.14 | 0.52 | 1.25
Spring 1.21 | 1.07 | 0.66 | 0.59 - - - - 0.66 {0.83 | 1.10 | 0.6
Summer | 0.92 | 0.92 | 0.39 | 0.67 - - - - 0.57 {0.80 | 0.70 | 1.10
Table 1: Seasonal variability in Indoor Radon concentrations
Specificity (34%) Sensitivity (98%)
Zone Number of Houses < 200 Bq m® | Number of Houses > 200 Bq m*
< 40000 Bq m’ 50 (98%) 1 2%) 51
>40000 Bq m* 96 (65%) 51 (35%) 147
146 52 198
Relative Risk = 17.5
Specificity (56%) Sensitivity (62%)
Zone Number of Houses < 200 Bq m® | Number of Houses > 200 Bq m*
<70000 Bq m? 82 (80%) 20 (20%) 102
>70000 Bq m* 64 67%) 32 (33%) 96
146 52 198
Relative Risk = 1.7
Specificity (84%) Sensitivity (33%)
Zone Number of Houses < 200 Bq m® | Number of Houses > 200 Bq m*
<100000 Bq m* 122 (78%) 35 22%) 157
>100000 Bq m* 24 (59%) 17 41%) 41
146 52 198
Relative Risk = 1.9
Table 2: Two x Two Contingency Tables (Regional Data)
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Specificity (0%)

Sensitivity (75%)

Zone Number of Houses < 200 Bq m® | Number of Houses > 200 Bq m*
<40000 Bq m? - - 2 (100%) 2
>40000 Bq m* 5 45%) 6 (55%) 11
5 8 13
Relative Risk = 0.6
Specificity (60%) Sensitivity (75%)
Zone Number of Houses < 200 Bq m* | Number of Houses > 200 Bq m*
< 60000 Bq m? 3 (60%) 2 (40%) 5
> 60000 Bq m* 2 (25%) 6 (15%) 8
5 8 13
Relative Risk = 1.9
Specificity (80%) Sensitivity (38%)
Zone Number of Houses < 200 Bq m® | Number of Houses > 200 Bq m’
< 80000 Bq m? 4 44%) 5 (56%) 9
> 80000 Bq m? 1 25%) 3 (75%) 4
5 8 13
Relative Risk = 1.3
Table 3: Two x Two Contingency Table (Lugatemple Data)
Ra-226 (Bq kg") in Soils
Statistic Claremorris Mount St. Michael Milltown
Area (Area 3)
N=24 N=14 N=4
Mean 76 56 102
S. Dev 51 16 65
Minimum 20 2 31
Maximum 214 95 160
Table 4: Ra-226 activity concentration in soils
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FINAL REPORT

CONTRACT: F13P-CT93-0074
Period: 1st January 1993 to 30 June 1995 (30 months)

I. Head of Project 2: Dr. Patrick J. O’Connor

IL

OBJECTIVES FOR THE REPORTING PERIOD

(a) Provision of topographic maps (1:10,560 and 1:2,500 scale) of survey areas to
partners RPII and Enmotec.

(b) Assistance in the planning and execution of field surveys by project team in
May 1993 and May 1994.

() Compilation of extant geological data from GSI files for the Claremorris and
Milltown study areas.

@ Reconnaissance mapping of the bedrock geology and glacial geology of both
study areas.

(e) Collection of a suite of representative rock and soil samples for both survey
areas (with RPII) for 2*Ra analysis and evaluation of abundance data.

()  Evaluation of the degree of spatial correlation between geology, soil Z°Ra and
soil gas *Rn.

IIl. PROGRESS ACHIEVED INCLUDING PUBLICATIONS

Compilation of all extant geological information in GSI files on 1:10,560 topographic
basemaps for both study areas was completed. Data sources for this compilation
included the relevant 19th century GSI geological maps (1:10,560 and 1:63,360
scales), recent geological data from the GSI Mineral Exploration Open File Records,
data derived from 1:30,000 scale aerial photos and results trom reconnaissance field
mapping in May 1993 and May 1994.

Geology of Study Areas

@)

Claremorris Area, Co. Mayo

The town of Claremorris, Co. Mayo is situated on the eastern margin of an extensive
undulating lowland which is predominantly above 60m O.D. elevation (Fig. 1). To
the west and southwest of the town, flatlands (<60m O.D.) extend as far as Lough
Mask and Lough Corrib, some 30km distant. [n general, surface rivers drain the
landscape from NE to SW, with tributaries extending NW-SE along intervening
depressions. The surface drainage pattern can be correlated with bedrock structures
(see below).

Immediately SW of the town, Mayfield Lough and Clare Lough occupy an elongate

NW-SE depression in which basin peat is well developed. Further to the SW the land
rises to over 100m along a NW-SE bedrock ridge with a shallow glacial drift (till)
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cover. To the N, NE and E of the town the land rises gradually to form an undulating
lowland of 60 -100m elevation in which is developed a number of peat-filled
depressions, generally elongated NW-SE. The glacial till covering of this undulating
lowland is for the most part thinly developed (usually < 1m depth). The till itself is
poorly sorted and is composed predominantly of limestone cobbles. The soils
developed on the till are shallow brown earths and rendzinas with subordinate grey
brown podzolics and basin peat (National Soil Survey Map, 1980).

Some 2km NE of Claremorris a series of sub-parallel and somewhat sinuous esker
ridges is developed. At numerous localities, the esker ridges have been exploited for
their sand and gravel content and extraction is continuing to mar the landscape. The
ridges are often discontinuous and stand up to Sm high above the surrounding blanket
of glacial till. In cross-section, the eskers show alternating graded bands of coarser
and finer well-rounded limestone gravels. In their upper portion, finer sand lenses are
often developed suggesting more distal development from the local ice-front and/or
the action of waning depositional currents. The disposition of esker ridges, indicative
of melt-water channels developed broadly perpendicular to the ice front, suggests that
the local ice front extended from NW to SE across the area and retreated
northeastwards.

Outcrop in the area is extremely sparse. Observations are confined mostly to a few
disused quarry localities (Fig 2) immediately NW of the town (Localities 7 and 9) and
2.5km SSW of the town (Locality 8). On the basis of lithologies observed in the drift,
the entire area is underlain by Lower Carboniferous limestones. The quarry localities
collectively provide a vertical stratigraphic sequence of approximately 50m (assuming
no faulting has occurred between localities). At all three quarry localities massive,
well-bedded crystalline limestones are developed. Bedding dips gently at 3°- 5° to the
SW or SSW and bed thickness varies from 0.1 to 1.5m, averaging 0.6m. Minor chert
bands (up to Scm in thickness) are developed at Locs. 7 and 9 while thin shaly
partings between limestone beds are seen at Locality 9. The limestones vary in colour
from grey through blue-grey to black in vertical sequence. They contain a well-
developed macrofauna of crinoids (comminuted), solitary corals (zaphrentids), colonial
corals (syringopora) and productid brachiopods. They would appear to have been
deposited in a low-energy shallow shelf environment.

There are a number of vertical joint directions developed in the limestones, with
those trending 27°E, 47°E, 117° and 157° best developed and exploited during
quarrying activities. Joint spacing ranges from 0.1 to Im, averaging 0.6m. (Fig. 2).

Dissolution, due to groundwater movement, is most obvious along the limestone
bedding planes directly above the shaly partings. The bedding surfaces are coated in
secondary calcareous tufa (travertine) deposited by circulating groundwaters (e.g. Loc.
7). The uppermost limestone beds directly beneath the glacial till show more
advanced karstification.

Total gamma activities measured at all sites were constant and low (20 - 30 cps).
Slightly higher gamma readings of c.50cps were observed at shaly partings in the
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©

limestone sequence.

Claremount Primary School Site

The school site (Fig. 2) lies 300m NW of the nearest limestone outcrop in the disused
quarry (Loc. 7) in Clare Townland and is almost certainly underlain by the same
gently dipping lithologies. The glacial overburden is likely to be shaliow (generally
< 1m depth).

Two principal vertical or near-vertical joint sets have been measured in the limestones
exposed in the quarry (Fig. 2, Loc. 7).

(a)  Orthogonal sets of tension joints developed parallel to bedding dip and strike
directions (27°E and 117°E). Those trending 117°E are well-spaced (approx.
2m apart), open and continuous master-joints while those trending 27°E are
closer-spaced (5-20cm apart) tight fractures.

(b)  Non-orthogonal sets of shear joints developed along 47°E and 157°E directions.
The 47°E joint set are open-spaced (approx 1m apart) and the 157°E set are
close-spaced (5-20cm apart) tight fractures.

In terms of permeability, therefore, the 117°E and 47°E fracture directions are likely
to represent the most important vertical pathways developed in the limestone bedrock
and to constitute the primary "plumbing system" for the lateral and upward
transmission of radon.

Milltown Area, Co. Galway

The village of Milltown, Co. Galway is situated on the river Clare (Fig. 3). The
surrounding countryside is generally flat and low-lying (<50m O.D.) and slopes gently
to the southwest. The glacial drift cover is thin (generally < 1m thick) and the drift
is composed of limestone debris. The limestone cobbles are angular to subangular in
shape and suggest short transport distances prior to deposition. The matrix of the drift
is gravelly, with some clay component, and appears quite permeable. In topographic
depreSsions, the drift is overlain by thin peat and such areas are often swampy in wet
weather.

Outcrop in the area is sparse and mainly confined to sections along the river Clare.
The Milltown area is generally underlain by thinly-bedded to well-bedded impure or
muddy bioclastic limestones of Lower Carboniferous age (Fig 1). The limestones
contain an abundant macrofauna of productids, brachiopods, solitary corals (e.g.
zaphrentids) and fenestellids. Stratigraphically, the limestone sequence at Milltown
underlies the sequence exposed around Claremorris.

The limestone beds are generally 0.1 - 0.5m thick with thin (<0.2m) shaly partings.
Total-count gamma readings of 35-45 cps on limestone and 45-55 cps on shaly
partings are typical.
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The limestone beds are folded/warped and dips up to 30° - 40° are present locally. The
gentle folding of the limestone bedrock reflects proximity to a major NE-SW fault
zone to the east of Milltown (Fig 1).

Milltown Test House Site (Loc. 3)

The test house lies ¢.700m NE of the centre of Milltown village on the main
Claremorris road (Fig. 3). The site is level and at 52m elevation O.D. The ground
to the south of the test house slopes gently southwards towards the river Clare. A
number of springs rise in this area suggesting that the main groundwater flow is from
north to south across the area towards the river.

The drift cover at the test house site is very shallow and generally < 1m deep.
Bedrock outcrops by the roadside, 100m SE of the test house. The bedrock is a blue-
grey fossiliferous limestone, thinly-bedded with shaly partings. The bedding planes
are gently warped/folded on an axis trending 142°E; bedding dips at 10° - 20° to the
SW. Two joint sets are developed:-

(a) tension joints trending 8°W and 102°E
(b) shear joints trending 47° and 117°

Joint spacings are generally 0.2 - 0.6m.

The 117°E trending joints are parallel to the long axis of the test house (Fig 3).

Radium Content of Rocks and Soils

(@)

(b)

Sampling

Representative samples of bedrock and soils were recovered from the Claremorris and
Milltown areas for **Ra analysis (see RPII Reports). Outcrop in both areas is
extremely sparse and 11 rock samples were collected from disused quarry exposures.
In the Claremorris area, 26 shallow soil samples were collected, together with 14 soil
samples from the school site at Claremount. At the test house site near Milltown, 4
soil samples were collected in the immediate vicinity of the house.

Radiygs Content of Rocks

The content of *Ra in rock samples from the Claremorris and Milltown areas is
presented in Table 1. The samples are arranged in approximate stratigraphic order in
the table, with the oldest sample at the bottom and the youngest at the top.

In the Claremorris area, underlain by limestone, six samples of this rock type from
quarries SW and N of the town show a range of “Ra contents of < 20 Bq/kg- 98
Bq/kg. A single limestone sample from each of the quarries (930526, 930541) shows
elevated **Ra contents (98 and 80 Bq/kg respectively). Individual samples of chert
(930523) and shale (930543) have low #*Ra contents.
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Table 1. Contents of 22 Ra in Rock Samples from Claremorris (Co. Mayo) and Milltown (Co. Galway), Ireland.

Sample
930526
930542
930543
930522

930541

930523
930527
930520
930521
930528

930540

Grid Reference
13270 27288
13270 27288
13270 27288
13384 27568

13384 27568

13384 27568
13356 27549
14103 26361
14103 26361
14016 26327

15570 26990

Locality

Madden’s Quarry (disused), Brookhill Townland,
2.5km SW of Claremorris
Madden’s Quarry (as above)

Madden’ Quarry (as above)

Quarry (disused), Clare Townland, 1km N. of
Claremorris
Quarry (disused) as above

Quarry (disused) as above

Quarry (disused), Clare Townland, adjacent
railway line 1km NW of Claremorris

Quarry (disused), Lack Townland, 1km NE of
Milltown, Co. Galway

Quarry (disused), as above

Roadside outcrop, Milltown Townland, 0.7km
NE of Milltown, Co. Galway

Outcrop, Slieve Dart inlier, Skm SE of Cloonfad,
Co. Galway

Rock Type

Dark bioclastic limestone
(Lower Carboniferous)

Blue-grey bioclastic Limestone

(Lower Carboniferous)
Black Shale parting
(Lower Carboniferous)

Blue-greybioclastic Limestone

(Lower Carboniferous)
Blue-grey bioclastic
Limestone

(Lower Carboniterous)
Black Chert band

(Lower Carboniferous)
Grey bioclastic Limestone
(Lower Carboniferous)
Black bioclastic Limestone
(Lower Carboniferous)
Black Shale parting
(Lower Carboniferous)
Blue-grey Limestone
(Lower Carboniferous)
Brecciated Felsite

(Lower Devonian)

2pa
(Bg/kg)
98

<20
=20
31

80

20
<20
38
84
32

<20



Table 2 Contents of * Ra in Soils from Claremorris (Co. Mayo) and
Milltown (Co. Galway), Ireland.

Claremorris Regional Soil Survey

Sample Number 228 Ra (Bq/kg)
SS1 214
SS2 157
SS3 107
SS4 118
SSS5 95
SS6 44
SS7 146
SS8 93
SS9 118
SS10 128
SS11 25
SS12 86
SS13 42
SS14 36
SS15 <20
SS16 .
SS17 49
SS18 -
SS19 23
S$S20 29
S$S21 37
S$S22 52
S$S23 47
S$S24 49
SS25 63
SS26 40
Statistics
N=24 Mean 75.75 Median 50.5
Geometric Mean 61.5 Standard Deviation 50.6
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Table 2 (Continued)

Claremount Primary School, Claremorris

(Detailed Soil Survey)
Sample No. 226 Ra (Bq/kg)
MSC1 42
MSC2 62
MSC3 95
MSC4 44
MSC5 69
MSCé 46
MSC7 61
MSCS8 77
MSC9 48
MSC10 54
MSC11 42
MSCi2 43
MSCi13 48
MSC14 51
STATISTICS
N=14 Mean 55.9 Median 49.5
Milltown Test House Site
Sample No. 226 Ra (Bg/kg)
MT1 154
MT2 62
MT3 160
MT4 31
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In the neighbourhood of Milltown, limestone samples have intermediate **Ra contents
of 32 - 38 Bq/kg, but a shale parting between limestone beds (930521) has an elevated
26Ra content of 84 Bg/kg.

Thus, in terms of *?Rn potential, certain limestone beds in the Claremorris area and
shale partings at Milltown are likely candidates.

Radium Content of Soils

The **Ra contents of 24 soil samples from the Regional Claremorris Survey range
from < 20 Bq/kg to 214 Bq/kg (Table 2). The mean **Ra content is 75.8 Bg/kg
which is 50% higher than the national average for Irish soils of 46 Bq/kg (McAulay
& Marsh, 1992).

Nine sites with elevated soil **Ra (Range 93 - 214 Bq/kg) form a spatially coherent
group centred about 1.5km north of Claremorris town centre and to the SE of the
Primary school (Fig. 4). The highest soil **Ra value of 214 Bg/kg is close to the
disused quarry in Clare Townland (Locality 7) where a sampled limestone bed
contains 80 Bq/kg of *Ra. The soils in this area are very thin (< 30cm) and may
have been derived, largely, through insitu weathering of the limestone substrate with
consequent 2*Ra enrichment.

At the Primary school site in Claremount townland 14 soil samples showed a range
of #Ra contents of 42 - 95 Bg/kg; the median value was 49.5 Bg/kg, similar to the
regional median of 50.5 Bq/kg (Table 2). The highest soil 2*Ra values of 77 Bg/kg
and 95 Bg/kg occur near the SE boundary of the site (Fig. 5) and are coincident with
a zone of elevated soil gas *”Rn values (Enmotec, Fig. 12). The possibility that some
of the soils at the school site are imported (rather than indigenous) cannot be
excluded.

Only 4 soil samples were collected in the immediate vicinity of the test house near
Milltown, Co. Galway. The ***Ra contents range from 31 to 160 Bq/kg (Table 2).
The highest ?*Ra values of 154 Bq/kg (MT1) and 160 Bg/kg (MT 3) are located on
the western side of the site.

Correlation of Geology with soil gas *Rn and ‘He concentrations

Soil gas #*Rn and *He data for the Claremorris area are presented by Enmotec. **Rn
soil gds values range up to 393,000 Bg/m* (median 71,000 Bq/m®) and are high
throughout the Claremorris area. Enmotec define breaks in the distribution of *Ra
values at 70,000 Bq/m*and 100,000 Bg/m" and they define 4 classes for contouring
purposes: 0-50 KBg/m®, 50-70 KBqg/m", 70-100 KBq/m*and> 100KBq/m* (Enmotec,
Fig. 6). When the spatial pattern of regional soil gas **Rn is considered in
conjunction with observed geological structures and soil *Ra contents the following
observations can be made:

* There is a strong spatial coincidence between the soil *’Ra anomaly (1.5 km
north of Claremorris town centre) and high soil gas *’Rn (> 80KBg/m”) at this
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the high soil gas *Rn concentrations observed. The soils in this area are thin
(0.1m - 0.3m) and may be largely residual in nature being derived from in situ
weathering of the underlying karstic limestone. At least one limestone bed
exposed in a nearby quarry has a **Ra content of 80Bg/kg and weathering of
such material could provide a residual soil with an elevated **Ra content.

The predominant pattern in the regional distribution of soil gas ®*Rn in Fig. 6
(Enmotec) is one of elongate zones (> 100KBg/m®) which trend NE-SW
broadly coincident with the 47°E direction observed for spaced shear joints in
the limestone bedrock (Fig. 2). The distribution of anomalous soil gas *He
concentrations is interpreted by Enmotec to define ’lineaments’ trending 25-
45°E (Eamotec, Fig. 5), some of which in the western part of the study area
may be related to the 47°E shear joint direction and others of which in the
eastern part of the area may relate to the 27°E tension joint direction. It is not
possible to make a clearer directional distinction on the basis of the anomalous
“He values plotted on Fig. 5 (Enmotec).

* A subsidiary trend WNW-ESE in soil gas *’Rn anomalies is also evident in
Fig. 6 (Enmotec), broadly coincident with the 117°E direction of major, open,
spaced tension joints observed in bedrock (Fig. 2). Enmotec also define a
suite of anomalous ‘He lineaments striking 115 - 125°E (Enmotec Fig. 5)
which probably reflects the 117°E major joint direction (Fig. 2).

Radon Sources and Pathways

The radon source in the Claremorris area is ubiquitous and geographically widespread.
The immediate source is the thick (> 1 km) Lower Carboniferous limestone sequence
which underlies the entire area. At least two separate near surface limestone beds (in
an exposed vertical sequence of ¢.50m) have elevated ***Ra contents. Thin soils,
locally developed by in situ weathering of the limestone, show elevated °Ra contents
of 100-200 Bq/kg. It is concluded that both the limestones and their derived soils are
the primary source of soil gas **Rn in the area.

Radon pathways are largely controlled by permeability (O’Connor etal. 1992; 1993).
The limestone sequence near surface shows partial karstification due to dissolution by
percolating groundwater. Both tension and shear joint systems are well developed in
the bedded sequence and these structures provide the main lateral and vertical
pathways or "plumbing system" for the upward transmission of radon to the surface.
The overlying soils are generally permeable and offer little resistance to upward radon
migration.

Soil gas *Rn patterns appears to be controlled by bedrock structure (fracture, joint
directions) and locally by elevated soil **Ra concentrations. Alignment of anomalous
“He soil gas values also support the view that soil gas ***Rn patterns are structurally
controlled.
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Head of Project 3: Dr. van den Boom

Il. OBJECTIVES FOR THE REPORTING PERIOD

. Evaluation of the combined helium/radon in soil-gas mapping methodology as an
indicator of areas in which elevated indoor radon concentrations may be found.

. Identification of the major parameters controlling the radon distribution in this
geographic area and evaluation of the use of soil-gas radon concentrations ss an
assessment technique to identify areas of different radon potential or to
estimate a portion of an area that may be classified as providing elevated
radon potential.

° Testing the utility of low-density and high-density sampling strategies and
defining both the capability and the limitations of a single method technique for
developing radon potential estimations for an area.

. Estimation of high soil-gas radon potential areas based on comparison with
measured indoor radon concentrations

. Application of helium measurements for defining migration channels for
mobile terrestrial gases.

IV. PROGRESS ACHIEVED INCLUDING PUBLICATIONS
Radon and helium mapping were conducted in westem Ireland as a part of a cooperative
study involving the European Union, the U.S. Department of Energy and the U.S.
Geological Survey. The Radiological Protection Institute of ireland and the Geological
Survey of ireland conducted radon indoor analyses and geological studies. ENMOTEC
GmbH coflecled and analyzed soil-gas samples for radon, and the U.S. Geological
Survey conducted the helium analyses. The regional survey of 230 soi-gas radon
concentrations in a karst region of western [reland was used to estimate radon potential
for an area of approximately 110 km®. In many areas of the word thorough
complimentary data bases, such as wide-area gamma-ray spectrometer surveys, soil
characterization, and even detailed geologic mapping as well as decent geographic
maps, are lacking and would be prohibitively expensive to acquire.Therefore, techniques
that estimate the regional indoor-radon potential in the absence of previously mentioned
detailed information are needed. Also, in view of the finite resource that some
govemments can devote to the issue of radon and public health, these techniques need
to be affordable.
Technical Background
The radon concentration in any soil or rock is dependent upon the concentration of its
progenitor radium. Weathering (climate), mineralogy (composition and form), and natural
distributuion of forces (local tectonic stresses) control the physical and chemical
distribution of radium and help establish the emanation and transport pathways for
radon.Geologic information allows estimations of the radon potential from particular rock
types or soils (Akerblom, 1987; Reimer & Gundersen,1989; Kunz, 1988;Gates &
Gundersen, 1989; Sutheriand, 1991; Ball & others, 1991).
Climate is a strong factor controlling soil development and properties as well as the
chemical distribution of efements throughout the various soil horizons (Asher-Bolinder &
others,1990).Using rock classification as @ general guide, higher Rn concen-trations
might be expected from rocks that typically have higher uranium and thorium
concentrations, such as granites. Conversely, low radon concentrations might be
expected from rocks such as basalts and fimestones which typically have lower uranium
and thorium concentrations.

However, in the course of making indoor measurements in ireland, homes that had been

built on Emestone having thin soil cover were found with elevated radon concentrations.

Although this might seem enigmatic, a detailed study of the radon distribution in a

limestone terrain in Ireland indicates that there are very sound geologic reasons, such as

dissolution enhanced permeability, that explain the findings (O°Connor et al, 1993).

In & moist climate as this , concentration of radium in the formation of residual soils

could also be a major factor A comprehensive technique for estimating radon potential

has been recently developed by Schumann (1993). That successful approach utilized
input parameters of five different data sources:
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Asroradiometric data

L ]

. Soil classification

. Lithological data

. indoor radon screening measuraments
(less than S0 days duration)

. General house construction

Soil-gas radon concentrations were not consndered as a primary factor because
extensive data bases are not available.However, the analyses are relatively inexpensive
compared to geologic mapping and airbome radiation mapping at the similar scales.
Soil-gas Sampling and Analytical Techniques

Soil-gas samples were collected using a method described in detail by Reimer (1990)
and in former progress report of this project. Therefore, only a short description of the
method is given here.In order to collect a soil-gas sample, a hollow steel probe was
hammered into the ground by use of a slide hammer fitted over the shaft of the probe.
The probe is then fitted with a septum device that makes an air-tight seal around the
upper opening of the hollow probe. The tip of the probe was set at a depth of 1 m and,
after purging air from the probe, a sample of soil-gas was collected with a hypodermic
syringe.The gas sample was transferred from the syringe into a phosphor-coated
scintiliation cell for the radon analysis and another sample from the syringe was
transferred to a stainless steel container for subsequent helium analysis.Radon
concentrations were calculated at the field site based upon previous primary calibration
of the alpha scintillometer and individual scintillation cells.

Study Area

Soil-gas radon and helium measurements were conducted in the vicinity of Claremorris,
County Mayo, lreland. in this part of westem Ireland, the only geologic information
available was bedrock information, surficial morphology (based on a geographic map
updated 1916), and structural jointing analysis (O Connor et al, 1993). The 110 km?
study area is underiain by a single limestone formation. The only topographic coverage
is from a map published in the last century and updated 1916 by the Geological Survey
of Ireland. No soil description or gamma-ray measurements are available. A detailed
description of the geology of the study area is given by the Geological Survey of
{reland.The soil-gas surveys were conducted in May of 1993 and 1994. The overall study
area is rectangular in shape and approximately 11 km by 10 km . The sample spacing
was 200 to 300 m for the reconnaissance survey . 231 samples were collected (Figure
1).The sampling was not random because the samples were primarily collected near
pathways and roads (within the right of way but away from the disturbance of road
construction). Within that constraint, and the limits imposed by the occurrence of local
bogs, the sampling density was about 1 sample per 0,5 km?2.In addition to the low-density
sampling program a detailed high-density sampling soil gas study had been carried out in
three selected areas where radon indoor data were available.

Results

Statistical Parameters and Frequency Distribution of

Radon and Helium in Soil-gas

During the entire field campaign 525 radon soil gas samples were collected and
analyzed. Table 1 shows the statistical parameters. A comparison between the different
study areas shows that area 1 has the highest geo-metric mean value for soil-gas radon
of 84 600 Bq/m3 . The other two areas show 58 200 Ba/m3 (area 2) and 61 800 Bq/m
as geometric mean. The definition and distribution of high risk and low risk radon areas
depend on the frequency distribution of radon, the number of populations, and the
threshold value which marks the beginning of anomalous radon concentrations.
According to the histogram shown in figure 3 the frequency distribution of radon shows
several populations. The first one may be considered as normal and reaches from the
lowest value to 50 000 Bg/m?. This population is mainly distributed in the eastern portion
of the area investigated. A second population from 50 000 to 70 000 Bg/m?® covers a
large portion of the westem part of the study area, where most of the faults or deep
reaching joints are present. Both populations are still considered as background
populations and might represent different soils or glacial covers. All samples with radon
concentrations greater than 70 000 Bg/m? are classified anomalous. This group can be
subdivided in two populations : 70 000 to 100 000 Bg/m® and > 100 000 Bq/m®.The
existance of a second anomalous population is also clearly shown on figure 4, where a
probability plot marks a distinct break at approximately 100 000 Bq/m3.
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Variable Area 1 Radon Area 2 Radon Area 3 Radon

Sample size ” 104 ”

Average 104000 Bgm’ 70000 Bo/m? 77000 Boim?

Median 100000 ® 71000 “ 7000

Mode 38000 ° 70000 e 6000 -

Geometr. Mean 88000 h 88000 e 62000 *

Variance n .72 237

Std. Deviation 52000 31000 49000

Minimum 1000 hd 2000 . 3000 .

Maxirmum 237000 ° 141000 - 246000 b

Range 236000 - 139000 e 243000 ®
Claremorris Area Claremorris +Area 13

Sample size 231 §28

Average 82000 Bgim® 83000 Bq'm‘

Median 71000 ° 76000 -

Mode 62000 ° 62000 -

Geornetr. Mean 60000 © 64000 *

Variance 32 27

Std.Deviation §7000 §2000

Minimum 350 - 350 b

Maximum 393000 - 393000 °

Range 393000 ® 393000 °

Table 1 : Statistical parameters for radon concentration in soil air samples in the
area of Claremorris (reconnaussance) and areas 1 -3 (sdeuil).

The two threshoids of 70 000 Bq/m and 100 000 Bq/m * seem to be high, but all other
statistical parameters give the impression that the radon distribution in the Claremorris
area generally is very high and that the entire region seems to be a high-risk area for
radon.it is not clear from the frequency distribution of radon in the collected soil-gas
samples where the threshold for the anomalous radon concentrations occurs. Geometric
mean, median and average radon concentrations lie between 60 000 and 82 000 Bq/m?
and it seems difficult to understand that these three parameters define the threshold of
the radon anomaly in the Claremorris region.On the other hand a threshold of 100 000
Bq/m? seems to be very high. But the situation in this geographic part of Ireland is very
specific and such a high threshold for radon can not to be ruled out.The histogram in
figure 2 shows the helium frequency distribution. The occurrence of a second population
is obvious. Here the threshold which defines the beginning of the anomalous population
lies between 5 300 and 5 350 ppb.

Reconnaissance Survey (Low Density Sampling) Area Claremorris

Regional Distribution of Helium in Soil-gas

The regional distribution of soil-gas helium is shown in figure 5 . Helium concentrations in
the area reveal alignments that parallel the joint system and are interpreted as being an
indication of zones that suggest transport of gases from greater depth. it reflects a
degree of openness that is not homogeneously distributed throughout the Claremorris
region. One direction which coincides to a certain degree with the 27 * vertical tension
joint system measured by the Geological Survey of Ireland strikes 25 * to 35 °. This
direction of anomalous helium gas samples is crossed by a second group of lineaments
striking approximately 115 * to 125 * which also runs more or less parallel to the second
direction of tension joints with 117° striking.

Regional distribution of Radon in Soil-gas

Reconnaissance soil-gas radon concentrations in the studz"area averaged about 80 000
Ba/m3 with a median value of approximately 70 000 Bo/m? and a geometric mean of 60
000 Bq/m3 By com fanson the average soil-gas concentration range world wide is 20
000 to 60 000 Bq/m~.Radon soil-gas concentrations greater than 70 000 Bqlm3 can be
considered anomalous, because they have the greatest potential of causing elevated
indoor radon concentrations (Gundersen et al, 1988). The current threshold of indoor
radon adopted by the European Community is 250 Bqlm3, above which simple mitigation
techniques, such as sealing foundation cracks and other obvious entry points, are
recommended. For indoor concentrations above 600 Bg/m3 , more stronger mitigation
procedures, such as sub-foundation suction are recommended (Becker, 1994).Four
contour intervalls are plotted in figure 6. The two high contours indicate the upper half
ofradon distribution, which corresponds to those samples with greater 70 000 Bqlm
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This contour was chosen because it represents the soil-gas radon concentrations above
which the soil-gas radon is likely to contribute to indoor concentrations that exceed the
lower indoor radon threshold adopted by the European Community. For world-wide
measurements of soil-gas radon this selection is equivalent to the 60 000 Bqlm3
threshold earfier described as having a high probability, that is , involving more than haif
the homes in an area, of contributing to indoor concentrations that exceed the lower
indoor radon threshold adopted by the U.S. Environmental Protection Agency (148
Bag/m3).The highest contour on figure 6 identifies concentrations in the upper quintile of
the distribution, that is, those above 100 000 Ba/m>- At this value the probability plot
(figure 4) and percentiles distribution (figure 7) show a discontinuity which points out that
this value represents a special threshold and indicates a high probability that the indoor
radon concentration will exceed the upper threshold limit (600 Bqlma) adopted by the
European Community.Figure 6 should not be regarded as a radon potential map. Rather,
it is a display of an estimated distribution of soil-gas radon concentrations derived solely
from the soil-gas radon measurements. it is used to determine the utility of soil-gas
radon measurements in defining radon potential areas at this scale of sample
collection.The ultimate comparison is to determine if a derived estimation of radon
potential has a significant correlation with measured indoor concentrations.Two general
methods are employed to use the soil-gas radon concentrations for this evaluation.The
first evaluation approach used the mapped distribution of radon and compared them with
indoor radon concentrations. The second evaluation approach used the proportion of
samples with concentations exceeding the high radon probability threshold. In this
second case, some concem should be reserved because neither the indoor
measurements nor the soil-gas samples were randomly distributed.In the study area, 160
homes had indoor radon concentrations measured by long-term alpha-track detectors (1-
year duration). Only 26 of 160 measured homes exceeded 250 Bqlm3 and 9 exceeded
600 Ba/m®. That is, only about 16 % exceeded the lower limit threshold. Of this total of
26 homes, 11 were in an area that would be classified as low radon potential by the
reconnaissance contour distribution, and 15 were in areas that wouid be classified as
having high radon potential. The difference is not significant because of the small
sample size.In addition, it must be noted that home construction and lifestyle have a
large part in controlling the indoor radon concentrations. It should also be observed that
soil-gas radon concen-trations vary daily and seasonally and are influenced greatly by
meteoro-logic conditions. For the first evaluation, using the mapped distribution of all
soil-gas samples collected in the reconnaissance study, about S0 % of the area has soil-
gas radon concentrations above 70 000 Bq/m3. This is not an artefact of sample spacing
as can be seen by the distribution of sample points in figure 8. in the second approach,
using the total sample population, also every second sample has radon concentrations
that exceed 70 000 Bq/m>.The difference between house-measured radon and soil-gas
mapped radon distribution is striking. The reconnaissance survey indicates a
classification of high-radon potential would be applied to about half the mapped area, a
factor of 3 greater than suggested by the actual home measurements (18 %).
Comparison to the number of soil-gas samples with concentrations indicative of high
radon potential (> 70 000 Bqlm3) indicates a factor of 3 greater estimation, t00.These
comparisons indicate that the raconnaissance soil-gas survey tends to overestimate by
up to 200 %, regardless which comparison is used, the area that might be classified as
having high radon potential. If one considers only those samples anomalous which have
radon concentrations > 100 000 Bq/m3 , as indicated by the radon probabi-lity plot and
the percentile curve, only 57 samples out of 231 show this high radon concentration, that
means that 25 % instead of 50% are classified anomalous by the soil-gas method which
comes close to the 16 % of high indoor radon concentrations.This compares with
observations for the entire United States where a radon potential map using § input
parameters for classification, described earlier (Schuman, 1993), estimated that about 30
% of the land has the potential for exceeding the threshoid level. However, a random
survey in the U.S. using alpha track detectors (U.S.EPA,1992) provided an estimate that
only 6 % of the homes exceeded the threshold of high radon classification (148 BQ'm3)
In addition, the study in Ireland indicates that by itself, a soil-gas survey by this low-
density scale of sampling is not adequate to accurately define specific geographic
bounderies of radon potential zones.
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Detailed Survey (High Density Sampling)

Based on the results of indoor radon measurements carried out by RPII, Dublin, three
small areas were chosen where soil-gas samples were collected every 10, 25 m and 50
m, respectively. The location of these areas are shown on figure 1.

Area 1( Eskerlavalla)

Area 1 of high density sampling covers an area of 150 by 275 meters. It is situated
approximately 5 km north of the center of Claremorris and 3 km east of the Limerick and
Sligo Railway Branch. During the course of the regional radon survey (low density) three
samples were collected within the limits of this area. Two of those samples showed radon
concentrations higher than 70 000 Bqlm exactly 119 000 and 87 000 Bqlm and the
third one had 54 000 Bq/m

The high density sampling was conducted with 10 - 25 m spacings. it included sampﬁng
around three houses that had indoor radon concentrations of 848, 558, and 121 Bg/

(see figure 11).The EU has defined the threshold concentration for simple radon
mitigation in houses as 250 Bq/m3.The percentile distribution of radon from area 1
shown in figure 8 indicates that more than 75 % of the data exceed the threshoid of 70
kBg/m3. That means that only 25 % of the study area is not considered as a high risk
area for radon (based on a sonl-gas threshold). The house with the highest indoor radon
concentration of 648 Bq/m3 is localed in an area with soil-gas radon concentrations
between 50 Q00 and 70 000 Bq/m This medium high radon level is represented by a
very small area, surrounded by anomalous radon samples. The influence of the adjacent
high radon area must be considerable.The 558 Bequerel house is situated in an area with
100 000 - 150 000 Bq/m3 soil-gas radon.The surrounding of the house with the lowest
indoor radon concentration is similar to that with the highest Rn vatue. But the low radon
neighbourhood is represented by a larger area and the house touches the anomalous
area only with the south westem comer of the building. Therefore a lower radon
concentration was expected. However, it is not known if there are also differences in
house construction and home use of the inhabitants. Only three homes were measured
for indoor radon concentrations. Two of these houses showed radon levels higher than
the 250 - Bequerel - level. The third house had only 121 Bqlm3Approximater 80 % of
the surveyed area showed soil-gas radon concentrations of > 70 000 Bq/m3 . A cormrect
classification in this case is not possible because of the small number of houses
measured.

Area 2 (Lugatemple)

AREA 2 is located 6 km NW of the center of Claremorris, on the road to Balla and just to
the west of the Limerick-Sligo railway branch. The area surveyed is 800 x 650 m ( see
figure 12). Only one sample was coilected in this area during the regional survey. This
sample indicated a low radon concentration of 30 000 Bqlm3. Twelve houses were
measured indoor with the followmg results:

House # 1: 516Bym> (high) House # 6:116 Bym* (low)
House# 2: 521 - (high) Houss# 7: 44 ° (low
Mouse# 3: 449 ° (high) House# 8:66 * (low)
House# 4. 160 ° (low) House# 9:160 * (low)
House# 5: 338 ° (high) House #10:1951 ° (high)
House # 11 : 1921 " (hugh)
House #12: 601 * (high)

Eight houses (66°/3 show high indoor radon concentrations and 4 (33%) are below the
level of 250 Bq/m¥. The map shows that two houses, house # 8 with 68 Bqlm and
house # 12 with 601 Bq/m would be misclassified on the basis of a soil-gas radon
potential map. Figure 9 shows the percentiles of the outdoor radon concentratioons in
soil-air from area 2. The 65 % percentile which corresponds wnth the 68 % portion of high
houses in this area has a radon concentration of 85 000 Bqlm The 33 % of iow houses
may be compared with the 35 % percentile which is 55 000 Ba/m3- This 35-percentile is
shown as a contour-line in on the radon distribution map of area 2. Two houses are
wrongly classified : house # 8 lies in a radon area above 55 000 Bqlm and house # 12
is located in an area with low radon concen-tration.Thirty-five helium samples were
collected in this area and 23 were greater than 5400 ppb. However, the low density
sampling for helium does not permit an evaluation of structural control, although, as in
area 1, many of the high helium samples are lococated on alignments striking around
35°.

Area 3 ( Mount St. Clare)

The study within AREA 3 was concentrated at the Claremount Primary Convent School.
This area is 160 x 230 m ( see figure 13).The indoor radon concentration in some rooms
of the school was 1600 Bq/m . Ninety two soil-gas samples were coliected for radon
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analysis on nine perimeter traverses around the school building. Radon concentrations
with values greater than 100 000 Bqlm3 were found in the westem part of the area and
south of the school building. Also in the northeastem comer of the study area samples
with high radon concentrations were found. These anomalous and very high radon areas
are accompanied by areas with radon concentrations greater than 70 000 Bq/m3 which
are aiso anomalous. Besides 20 soil-gas samples for helium analyses were collected in
area 3. None of those samples exceeded 5400 ppb and only three samples had helium
concentrations greater than 5300 ppb. Those three samples were aligned in the 27 ° joint
direction.The overall absence of high helium concentrations is attributed to the fact that
the tension joint system is considered to be very shallow in this area; while it provides
pathways for radon localisation and transport, it does not permit transport of helium from
deeper sources.The correlation between soil-gas radon and indoor radon in the school
building is discussed by J. Madden from RPII, Dublin.

Conclusion

The study in the area of Claremorris, Ireland demonstrates the utility of soil-gas mapping
and defines both the capabilities and the limitations of such a single method technique
for developing radon potential estimations for an area. Soil-gas radon mapping provides
a crude but helpful estimate of the radon potential of an area. Low-density sampling
cannot define specific geographic areas of radon potential but can help estimate the
magnitude of the classification for the entire studied area. The estimate of high-radon
potential areas is generally higher than that confirmed by measured indoor
concentrations, perhaps being several hundred percent higher. But in the absence of
complementary data, such as decent topographic and geological maps, hydrological
data, results of gamma measurements and similar basic data , the relatively inexpensive
radon survey can help local officials determine the extent of the problem, and plan
resources, priorities, information distribution, and building codes accordingly.On the other
hand high-density sampling programs showed very good correspondence with the indoor
radon results.Although the numbers are few, the study suggests that a higher density
sampling has a better chance of more precisely identifying radon potential for specific
zones. This is also reflected in a study in the United States where high density soil-gas
sampling and analysis for radon was shown to correctly identify the radon potential of
indiviual home sites (Reimer & Gundersen, 1989).

Publications

Madden, J.S.,van den Boom ,G.O Connor, P.J. McGarry, A.T.,Reimer, G.M., 1995(in press):
Evaluation of the combined helium/radon in soil-gas mapping methology as an indicator
of areas in which elevated indoor radon concentrations may be found.-

Natural Radiation Environment VI Montreal, June 1995 (abstract).

O’Connor,P.J.,Gallagher,V.,Madden,J.S.,vandenBoom,G.,McLaughlin,J.P.,McAuly |.P,Barton,K.J., Dut
I.T..Miller, R.,Grimley,S.,Maersh, D.,Mackin,G.,MacNiocaill,C., 1993

Assessment of the geological factors influencing the occurrence of radon hazard areas

in a karstic region.- Geological Survey of ireland, Report Series R$93/2, Dublin, 172 p.

Ort, Matthias, Reimer,G.M.,van den Boom,G.,0°Connor,P.J.and Madden,J.S.,1995(in press):

Radon distribution and control in the limestone tesrain of westem Ireland.-
Natural Radiation Environment VI, Montreal, June 1995, (abstract).

- 3201 -



- ¢0cg -

LEGEND

Area Claremorris (Ireland)

Sample Locations Map and
Locations of High--Density-
Sampling area

Sample point with
174 number

¥ Primary Convent School

"1 High-Density—Sampling
area

Claremorris

————
& 250 400 780 vo00m




HAUFIGKEITS~-HISTOGRAMM

FREQUENCY HISTOGRAM HELIUM
AREA CLAREMORRIS

LA SN A RN S R S SN S S A SN SN AN B (Mt S AN S S A S |

NN ////////
/7////////////%///

Muni //////////////////
MOMhbh O  l D //////////////// ////////
Almmmmmi N

/////7///// ///////
Zlmmiiiinnnm //

7///// //%//

// ///
///// //////// /////
O /////// NN
///////////A/ NN
//////////

/

//

AN\

///////////////////////////
AN

A\

//

MY //////

,__,________PLL__._____

® o N ® < ©
U] - -

24

RauanbsJg

ﬁ

////////
. ////////%,///
7////////////////////////”%
///////////
NN
A
.//// / // //// N //////
/ —

/

//

//

//

7

AsuanbaJuy

8g/m3

(X 100900)

5800 pRb

5200 5400 5600

5000

RADON FREQUENCY DISTRIBUTION

FIGURE 3:

HELIUM FREQUENCY DISTRIBUTION

FIGURE 2 ¢

AREA CLAREMORRIS, IRELAND

AREA CLAREMORRIS, IRELAND



cumulative percent

PROBABILITY PLOT RADON
AREA CLAREMORRIS

99.9

99

95

80

1Y)

20

[
= oo,

FIGURE 4: RADON PROBABILITY PLOT

AREA CLAREMORRIS, IRELAND

4 Bg/m3

(X 1000086)

PERCENTILE DISTRIBUTION
AREA CLAREMORRIS

100 —

80 —

60 —

40 —

PERCTLCL.PERCENT

20

Percentile -

T SO SIS RS ST T I S S

FIGURE 7:

190 i2 14 i86
(X 10000)

DISTRIBUTION OF RADON PERCENTILES

AREA CLAREMORRIS




- G0cE -

A

LEGEND

Area Claremorris (Ireland)

Distribution of anomalous soll--:
gas heliuim concentration ;

@ > 5350 ppb !
(O] 5300-5350 ppb .

and interpretation of fault or '
jomt lineaments based on 1
soll—-gas helium survey .
0’ 25~ 35 striking !
* direction

'
1

complementary
-\\ 115'~ 125" striking
direction
Sample point with !
174 number \

) 3 Primary Convent School‘:

&35 w00 150 woom




- 902¢¢ -

stk Ui e
,{»A % 4 / G 2.
v [ 7

.
Y

S
ey

7
L
s

7
/’/////’ 78
;

S
L oy :

S\

OV

N

Seerdadaanan

0
29

LEGEND

Area

Regional Distribution of
Radon in Soil-Air based
on Low-Density—Sampling

7y

7

174

Claremorris (Ireland)!

< 50 kBq/m? Rn
50-70 kBq/m? Rn

70-100 kBq/m? Rn

> 100 kBq/m? Rn

Sample Point with
number

Flg. 6




- £02€ -
PERCTL1.PERCENT

100

80

60

49

29

FIGURE 8:

PERCENTILE DISTRIBUTION

AREA 1

T T

Percentile |

1

69

80 190 129

AREA 1 ( ESKERLAUVALLA),

149

DISTRIBUTION OF RADON PERCENTILES

IRELAND

160

180

PERCTL2.PERCENT

PERCENTILE DISTRIBUTION
AREA 2

199 t

i

[T DU

[ Percentile |
0 . .
1 s ' ‘ | X 1 . 1 . L . 1 I L P |
4s 65 85 108 128
FIGURE 9: DISTRIBUTION OF RADON PERCENTILES

AREA 2 (LUGATEMPLE) , IRELAND



- 80¢c¢g -

134480E 134500E 134520E 134540FE 134560E 134580E 134600F 13462
T g e - —

1 —_

- 7 %/%/

277160N  27718CN  277200N 277220N 277240N

277140N
T

277120N
T

277060N 277080N  277100N

L 1 1

OE 134640E 134660k
T T G

L 1

—L

134680C 134700E 134720E 134740E
- Y

—

=

277160N  277180N  277200N 277220N 277240N

277140N

277120N

277060N 277080N 277100N

134480E 134500E 134526E 134540€ 13456&’ “134—580(5 1346O[OE7W13462
Project Ireland

Area 1 — Eskerlavalla

Soil-Gas Radon Concentration Map
(High—Density—Sampling)

OE 134640E 134660E
=
=

POy
.

.
o

>100 000 Bg/m3 Rn
70 000-100 000
Bg/m3 Rn

< 70 000 Bg/m? Rn

Lineament based on
He-survey

) 1 1
134680E 134700E 134720E 134740E

550 »~ Sample point with
number

121  Radon Indoor-Concen-
tration (Bgq/m?3)

Fig. 10




133150 133200 133250 133300 133350 133400 133450
a T T T T T T =
3 I
8 48
= =
S &
O‘ o
S 1]
& 1=
N =
= I
S N
o o
b ]
IS 1~
= =
S &
o o
=} (=]
& 1R
= I
N &
c L=
I | ®
< de
= IS
I I
S &
(=3 o
(=3 o
(=] o
S 1r
I 8
i
|
| |
| g | o .‘
| g 18 |
@ 3
| R F
I 8
1 1 Il 1 1 1
133150 133200 133250 133300 133350 133400 133450
. 6990  Sample point with number
>85 000 Bg/m? Rn
pr OJ € Ct Irel an d = (>86% Parcgmllol 601 Redonalndoor-Concemrat]on
Area 2 — Lugatemple Ba/m?]

§5 000 - 85 000
Ba/m? Rn Lo** Lineaments fv35°%) based

o on He-conc. >5350ppb

|Soil-Gas Radon Concentration Map
L(High—Density—mapping) <65 000 8q/m3 Rn

(<35% Percertile) Fig. 1

- 3209 -



276050

276000

275950

275900

276100

133750 133800 133860 133900 133950 134000
T T T T T T
)
=}
- — 0
©
o~
,
o
w0
o
— ©
©
5
School 8
H 1 -1 ©
Building 2
(=]
w0
- O
o
~
o
4©
(22}
w
~
o~
1 1 1 1
133750 133800 1338560 133900 133950 134000

Projekt Ireland

Area 3 — Mount St. Clare
Soil-Gas Radon Concentration Map
(High—Density—Sampling)

9 gSample point with number

2
@100 000 Bg/m? Rn
v

70 000 Bgq/m3 Rn

Fig.12

= 3210=




Head of project 4: Dr. Porstendorfer

I1. Objectives for the reporting period

Measurement campaign in Irland:

During the reporting period a measuring campaign of all in the project included groups in
Ireland was planned, where the IL should take the part looking upon the change of radon
concentration in soil and indoor air due to meteorological conditions. Followig continuously
monitoring was planned:

o soil radon concentration in 1 m depth (sampling depth of the Enmotec group)

radon concentration beneath the slab of a uninhabited measuring house

indoor radon in several parts of the house

pressure differences between indoor air, subslab and outdoor air

temperature differences between indoor and outdoor air was planned.

Vertical radon profile in the soil;

A soil probe and the corresponding radon/thoron monitors were constructed for continuous

measurement of the vertical radon profile in the soil air:

e construction of a probe for simultaneous and continuous measurement of radon and thoron
in different depths between soil surface and 5 m depth.

¢ building and calibration of specially designed radon chambers for the measurement of soil
radon and thoron activities (method: electroprecipitation).

o first test measurements with the new probe and radon chambers in the vicinity of Goéttingen.

IIL. Progress achieved including publications

Measurement campaign in Irland:

During the measuring campaign in Milltown (Ireland) radon concentrations in the ground floor
(all rooms open), attic, 50 cm below the slab, outdoors and in the soil (1 m depth) and
additional the temperatures in the ground floor, in the attic and outdoors. The pressure
differences between outdoor atmosphere, attic and subslab soil to the indoor air were
measured. Additional meteorological data, like wind speed, atmospheric pressure, soil
temperatures and rain intensity were supplied by the Meteorological Service of Ireland
(Claremorris station, 10 km from Milltown). The measurements were performed during a joint
measurement together with the Radiation Protection Institute of Ireland and ENMOTEC
Company, Germany during the time between May 10th and May 20th 1993. The house was
built 20 years ago in a plane region. The subslab zone is divided by footings into compartments
of the size of the overlying rooms.

The radon and thoron activity concentration were measured continuously with the method of
electroprecipitation of freshly in a decay volume produced daughter products on a surface
barrier detector and alpha-spectroscopy. For room air measurements a 5 1 chamber was used
with a detection limit of 6 Bq/m3 for radon and 12 Bq/m?3 for thoron (1 hour counting interval,
1 s statistical uncertainty). The soil air measurements were carried out with a chamber volume
of 0.27 1 and detection limits of 60 Bq/m> and 150 Bq/m3 for radon and thoron respectively.
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The probe for the soil radon measurements consists of an steel pipe (diameter 1 cm)
containing two stainless steel tubes of 1 mm inner diameter, sealed against the hull pipe (see
Fig.7). The sample air was sucked through one tube with a flow rate of 10 I/h, passed the
detector and was pumped through the second tube back into the soil, thus minimising the
influence of the measurement on the soil radon concentration. For soil measurements the probe
was driven into the soil, using the whole length of the hull pipe as sealing against entry of
outdoor air. For the measurement of subslab radon the probe was sealed in the drill hole with a
standard silicon sealing compound.

Pressure differences were measured with a micromanometer (MKS Baratron) with a resolution
of 0.01 Pa and air temperatures were measured with thermistors (resolution 0.1 °C).
Ventilation rates were computed from the decrease of artificially elevated CO, concentrations.

A dependence of the indoor radon concentration of the pressure gradient was confirmed with
measurements performed at Millitown (Ireland). The variation of the indoor radon could be
reproduced by a source factor, calculated from pressure gradient between subslab and indoor
air and subslab radon concentration, during the whole measuring campaign, confirming that the
pressure difference between indoor and subslab air governs the radon entry by convective flow
from subslab air into the building (Fig. 1). The pressure difference between subslab air and
ground floor is varying according to the pressure difference between outdoor air and ground
floor (Fig. 2), aside from a reduction of amplitude by a factor of about 9, which indicates a
massive transport resistance between the subslab air and the open atmosphere, probably due to
the compartment structure of the subslab region.

Considering the subslab radon concentration in comparison to the soil radon concentration in 1
m depth, a smoothing of the temporal change can be observed (Fig. 3), which is also due to the
compartment structure of the subslab section.

During the measuring period in Milltown (Ireland) the pressure difference between outdoor
and indoor air and also between subslab and indoor air was mainly governed by the wind
pressure applied to the house (Fig. 4). As the house was not heated during the measuring
campaign, the influence of the temperature difference between indoor and outdoor air on the
pressure difference (stack effect) had to be weak and could not be separated from the
dominating dependence of the pressure gradient on wind speed.
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Fig. 1: Comparison of the indoor radon concentration to a source factor (product of pressure
difference indoor - subslab and the subslab radon concentration).
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As the radon entry into the building is governed by the pressure difference between subslab
and indoor air an experiment was performed to reduce radon entry by an artificial
overpressuring of the house with a small fan blowing air from the attic into the ground floor.
The experiment started at May 17th and ended 19th (for the influence on source term and
radon concentration see Fig. 1). The distribution of the ratio of pressure difference between
subslab and indoor air to the wind speed was shifted to lower values. If the pressure difference
between subslab region and indoor air is considered roughly proportional to the wind speed,
the ratio between pressure difference and wind speed describes the radon entry largely
independent on wind speed and as it is the dominating influence parameter on weather
conditions. Under normal conditions the average value was 0.31 Pa s/m (range 0.08 - 2.72 Pa
s/m) and with fan blowing attic air into the ground floor 0.04 Pa s/m (range O - 0.16 Pa s/m). If
the radon concentration in the ground floor is considered proportional to the pressure
difference (Fig. 1), the reduction of the average radon concentration in the ground floor due to
the effect of the fan would be about a factor of 13. The ventilation rate with operating fan (V =
0.31 h'1) was only slightly increased compared to the normal conditions (V = 0.24 h-!) and its
effect on radon reduction was neglected.
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Fig. 3: Comparison of subslab radon concentration to values obtained by smoothing of the

undisturbed soil concentration.
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under normal conditions and with a fan blowing attic air into the ground floor.

Vertical radon profile in the soil:

A soil probe and the corresponding radon/thoron monitors were constructed for continuous
measurements of the vertical radon profile in the soil. After calibration of the radon/thoron
monitors first test measurements were performed.

Radon/Thoron monitors: It is planned to measure simultaneous the radon activity
concentration in soil in four depths down to about five meters. For continuous measurements
four identical radon/thoron monitors were built depending on the method of
electroprecipitation of the charged radon and thoron decay products on surface barrier
detectors. Since the radon gas concentrations in the soil are in the order of several kBq a small
decay volume V of 250 cm3 (cylindrical form) was used. These monitors were carefully
calibrated in the laboratory by varying the high voltage U (for electroprecipitation), the air flow
rate v and the air humidity. Best operating conditions were found for U= 6 kV and v = 40 l/h.
The absolute counting efficiencies for radon gas measurements using dried air (RH = 6%) and
normal room air (RH = 40 - 70%) are summarised for all monitors in table 1.

Monitor M, (10-5 cps/(Bq m3))
RH = 6% RH =40 - 70%
1 4.57 4.53
2 4.20 412
3 5.50 5.19
4 5.50 5.27

Table 1: Absolute counting efficiency € (cps/Bq/m3) for radon gas measurements of all
radon/thoron monitors: V = 250 cm3, U = 6 kV, v = 40 I/h. Comparison of dried air (RH =
6%) and normal room air (RH = 40 - 70%).
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Soil probe: The probe was constructed for simultaneous measurements at four different depths
at 0.5, 15, 2.5 and 3.5 m. The complete probe is a module system consisting of four different
parts which can be connected. Each part consists of a steel pipe (diameter 60 mm) containing
two tubes of 1 mm inner diameter, sealed against the hull pipe. The sample air is sucked
through one tube, passed the radon/thoron monitor and is pumped back through the second
tube into the soil. To avoid an air flow between the different components of the pipe and the
outdoor air each unit is sealed in the drill hole above and under the air entry/exhaust port by
packers. These packers consist of inner tubes which can be inflated (see Figure 5).

radon/thoron measurement

by
/ E \‘7\ pressure tubes
{1
NI
/| - N
!

i packers
steel tube

g |
soil | ! soil

Figure 5: Schematic diagram of the soil probe (SP) at one depth with inflated packers.

The soil air is pumped through pressure tubes into the radon monitors. Previously it is dryed
with CaCl, to keep the soil air humidity constant, because the efficiencies of the monitors
depend on the humidity of the soil air. The monitors and the measuring electronics are installed
in an air conditioned caravan to prevent diurnal temperature variations, which might have an
influence on the measurement.
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Figure 6: Variation of radon gas concentrations in soil air at depths 0.84, 1.84 and 2.84 m.
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The measurement was done from Aug. 18" until Aug.28" 1995. The probe was tested for
several days in a drill hole at three dephts. During this period there have been relative stable
weather conditions without big air pressure changes or periods with strong rainfall. The results
in Figure 6 show the radon gas concentration in three depths. With increasing depth the radon
gas concentration increases from 8 kBq/m? at 0.84 m to 80 kBg/m® at 2.84 m. For the first

100 h there are relative stable radon gas concentrations in all three depths without any
significant variations. After this time there are periodic diurnal variations in radon gas
concentration at depths of 0.84 m and 1.84 m. The maximum of the radon gas concentration is
always in the afternoon and has an aplitude of 5-10 kBq/m®. At 2.84 m there is no significant
periodic variation observable, but the radon gas concentration increases slightly from 80

to 90 kBg/m®.

Another measurement with the soil probe was done from Sept. 5® until Sept. 11™ 1995.
Simultaneously the radon gas concentration at 0.84 m was measured with a stick soil probe
(see Fig.7). The soil is less disturbed by the stick soil probe because it needs no drill hole. So
this measurement was a test for the soil probe.

radon/thoron measurement
- - -

/ steel pipe

stainless steel tubes

soil 1

\ (/
A
Fig.7:  Schematic diagram of the stick soil probe (STSP).

The measuring results of the soil probe at 0.84 m show a good agreement with the measuring
results of the stick soil probe at 0.84 m (see Fig.8). From 5" until 7" there have been stable
weather conditions. At 0.84 m there are strong diurnal variations between 10 and 20 kBq/m®.
At 1.84 m there are also diurnal variations, but they are smoothed in comparison to 0.84 m.
Simultaneously the air pressure was measured. There was a relative strong increase of air
pressure at 8" and 9" from 732 Torr to 744 Torr. During this time the radon gas concentration
decreased at 0.84 m significantly but it increased at 1.84 m. This is a reference to pressure
driven advection of soil air.
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Fig.8: Varation of radon gas concentration in soil air at depths 0.84 and 1.84 m with soil
probe (SP) and for comparison at 0.84 m with stick soil probe (STSP).

Further measurements have to be done to interpretate the results. Especially the drill hole
should be in a homogeneous soil to seperate the meteorological influences on the radon gas
concentration from the effect of inhomogenities in soil (different exhalation and uranium
content of the soil). The diurnal variations could be a reference to temperature induced
convection of the soil air. Experiments will be continued to study the influence of
meteorological parameters on radon gas concentration in the soil using above described and
tested gas probe.
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Comparative Assessment and Management of Radiological and Non-
Radiological Risks Associated with Energy Systems
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1) M. Dreicer CEPN
2) R. Freidrich IER
3) U.de Haag RIVM

L. Summary of project: global objectives and achievements

Background

Decisions on the choice of methods of generating electricity are made by public and
privately-owned utilities within the context of controls, regulations and national
energy policies. A decision framework, presented by the Nuclear Energy Agency of
the OECD in a report on the Broad Economic Impact of Nuclear Energy, indicates
that the current position is continually influenced by the changing information related
to the environment and the overall national economy. This is a dynamic process, but
in general, these factors have been taken into account in setting energy policy and
investments. The weights of these factors vary over time and differ from country to

country.

Recently there has been more concern that these types of decisions are based, in
some part, on subjective judgements and trade-offs and that the extent of some of the
social impacts, or external costs are not well understood. With the increased
awareness of the importance of environmental protection, it became increasingly
necessary to focus on the link between energy production and the environment.
Further work has been carried out during the last decade to broaden the base of
knowledge on the public health and environmental impacts that result from the
production of electricity. The initial aim of energy comparison studies was to rank
the various electricity production systems. It is now recognised that this was merely

an academic exercise, with a limited impact in decision-making.

-3219 -



Objectives

The important objective of providing the data needed to make informed choices has
been an on-going effort in various international and national projects. The need to
develop more coherent, comprehensive and equitable approaches for the comparison

and management of health and environmental impacts of energy systems is obvious.

The global objectives of this project was to improve the methodology for the
comparison of radiological and non-radiological risks associated with energy
systems, particularly the coal and nuclear fuel cycles. Within the context of this
work, the risks considered were in the health and environmental domains. Some of

the complications facing these types of comparative assessments are:

¢ The differing scales of time and space that the impacts can potentially span create
difficulties in making direct comparisons.

e The populations that are exposed to the risks may be different - occupational risks
may be considered differently than public risks.

e The integration of low probability but high consequence events is difficult,

especially when the issues of risk aversion are considered.

Within this project a methodology of comparative risk analysis has been developed
for multi-criteria utility techniques using a commercially available software system.
On this basis, a comparison between the nuclear and coal fuel cycles in France and
Germany has been performed. Furthermore, applicable risk indicators for human
health and the environment have been developed and the problem of the range of
uncertainty associated with the risk estimates has been addressed.

Framework for risk assessment
The framework set for the assessment of the risks of electricity production has very
serious implications for the application of the final results. The choice of stages of

the fuel cycle, processes, technology, sites, units for normalisation, methodologies
for assessment and key impact indicators play an important role.
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The classical dimensions used in comparative studies have been taken into
consideration: public and occupational populations, normal operations and accidental
situations, human health impacts and gross environmental impacts. The fuel cycles
have been divided into the logical stages of: fuel extraction, fuel preparation and
conversion, fuel fabrication (in the nuclear fuel cycle), electricity generation
(including the construction and decommissioning of the plant), material transport,
waste processing and final waste disposal.

The early studies reported mainly fatalities as the key risk indicators because it
presented a simplified indicator of a serious risk in units of a common denominator.
However, during the intervening years, many more health and environmental
indicators have been identified due to expanding assessment capabilities and changes
in societal attitudes. By using a willingness-to-pay approach for the quantification of
the risks, some of the factors concerning occupational risk versus public risk, time
dimension, risk aversion, may be taken into account. However this assumes that the
willingness-to-pay valuation at the basic indicator level takes into account the
potential different weightings that might be considered at higher levels of the risk

hierarchy (e.g. local impacts vs. regional impacts).

The most important choices for the assessment of the nuclear fuel cycle concern the
definition of time and space boundaries. Due to the long half-life of some of the
radionuclides low-level doses will exist very far into the future. These low-level
doses can add up to larger number when spread across many people and many years
(assuming constant conditions). The validity of this type of modelling has been
widely discussed. On one hand, there is a need to evaluate all the possible impacts if
a complete assessment of the fuel cycle is to be made. On the other hand, the
uncertainty of the models increases and the level of doses, that are estimated, fall into
the range where there is no clear evidence of resulting radiological health effects.

The analysis of the assessment framework for the coal fuel cycle clearly points out
the need to cover a distance of up to several hundreds of kilometres in order to
capture a major fraction of the expected impacts. Furthermore, because of the lack of
exposure-effect relationship, the assessments for the coal fuel cycle is mainly
focused on local and acute effects. For this fuel cycle, the risks mainly concerns
occupational effects for the medium term associated with exposures in underground

mining.
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Environmental

The assessment of environmental impacts is more difficult since the impacts of many
pollutants are not well understood. In order to adequately compare the environmental
impacts between fuel cycles, two paths may be taken:

e convert indicators into units that can be consistently applied. The monetary
valuation of impacts and damages can be used in this way.

¢ multi-dimensional analysis can be used to compare different measures of impacts
and damages. By applying a method, such as multi-attribute analysis, the
complexity of various indicators, different probabilities of occurrence, and the
different time and space dimensions can be tackled.

Presently the monetary valuation of the damages is utilised. For example, the loss of
utility or the cost of the loss of the utility resulting from the damage has been used as
an indicator of the impacts.

Quantification of impacts

The objective of the first phase of this project was to develop a risk assessment
framework that could be used in later phases to conduct comparative assessments
between different energy fuel cycles and provide the information needed in the
decision-making process.

The experience gained in this first phase showed that further work was required in
the development of a comparative assessment methodology. Fine-tuning was
required for the development of consistent indicators, and furthermore the
development of a multi-dimensional method for comparing the wide variation of
risks resulting from the production of energy from different fuel cycles.

A multi-criteria analysis on the health impacts of the nuclear and coal fuel cycles has
been conducted, based on the results that have been published by CEPN and IER
within the ExternE project. The first step of this analysis was based on the physical
indicators derived from the ExternE project. As far as no common denominator

exists between the various impacts considered in the study (i.e. health versus
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environment; fatal versus non fatal effects...), the application of the multi-attribute
analysis implies to rank all of them. Thus, it clearly appeared that, for this approach,
the weighting process was too complicated and did not provide enough information
to the decision maker. The second step of the analysis was based on the monetary
valuation of the various health and environmental indicators adopted in the ExternE
project. Starting from this valuation, a framework for the multi-attribute analysis has
been developed in order to take into account the social attitude towards the risk such
as: local versus global impact; normal versus accidental risk; radiological versus non-

radiological; risk for present generation versus future generation...
Towards an elicitation of preferences within the decision-making process

In general, the main impacts that can be expected from the different fuel cycles have
been considered in the various studies. Nevertheless, some of them are not yet
quantified (i.e. the environmental impacts and the evaluation of the consequences of
major accidents) and furthermore, the various dimensions of the risk are not
necessary tackled when the valuation is based on the willingness to pay approach. In
fact, the monetary values derived from this approach generally reflect preferences
which are specific to the context considered in each study. For example, the value of
life may vary according to the economic level of the country, the type of risk
considered (i.e. risk associated with normal exposure or severe accident,...), the
category of people exposed (i.e. public, workers, children,...) and the same kind of
criticisms should be made for environmental indicators which are really dependent of
the utility associated with the environment at a specific time and a specific location.
These remarks point out the need for a global approach reflecting the “trade-off” of
the society as far as the risk is concerned in order to allow the comparison of health
and environmental impacts of the different fuel cycles. For this purpose, the multi-
attribute analysis may consider the preferences between present and future
generations, the risk aversion towards accidental situations, the regional and global
impacts characterised by very low individual risk but concern a large population, the
importance of environmental impacts... Beyond the development of the health and
environmental indicators and the framework for the multi-attribute analysis, further
developments are needed to elicit the preferences of the decision-makers regarding

the various dimensions of the risks.
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Head of project 1: M. Dreicer

I1. Objectives of the reporting period

The aim of this project was to compile all the risk data available for use in the multi-
criteria utility analysis and to define a model including the relative criteria to be
evaluated, and to evaluate the relative importance of the criteria (weighting). A
sensitivity analysis has been carried out to investigate the robustness of the decision

to changes in scores and weights.

As part of the EC/DGXII-US project on the External Costs of Energy Fuel Cycles,
CEPN has developed a risk assessment methodology for all stages of the nuclear fuel
cycle. The impact pathway analysis approach that has been used includes the
estimation of risk for different health or environmental indicators and, in the final
step, to value the impacts. The data collected have been used in the evaluation of the

comparative analysis methodology developed for this project.

ITI. Progress achieved including publications

Background

With the rising demand for energy and increased awareness of the importance of
environmental protection, it has become necessary to focus on the health and
environmental impacts of energy systems. To make choices between systems is
difficult. The indicators of risk for each fuel cycle can vary in type, magnitude and
time scale. The public perception of acceptability varies greatly between different
technologies for production of energy. By designing a consistent framework for the
environmental and health risks associated with all fuel cycles and developing
techniques for the comparison of complex and varied indicators, it is hoped that a
link can be made between risk assessment and decision-making.

The differing scales of time and space that the impacts can potentially span, create
difficulties in making direct comparisons. For example, the impacts from radioactive
waste disposal are not likely to be seen for tens of thousands of years and will be
generally local effects. The emission of greenhouse gases from fossil fuel cycles may
have potential global impacts in the not too distant future.
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Occupational and public risks are generally considered differently and have different
levels of importance in the decision making process. The integration of low
probability of occurrence but high consequence events is also a difficult task,
especially when the issues of the public's aversion to large impacts (no matter how
low the probability) is considered.

The risks resulting from the production of energy can be classified into environment
and human health impacts. Past work has shown that the risks must be considered in
terms of a time and space matrix. The time categories of short, medium and long can
be designated depending on the impact being considered. In the case of nuclear
power, the short-term can be considered to be 1 year, the medium-term would be an
average person lifetime and long-term would stretch into future generations. The
context of space can be generally divided into local, regional and global. For the
different populations (worker, public) and situations (normal, accidental) the impacts
would fall into different categories of the time-space matrix.

Within the context of the comparison of energy systems, there has been a lot of work
on the definition and quantification of common risk indicators that allow for direct
comparison between the fuel cycles being considered. For the purpose of testing the
feasibility of using Multi-Attribute Utility Analysis (MAUA) to conduct a
comparative analysis between coal and nuclear fuel cycles, it was only possible, in a
first step, to consider the indicators for impacts to human health. The second step
started directly with the monetary valuation of the health and environmental
indicators and was mainly devoted to the delineation of the framework allowing to
take into account the social attitude towards the risk within the decision-making

process for energy policy.
Multi-attribute utility analysis principle

The underlying principle behind a multi-attribute utility analysis is that a complex
problem can be divided into a number of smaller decisions. The dimensions and
attributes underlying each decision can be taken into account. The results of the
smaller decisions are re-assembled to provide an overall decision on the larger
picture. The attributes are defined as the factors that the decision-makers find
relevant to the problem to be considered. MAUA provides a structure and process to
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be used by the decision-makers in considering these decisions. During this process,
criteria are developed and structured according to priorities. Weights are assigned to
the criteria and indicators are developed so that each criteria can be scored in a
qualitative or quantitative way. One of the largest difficulties in using this
methodology is the determination of the appropriate weights for the criteria. It is
expected that these are influenced greatly by the background and interests of the
group making the decisions.

MAUA for the comparison of nuclear and coal fuel cycles

The CEPN has conducted a multi-attribute utility analysis on the health impacts of
the nuclear and coal fuel cycle, based on the results that have been published by
CEPN and IER within the framework of the ExternE project of the European
Commission. Because the comparison of two options was too simplistic, two other
“options” were created by including additional information on the minimum risk for
each fuel cycle. Thus, the multi-attribute utility analysis has been performed with

four options: 'nuclear’, 'coal’, ‘minimum coal’' and 'minimum nuclear'.

The criteria that have been selected reflect the different risk dimensions that exist,
according to the situation (normal or accidental), the group of population exposed
(public or workers), the time and space definition of the impact (local, regional
global and short, medium and long term) and finally the severity of the health
impacts (mortality or morbidity). Figure 1 illustrates the criteria and the risk
indicators considered for the two fuel cycles in the first part of the study and includes
the simple assumptions for the corresponding weights that were assigned. It must be
stressed that the weights were simply apportioned between the criteria and are not
intended to represent reality as far as the main objective of this first analysis was to
demonstrate the advantages and limitations of using MAUA.

A sensitivity analysis has been conducted by giving different values to the criteria. In
general, the variation of the weighting factors concerning the type of populations
exposed or the time distribution of the effects leads to an important change in the
final score of the different scenarios, as well as the use of a public risk aversion
coefficient.
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Figure 1. Weights assigned to the criteria used in the feasibility study

For the four options designated (coal, nuclear, minimum coal, and minimum nuclear)
it was not possible to directly compare the impact of a severe nuclear accident with
the coal fuel cycle because an equivalent analysis does not exist for the coal fuel
cycle. To integrate the impacts of a severe nuclear accident into the study, the results
were weighted and added to the normal operation impacts for the nuclear options. It
was decided that the publics' aversion to risk would be used in weighting the impacts
of an accident. Risk aversion has been estimated to increase the impacts by an
exponential factor of 1.2 to 2 for nuclear issues. For the feasibility study, a constant
value of 1.2 was applied to the impacts from a severe nuclear accident and the

impacts were added to the normal operation impacts.

In choosing a utility function for scoring the estimated risks (impacts) of the fuel
cycle options, a different consideration for risk aversion was also required. It was
considered that the populations' aversion to risk increases with the increasing
magnitude of risk, regardless of the origin of the risk. With this in mind, an evolving

risk aversion utility function was chosen. If the risk aversion factor is noted as a,
then the shape of the utility function is defined by 0 < a(minimum risk) < 1 and

a(maximum risk) > 1. This is illustrated in the Figure 2 below.
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Figure 2 . Utility function for an increasing aversion to risk

Using the data collected, a test case was run to compare the 4 options assuming a
utility function as illustrated above. This was then used to test the sensitivity of the
system to the variation of the weights assigned to the criteria (Figure 1). Figures 3
illustrates some of the overall scoring results for the 4 options, given the simplistic
assumptions that were taken. Figure 3a presents the variation of the score according
to the weights assigned to the worker and public impacts. If they are equally
weighted (both 50%), the ranking of the options is minimum coal, minimum nuclear,
nuclear and coal (from best to worst). If the weight is increased on the impacts of
workers and therefore the weight of the impacts on the public is decreased, the order
of the ranking does not change significantly, even thought the utility of coal
decreases. If the weight of worker impacts is decreased, the ranking between coal
and nuclear change. Figure 3b illustrates the sensitivity of varying the weight given
to the long-term health effects of workers in comparison to the weight given to the
short- and medium-term effects. In this case, increasing the weight slightly changes

the ranks of coal and nuclear.
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Figure 3. Sensitivity analysis of weights assigned to criteria

The sensitivity of the resulting ranking of the 4 options to the risk aversion factor, for

the impacts of a severe nuclear accident, was tested by varying the aversion factor,

over the 1.2 to 2 range, while keeping rest of weighting factors unchanged. Figure 4
illustrates how important the choice of values for this factor can have in the final

outcome of the ranking.
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Figure 4. Impact of risk aversion factor on the score of the Coal and Nuclear
Fuel Cycles

From these results, it can be seen that the first difficulty of performing a MAUA
concerns the aggregation of the impact indicator. For this first analysis, only health
impacts were considered allowing to combine them and pointing out the influence of

the weights for the main dimensions of the risk.
MAUA and willingness to pay approach

Because of the major difficulties which emerged during the first analysis for the
aggregation of the indicators, the second step of the project explored the possibility
to develop a methodology for the comparative analysis of fuel cycles using MAUA,
on the basis of the monetary valuation of the impacts. Therefore, the second stage of
the study was to determine the weight of the different criteria based on the costs of
the impacts calculated with the willingness-to-pay method (WTP). Indeed, it is
assumed that with the WTP approach, a certain weight is already included in the
costs and the main advantage is to allow direct comparisons of the various indicators
avoiding to ask the decision-makers to rank the large list of indicators without any
information concerning their relative importance. On this basis, several sensitivity
analyses were performed in order to take into account the sensitivity of the total
external cost of the impacts to the weight assigned to the some of the dimensions of
the risk: i.e. public versus workers, local versus regional, normal versus accidental,
“classical risk” versus radiological effects. Figures 5a and 5b present, respectively

for the nuclear fuel cycle and the coal fuel cycle, the variation of these categories of
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Contribution to the total external cost

Contribution to the total external cost

costs in the total external cost when one death for a member of the public is weighted
higher than one death for a worker. On these curves, R reflects the contribution of the
radiological risks in the total external cost, L the contribution of the local impacts, N
the contribution of the normal situations, T the contribution of the occupational
impacts. Figure 6 presents the same analysis when the accidental situation is
weighted differently than the normal situation. In that case, only the external cost
associated with the nuclear fuel cycle is affected.
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Figure 5a. Contribution of each category of risk in the total external cost for
the nuclear fuel cycle according to the weight associated with the impacts to the
members of the public
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Figure Sbh. Contribution of each category of risk in the total external cost for
the coal fuel cycle according to the weight associated with the impacts to the
members of the public
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Figure 6. Contribution of each category of risk in the total external cost for the
nuclear fuel cycle according to the weight associated with the severe accident

Need for the elicitation of decision-makers preferences

From these analyses, the general framework allowing a comparative assessment of
the health and environmental impacts for nuclear and coal fuel cycles has been
delineated, but do not provides precise results that can be used to rank the energy
systems. Indeed, the results of this multi-criteria analysis are very limited: the
environmental effects have to be further developed, a lot of arbitrary choices have
been done, particularly with the use a certain value for the risk aversion, the utility
functions or the weighting factors....

These analyses point out the need for a global approach reflecting the “trade-off” of
the society as far as the risk is concerned. For this purpose, the multi-attribute
analysis should be a useful tool allowing to deal with the preferences between
present and future generations, the risk aversion towards accidental situations, the
regional and global impacts characterised by very low individual risk but concern a
large population, the importance of environmental impacts... This study
demonstrates the need for further developments to elicit the preferences of the
decision-makers regarding the various dimensions of the risks. These preferences
will be very specific to the population concerned with the ranking of the options. The
advantage of using MAUA, is that it is possible to work interactively with the
software and the people that are making the choices.
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Head of project 2: Dr. Friedrich

IL. Objectives for the reporting period

Based on the work carried out under a previous contract, the development of a conceptual
framework supporting risk assessment and risk comparison had to be completed, focussing
on the quantification of health risks from airborne pollutants from the coal fuel cycle. A set
of appropriate air quality and dose-effect models had to be identified and implemented.
Health effects resulting from the operation of a reference coal fired power station were to be
estimated and provided as an input to the comparison of risks from the coal and the nuclear
fuel cycle based on the concept of Multi-Attribute-Utility Analysis. The approach of Multi-
Attribute-Utility Analysis and the concept of External Costs had to be evaluated on a

theoretical level with regard to their use for risk comparison.

IIL. Progress achieved including publications

1. Development of a consistent framework for risk assessment - the issue of system
boundaries

The geographical range of analysis

Analysing health and environmental impacts from air pollution, there are no clear guidelines
that suggest appropriate system boundaries for impact assessment in terms of geographical
distance from the source of pollutants. The analysis of impacts is often restricted to a
distance of up to several tens of kilometers from the source, assuming that the main portion
of impacts would occur within this area. Using linear dose-response functions, a simple
conservation of matter argument leads to the conclusion that the range of analysis needs to
cover a distance of up to several hundreds of kilometers in order to capture a major fraction

of the expected impacts.

System boundaries with regard to the technical process steps considered

A consistent definition of system boundaries with regard to up- and downstream process
steps linked to the energy system is required for comparison of different energy systems. A
new concept of combining micro and macro analysis techniques was proposed to guantifiy

occupational health risks. While process analysis traditionally used in risk assessment studies
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provides process specific results with a high accuracy, the data requirement is prohibitive for
a full life cycle analysis, so that Input-Output Analysis as a macro analysis tool might be
used to analyse up- and downstream process steps. Results indicate that risks from up- and
downstream process steps due to electricity production in a coal fired power plant amount to
10 - 20% of the risks from activities on the first order process chain (i.e. coal mining, coal

transport, power plant operation, waste disposal).

2. Public Health Effects

The incremental air pollution attributable to power generation is a mixture of pollutants
mainly emitted from the power station and those formed subsequently as the emissions
interact with the external environment. The air pollutants considered are particulates, SO,,
NO,, ozone and aerosols. Ambient air concentrations of primary pollutants on a local scale
were assessed using a Gaussian plume model. The Windrose Trajectory Model (WTM) that
has been developed at IER based on the Harwell Trajectory Model was used to estimate the
concentration and deposition of acid species on a regional range. Health impacts from
increased levels of airborne pollutants were calculated using a set of exposure-response
functions recently compiled by the EU ExternE Project (JOULE Programme) based on a
comprehensive literature review. While direct impacts from SO, and NO, are assumed to be
negligible, health effects are dominated by secondary particulates (sulfate and nitrate
aerosols) subsequently formed from gaseous SO, and NO, emissions. For the implementation
of the impact assessment procedure, the computer system ECOSENSE has been developed at
IER. ECOSENSE is an integrated tool for environmental impact assessment, combining an
extensive database on European-wide meteorological and receptor specific data with a set of

air quality and dose-effect models.

Mass balance studies reveal that coal combustion in power plants produces a selective
partitioning of trace elements between various exit streams which is based on a
volatilization/condensation mechanism. Both the FGD-plant and the electrostatic dust
precipitator are considerable sinks for trace elements, so that elements of major health
concemn like lead, cadmium and arsenic were not detectable in the flue gas after FGD in mass

balance studies carried out in German power plants.
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Based on the methodological approach described above, health risks from power plant
operation have been quantified, resulting in a wide range of different health impacts',
including e.g. 2.9 additional deaths, 11 350 restricted activity days or 179 490 symptom days
per TWh within the European population.

3. Occupational Health Risks

As the comparative risk assessment should focus on the marginal (i.e. the additional) risk
which is induced by adding one specific unit of a technology to the existing system, the
concept of net-risk has been introduced, taking into account only the difference between the
risks of average industrial activities and the specific activity related to the fuel cycle of
concern. The concept of net risk has major implications on the comparison of impacts
between different fuel cycles, in particular if work intensive technologies like e.g.

photovoltaic are considered.

Occupational health impacts were assessed by evaluating occupational health statistics. In the
case of diseases occurring after a long time latency period like e.g. lung cancer from
exposure to radon in underground mining or coal workers’ pneumoconiosis (black lung),
dose-effect models were used to estimate impacts from todays exposure conditions. The
occupational risks from the German coal fuel cycle are mainly dominated by fatal accidents

in underground mining activities.

4. Framework for Risk evaluation and Risk Comparison

The time and space dimensions of risk

The so called "Time and Space Matrix" has been established to consistently present risks on
the different time and space dimensions. In the absence of reliable exposure-effect
relationships for chronic mortality, the present analysis mainly focuses on the quantification
of acute health impacts. However, there is strong evidence that health effects from chronic
exposure might result in a considerable contribution to the overall risks. Occupational health
risks are restricted to the local range and are clearly dominated by acute effects. A small
amount of medium term risks result from occupational diseases with a long latency period
like coal worker’s pneumocconiosis or lung cancer from exposure to radon in underground

mining.
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Integration of health risk indicators into the Multi-Criteria Analysis framework

Based on monetary values derived for a set of health impacts in the EU ExternE-Project
(JOULE Programme), a preliminary weighing scheme was set up to facilitate the use of the
available health indicators in the Multi-Criteria Analysis framework. Current results show

that a further aggregation is necessary in order to provide an operational weighing scheme.

From a comparison of cost-benefit analysis and multi-attribute utility analysis on a theoretical
level it was concluded, that - in the case of using individuals’ preferences as a basis for risk
evaluation - cost-benefit analysis seems to be the more consequent and consistent approach.
However, since in the field of environmental risk assessment we are far away from being
able to transfer all the environmental consequences correctly to monetary values, there is a
need to consider monetary cost-benefit analysis and non-monetary multi-criteria approaches

as complementary rather than competitive approaches.
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Head of project 3: Dr. Uijt de Haag
2 Objectives for the reporting period

In the project, energy fuel cycles are to be compared in a Multi Attribute Utility Analysis
(MAUA). Therefore, criteria have to be developed to weigh their (environmental)
impacts. The main objective for the reporting period was to develop a set of
environmental indicators, which could be used as criteria in a MAUA.

Furthermore, it is recognised that the uncertainties associated with the calculation of the
various impacts is important to the weighing of the impacts. Hence the second objective
was to perform a global analysis of the uncertainty associated with the risk assessment.

In brief, the two distinct objectives for the reporting period are: (1) the development of a
set of environmental indicators and (2) a global investigation of main sources of
uncertainty.

3 Progress achieved including publications

3.1  Requirements on environmental indicators

In a Multi Attribute Utility Analysis (MAUA) of energy fuel cycles, the impacts of
different energy fuel cycles have to be compared. Therefore a set of criteria to weigh the
environmental impacts has to be developed: the environmental indicators.

Environmental indicators describe the impacts of the fuel cycles on the environment
and can be defined in every step in the calculation of the risk (see Figure 1). Different
kinds of indicators were studied, varying from stress or pressure indicators, which are
related to the emissions of the energy systems, to state or effect indicators describing the
quality of the environment and the quality and quantity of the resources.

. chemical biological .
source dispersion change effects risk
stress or pressure state or effect

indicators indicators

Figure 1 The different steps in a risk assessment and the various environmental
indicators.

When defining indicators for the comparison of the environmental impacts of different
energy fuel cycles in a MAUA, it is necessary to examine the demands imposed on the set
of indicators by the user and by the intended application. It is assumed in this study that
the user is a policy-decision maker, who wants to make a comparison between a number
of different options for electricity generation. Keeping this in mind, the following
demands are distinguished:

Limited number - highly aggregated

When comparing energy fuel cycles in a MAUA a limited number of criteria should be
used, otherwise the decision support system is blurred with detail. The indicators
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should therefore be as aggregated as possible. It is not useful to distinguish too many
end-points and environmental effects. It is therefore suggested to combine similar
environmental effects into environmental issues, and to use one single indicator for
each environmental issue. In this way approximately ten environmental indicators are
necessary to describe the environmental impacts. A number of relevant environmental
issues are given in Table 1 (based on e.g. [RIVM94]).

Table 1  Environmental issues for use in the aggregation of environmental indicators.

Changes in climate (greenhouse effect)

Depletion of the ozone layer

Eutrophication of waters and soils

Acidification of waters and soils

Photochemical oxidants/ground-level ozone

Contamination with (organic) toxic substances

Contamination with radionuclides

Contamination with heavy metals

Use of renewable natural resources
biomass, fish, wood, water, ...

Use of finite natural resources
metals, minerais, fossil fuels, ..

Exploitation of land for construction and infrastructure

Soil degradation
desertification, erosion, dehydration

Sensitivity to environmental impacts

For the comparison of the energy fuel cycles in a MAUA, the indicator must be
sensitive to the environmental impacts and must reflect changes in the environment due
to the emissions from an energy fuel cycle.

Availability of data

To calculate the value of an indicator, it is important that all data are available with the
required spatial and temporal resolution. Extrapolation or interpolation of data with
different resolution introduces additional uncertainties.

Related to the cause - effect chain

The indicator for the environmental impact must be clearly related to the emissions of
the energy fuel cycle. For instance, if the relationship between an observed
environmental effect and the emission of the fuel cycle is not well established, it is
more useful to define an indicator in the beginning of the chain, i.e. a pressure
indicator or a chemical state indicator.
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Easy to interpret, direct appeal, international consensus

The indicator must be easy to interpret: complex biological and chemical indicators
lack a direct appeal. An indicator which has a direct relationship with environmental
policy planning is preferred.

Based on these demands, the advantages and disadvantages of various kinds of
environmental impact indicators are determined. Sustainable development, being a starting
point in the Dutch national environmental policy planning, is used as keyword in the
development of the environmental indicators. It appeared that non-location specific
environmental impacts are described with pressure indicators, whereas for location-
specific environmental effects indicators based on no-effect levels and critical loads are
proposed.

In this report some examples of environmental impact indicators for application in a
MAUA are presented. The issues ’use of finite natural resources’ and ’climate change’ are
used to illustrate the non-location specific indicators. The issues ’acidification’,
‘radionuclides’ and ’heavy metals’ demonstrate the way location-specific indicators are
defined. To show the computability of the indicators, worked-out calculations are given
for the reference plant located on a hypothetical site in the middle of the Netherlands.

3.2  Examples of environmental indicators

3.2.1 Use of finite natural resources

Non-renewable energy sources, such as combustion of fossil fuel and nuclear fission,
make use of a finite supply of resources. The use of finite resources reduces their
availability in the future. Scarcity leads gradually to the exploration of lower grade ores,
at the expense of secondary energy resources and land area.

The availability of uranium and coal is not a local affair, and does not depend on the
location of the power plant. Therefore it is best to describe the environmental impacts by
a pressure indicator, based on the ratio between the amount of required material and the
total amount of available material. Measures of the available amount are either the
reserves (stocks with proven occurrence, exploitable at current market prices with present-
day technology) or the resources (stocks likely to be present, exploitable at a specified
price level with technology likely to become available). For the example of uranium, the
reserves would include all the uranium present in high grade ores (defined as uranium
contents more than 0.05%) and exploitable at a price level of less than the current market
price. For the example of uranium, the resources would comprise the estimated amount,
which is likely to be present and exploitable at a cost price lower than (for example)
$260/kg U. Also the uranium in sea water, present in a concentration of 3 mg per cubic
meter and presumably exploitable at exploitation costs of $500-$800 per kg U, might
possibly be included in the resources.

The definitions indicate that it is hard to define conclusively the amount of material
available: both reserves and resources are not measures of the occurrence of a material
only, but include the efforts of the industry and the operation of the economic market.
Still, an indicator based on the ratio between the amount of required material per unit
electricity produced and the reserves gives insight in the expenditure of the finite amount
of material.
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3.2.2 Global warming

The ’greenhouse’ gases play an important role in the radiation balance of the Earth as
they absorb and re-emit part of the outgoing infra-red thermal radiation of the Earth’s
surface. Consequently, the Earth loses less heat to space by radiation than it would in the
absence of the greenhouse gases.

The most important greenhouse gases are water vapour, carbon dioxide, methane,
ozone, nitrous oxide and chlorofluorocarbons (CFCs). Their concentration, with the
exception of that of water vapour, is influenced by human activities and have been
increasing since pre-industrial times. The increase is likely to affect the radiation balance
of the Earth and consequently the climate.

An important source for the emission of carbon dioxide to the atmosphere is the
combustion of fossil fuels, whereas coal mining may lead to the release of methane. In the
nuclear fuel cycle, the emission of greenhouse gases occurs due to e.g. construction and
transportation. However, these contributions are small in comparison with the emissions
related to mining and combustion of coal.

The prediction of the climate change and the environmental impacts, especially on a
regional scale, has a large uncertainty, due to combined uncertainties in the various long-
term emission scenarios and in the understanding of the processes and feedback
mechanisms in the climate. However, to determine the environmental effects of the
emission of greenhouse gases, all possible direct and indirect effects have to be quantified
on a regional scale. Due to the large uncertainty it is not possible to quantify the
environmental impacts of the emissions of a single power plant. Therefore a state or effect
indicator is not applicable. Furthermore, the impacts do not depend on the location of the
power plant. It is therefore proposed to use a pressure indicator. The pressure indicator
describes the emission of greenhouse gases in kg per year or kg per kWh, weighed with
the ability of the gas to contribute to the climate change, the Global Warming Potential
(GWP). The value of this indicator has no direct relation with environmental effects.
However, policy plans and international agreements are stated in terms of reductions of
greenhouse gas emissions [RIVM94]. The value of the indicator related to the total
emission shows directly the contribution of the fuel cycle to the total emission and to the
reduction required.

3 2.3 Acidification and eutrophication

Major contributors to the soil acidification and eutrophication process are the inputs of
sulphuroxide and nitrogenoxide produced by the burning of fossil fuels. Since nitrogen
deposition contributes to both the acidification and the eutrophication process both effects
have to be examined in one.

A main disadvantage of a pressure indicator for acidification and eutrophication is that
the impacts of nitrogen and sulphur deposition depend on site specific soil properties, type
of ecosystem and climate. By using a chemical state or effect indicator this location
specific information can be taken into account. Therefore, it is recommended to assess the
impacts of acidification based on the critical load concept, being a widely used and
generally accepted environmental indicator. The critical load concept is an approach for
estimating the quantity of pollutants that can be absorbed by sensitive ecosystems on a
sustainable basis. A critical load provides a value for the maximum allowable load of one
or more pollutants at which risk of damage or ecological changes to the most sensitive
part an ecosystem is negligible.
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To demonstrate the calculation process example calculations are performed for a reference
coal fired power plant and for two locations in the Netherlands (Figures 2 and 3).

SO, and NO, depositions resulting from the releases by the reference power plant used
in the coal fuel cycle are calculated with the OPS dispersion model, a modified Gaussian
plume model. Emissions are based on the emissions of the reference plant at Lauffen.
About 0.8 g/kWh, SO, and 0.8 g/kWh, NO, are emitted by the reference power plant.

Critical load data on an ecosystem scale are not available yet. However, critical load
maps for NO, and critical deposition maps for SO,, calculated by the Dutch NFC, are
available on a 10 x 10 km? grid [SC93; CCE93]. In Figure 4 and 5 the ratio of the total
deposition of SO, respectively NO, and the critical load for SO, respectively NO, are
presented.

An indicator for acidification expressed as a single number is now calculated as the
ratio between the total amount of acidifying deposition and the critical load, summed over
the grid:

deposition,
Ind, = ——————— x area

critical load,
1

where:

Ind = the value of the indicator [km?] for acidification and eutrophication
deposition, =  the deposition of acid equivalents per unit area per year [Aeq.km?2.a"]
critical load, =  the critical load of grid cell i [Aeq.km?.a!]

area, = the area of grid cell { [km?]

It can be concluded that in each grid cell the deposition of SO, and NO, is at least a factor
100 less than the critical depositions for SO, and the critical loads for NO, respectively.
The indicator for SO, is calculated at 2.1-10° km*. MW" and the indicator for NO, is
calculated at 1.2-10* km® MW for the reference plant situated in the middle of the
Netherlands. This shows that the contribution of coal combustion to acidification is
dominated by the SO, emissions.

A possible modification of this indicator would be the inclusion of the current level of
acidifying deposition emitted by industry, traffic and agriculture.

3.2.4 Contamination with radionuclides

When assessing the risk of the emission of radionuclides, the calculation of the impact is
usually restricted to the damage to human health. The detrimental effects to the
environment are neglected, following the principle that the standard of environmental
control protecting humans to the degree currently thought desirable will ensure that other
species are not put at risk.

The regular emissions of radionuclides in the energy fuel cycles is usually in inhabited
regions and the resulting radiation dose to humans is in general below the standards set.
Nevertheless, radionuclides accumulate in the environment, which may lead to a decreased
utility value for future generations. Therefore it is important to quantify the contamination
of the environment and to develop an indicator to determine the impact on the
environment associated with the releases within the energy fuel cycles.

The indicator for the environmental impacts of radionuctides should be comparable to the
indicator for e.g. heavy metals and acidifying compounds. It is proposed to use an
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Figure 2 Total deposition of SO, (Aeg.ha'.a™!) emitted by a coal fuel reference
plant located at the centre of the Netherlands.
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Figure 3 Total deposition of NO, (Aeq.ha'.a’!) emitted by a coal fuel reference
plant located at the centre of the Netherlands.
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Figure 4 Ratio between the total SO, deposition and the critical load for SO, for the
reference power plant im the middle of the Netherlands.
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Figure 5 Ratio between the total NO, deposition and the critical load for NO, for the
reference power plant in the middle of the Netherlands.
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environmental impact indicator for radionuclides based on the ratio between the dose to
(concentration in) the environment and the no-effect level (concentration). In the indicator
presented the only location specific information is the ecosystem used, e.g. terrestrial or
aquatic. However, a location-specific background radiation is present, which could be
included in the indicator.

With respect to protection of ecosystems, dose limits are set for populations rather than
for individuals. This means that occasionally individual members of non-human species
might be harmed, but not to the extent of endangering whole populations or creating
imbalance between species. It is suggested to set the no-effect level for terrestrial animal
populations, terrestrial plant populations and the maximally exposed individuals in the
aquatic environment at 1 mGy.d?, 10 mGy.d"! respectively 10 mGy.d"! in case of chronic
irradiation, based on the review of effects of ionizing radiation on plants and animals
[TAEA92]. With respect to acute exposure, a dose limit of 0.1 Gy appears to be a sensible
level for populations or communities of terrestrial plants or animals [TAEA92].

To demonstrate the calculation process, an example calculation is performed for an
imaginary reprocessing plant located in the centre of the Netherlands (Figures 6 and 7).
The radiation dose to biota are calculated using a simple chain model based on transfer
factors. The assessment end-points used are cattle, sheep, soil organisms, grass and
plants, as data for these biota were available. How far these assessment end-points
represent a natural ecosystems is subject of further study.

The maximum dose for "I to grass, plants, cattle, sheep and soil organisms is 1.1-107°,
2.9-107, 3.4-10"9, 4,2-10™" and 1.1.10" [Gy.a'] respectively. This is well below the no-
effect level of 0.37 Gy.a'. Summing the ratio between the dose and the no-effect level
over all grid cells results in an indicator value comparable to the indicator for
acidification. The value of the indicator for I is calculated at 1.3-107 km>.MW! for
plants and 1.7-10 km* MW! for cattle.

The results show that the regular emission of radionuclides to air within the nuclear fuel
cycle and during normal operation does not have significant effects on the environment. In
case of a major nuclear accident calculations indicate that no-effect levels may be
exceeded in an area close to the reference plant.

3.2.5 Heavy metals

The release of heavy metals as a result of electricity generation may lead to undesirably
high concentrations in soil, surface waters and drinking waters. No generally accepted
indicators which describe the impacts of heavy metals on soil and soil water were found.
Several countries have standards for the maximum concentration of heavy metals in
agricultural products or legislation with respect to the cleanup of polluted soils. However,
these standards are based on different starting points and objectives, and are therefore not
directly applicable to the comparison of energy fuel cycles.

If the assessment of impacts of heavy metals is based on an environmental stress indicator
like e.g. emission equivalents, being the total emission within the fuel cycle, the
calculation is very straightforward compared to other options. The main disadvantage of
this type of indicator is that site-specific elements are neglected and the relation to
environmental damage is not obvious. Therefore, we selected an indicator which is based
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Figure 7 Ratio between the total dose on plants for 23U and its no-effect level.
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on the no-effect concentration of each single heavy metal.

Negative effects of heavy metals on plants, animals or humans are assumed not to occur
below a threshold value, the no-effect level (NEL). For each ecosystem a different NEL
can be defined, and the concentration of heavy metals in soil or surface waters due to
emissions within the fuel cycles can be compared with the NEL. In this way, site specific
information is incorporated.

The calculation of the indicator for acidification resembles that of the indicator for
heavy metals and radionuclides. All indicators are based on no-effect concentrations and
have the same units, which will make comparison more easy.

3.3 Uncertainty

The inclusion of the uncertainty is important in the decision-making process. An activity
may appear to obey the regulation standard when expressed as a single number, and a
permit might be granted. However, when the uncertainty in the result is considered, there
can be a possibility that the regulation standard is exceeded. The potential of exceeding
the standard might be considered to be too great, and a permit may be denied. This
potential becomes clear only when uncertainty is taken into account.

Uncertainty is also of importance in the ranking of alternatives, especially if the weighing
function between alternatives is a non-linear function. The utility function in a Multi
Attribute Utility Analysis may value the upper part of a distribution much higher than the
lower part of a distribution to account for risk aversion factors. The order of the scores of
two alternatives on a criterium may therefore be interchanged if uncertainties are taken
into account.

It is therefore clear that uncertainties play an important role in the comparison of energy
fuel cycles. However, up to now the investigation on uncertainty has been limited. Only a
small sensitivity analysis is performed, focusing on the importance of the location of the
reference plant on the indicator value for acidification. It appeared that shifting the
location of the reference plant from the centre of the Netherlands to the West coast
resulted in a decrease of the indicator value with only 10%. It is concluded that the
uncertainty in the models is therefore much larger than the variation due to the location.
However, a complete uncertainty analysis remains to be done.

3.4  Conclusions

A number of environmental indicators for application in a Multi-Criteria Analysis as a
decision support system for policy decision makers have been investigated. For
environmental problems with an impact that is not location specific, like the depletion of
natural resources and the emission of greenhouse gases, it is proposed to use a pressure
indicator. If the environmental impacts are location specific, like acidification and
eutrophication and pollution with heavy metals and radionuclides, it is proposed to use an
indicator based on no-effect levels.

It is demonstrated that the values of the indicators can be readily calculated from the data
available. However, the usefulness of the set of indicators in a MAUA still has to be
demonstrated.
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EC Contract FI3P-CT920064e (Sector C13)

Studies Related to the Expression of the
Detriment associated with Radiation Exposure

Final Report : July 1992 - June 1995

1)  Muithead NRPB
2)  Schneider CEPN

L. Summary of Project Global Objectives and Achievements
Background and Aims

Following the publication of data on cancer risks among the Japanese atomic bomb
survivors based on the DS86 dosimetry, several health effects models utilising various risk
projection assumptions have been developed; for example, by the United Nations Scientific
Committee on the Effects of Atomic Radiation (UNSCEAR), the International Commission on
Radiological Protection (ICRP), the US Committee on the Biological Effects of Ionising
Radiation (BEIR V) and NRPB. However, comparisons of radiation detriment using these models
are not straightforward.

The main aim of this contract was to develop ASQRAD (Assessment System for the
Quantification of Radiation Detriment), a PC-based code which provides a common framework
for studying the detriment associated with radiation exposure. The code, which runs under
Windows, includes the main health effects models and allows risks to different populations,
including age and sex-specific groups to be investigated. It permits a review of the effects of the
modelling assumptions and clarification of the important factors contained within calculations of
detriment (ie. concerning the risks of fatal and non-fatal cancers and of hereditary effects).
Consequently, ASQRAD has a role inter alia in :

(a) decision-making, because it focuses attention on the sensitivity of estimates to the assumptions
applied;

(b) general training, since it is easy to use and comprehensive;
(c) investigating the effect on risks of new control regimes and/or dose reduction strategies.

The sensitivity of risk calculations to the models and assumptions adopted was also
examined in detail in the case of breast cancer. This analysis showed that estimates of lifetime risk
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and of years of life lost can vary considerably according to inter alia the models used to project
risks over time and across populations.

Scope and Content of ASQRAD
i) The models

The range of somatic effects models available within the program consists of the
multiplicative and additive models proposed by UNSCEAR in its 1988 report and the US BEIR
V Committee, as well as the models proposed by researchers at the Radiation Effects Research
Foundation (RERF) and at NRPB. The model detailed in ICRP Publication 60 to quantify the
hereditary effects of radiation exposure is also included within ASQRAD.

ii) The data

ASQRAD contains various sets of data, eg, demographic data, morbidity rates and fertility
rates within its database facility. These tables of data, which are specific to various countries,
cannot be edited or changed. However, the powerful database facility enables the user to copy any
of the data provided to create duplicate tables within ASQRAD and then to edit them as desired
using a spreadsheet facility. This set-up prevents the original data from becoming accidentally
corrupted. The user is also able to enter new data as desired. The same format is used for the
entry and editing of all types of data in ASQRAD.

iii) The types of calculation available
ASQRAD is able to perform four main types of detriment calculation, based on different

combinations of individual or population exposure and somatic or hereditary effects. Each of these
types of calculation has various options, which are detailed in the following table:

Calculations Exposure type Exposure Age at exposure
available Duration (acute exposure only)
Individual Somatic Whole Body or Organ | Acute or Extended Single or Multiple
Specific
Population Somatic | Whole Body or Organ Acute n/a
Specific
Individual Hereditary Whole body Acute or Extended Single or Multiple
Population Hereditary Whole body Acute n/a
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iv) The measures of detriment

ASQRAD provides various measures of detriment depending on the type of calculation
being performed.

For somatic effects the measures of detriment provided are the number of fatal cancers,
the total cancer incidence and the predicted loss of life expectancy. In addition to these, a number
of intermediate measures that are derived during the process of obtaining the main measures are
made available to the user.

For hereditary effects the measures of detriment provided are the weighted probability of
an effect and the predicted years of life lost due to hereditary effects in all subsequent generations.
The distribution of these effects over the first, second, third and subsequent generations is
provided for two categories of hereditary effect: mutational and chromosomal effects combined;
and multifactorial effects. The measures of detriment are also provided aggregated over the two
classes of effect and over all generations.

v) Types of output

ASQRAD is able to display and output measures of detriment, either as a spreadsheet or
in graphical form.

The spreadsheet output takes the same form as that used to enter or edit data within
ASQRAD. The only difference is that the results cannot be modified. They can, however, be
transferred into a file of a suitable form for entering into commonly available spreadsheet
packages. Alternatively, the measures of detriment can be output to a printer via the Windows
print manager.

The graphical output can take two forms depending on the measure being displayed,
namely bar charts or point/line plots. The graphical facility within ASQRAD is very flexible. It
allows the user to define many of the parameters of the plot, eg. the titles of the axes, the range
of the axes, the colours used in the plot and many more. Again the required graphical presentation
can be output to a printer, or to a graphics file in bitmap format.

vi) User Manual

Documentation for users is available both as a manual and via an on-line help facility. This
material describes not only how to run ASQRAD, but also gives some background to the models.

Peer Review

A panel of experts was assembled in 1994 to review a preliminary version of the software.
The reviewers provided a range of helpful suggestions on improvements to the system, as well
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as its scope. In particular, they suggested that the first version of ASQRAD should be aimed at
those requiring a tool for decision making, risk communication and training, but that later versions
should improve its capabilities as a research tool. Future work is planned to address the later
objective.

Training C

On behalf of the European Commission, NRPB and CEPN organised a successful ERPET
training course on ASQRAD in June 1995. The course provided background to the relevant
health effects models, described the scope of ASQRAD, and illustrated its application through
demonstrations and syndicate exercises involving ‘hands-on’ experience.

Summary

ASQRAD is a flexible tool for displaying the various components of radiation detriment.
By incorporating several health effects models, it enables the sensitivity of assumptions made in
these models to be investigated. It also allows a wide range of exposure scenarios to be studied
and for the user to specify various characteristics of the baseline population, such as its age
distribution and cancer rates. The first version of ASQRAD is due to be released around the end
of 1995.
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Participating organisation: NRPB

Head of project 1: Dr C R Muirhead

II. Objectives for the Reporting Period:

To provide support and guidance in the development of the ASQRAD package. Specifically, to prepare
the user manual, and to advise and assist with the health effects models, the collation of data and quality
assurance procedures.

To participate in organising a peer review of the software.

To organise an ERPET-supported training course on ASQRAD.

IIL Progress achieved including publications:
General

During the contract period a series of meetings were held at NRPB and CEPN involving researchers
from the two institutes. Both these meetings and numerous other contacts served to oversee the general progress
of the project and to address various specific issues. As well as overall project coordination, NRPB advised
CEPN on the structure and content of ASQRAD, eg, the format of the screens and the text therein. Various
issues relating to the health effects models utilised in the system were also addressed.

NRPB was primarily responsible for preparing the user manual for the software, together with the text
for the on-line help facility. This material describes not only how to run ASQRAD, but also gives some
background to the models utilised. NRPB staff assembled some of the data contained in the package, eg, some
of the baseline cancer rates. They also checked output from various test versions of the software as part of the
quality assurance procedures.

Peer Review

In order to obtain external advice on satisfactory software performance and software improvement, a
peer review panel was assembled in 1994.

After distributing a preliminary version of the software and associated documentation to the panel, a
meeting was held in Paris on 7-8 November 1994 to receive the panel's comments and suggestions for
modifications. A list of those attending this meeting and of other persons who provided comments is attached.

Points made by the panel included:

@ the first version of ASQRAD should be aimed at these requiring a tool for decision making, risk
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communication and training, whilst future developments should improve its potential as a research tool;
(ii) the presentation of results could be made less complicated through the use of 2 summary table;

(iii) distinction should be made in calculations of somatic effects between exposure of one organ alone and
exposure of a range of organs, to account for competing causes of death;

@iv) the hereditary effects calculations should not be extensive, owing to the paucity of reliable data;

) ASQRAD should output the various components of detriment and the documentation should explain
how they might be combined into the ICRP detriment, whilst pointing out that the ICRP measure is
dependent on various assumptions;

(vi) the main body of the user manual should cover the working of the program, whereas technical details
should be placed in an appendix;

(vi)  future versions of the software should cover more flexible model definitions and enhanced facilities for
sensitivity analysis.

The comments of the peer review panel were highly useful and will be implemented in the software
that will be released.

Training Course

On behalf of the European Commission, NRPB organised an ERPET (European Radiation Protection
Education and Training) course on ASQRAD in conjunction with CEPN. This course was held at the NRPB
Training centre at Chilton from 5 to 7 June 1995. The aims were to provide background to the relevant health
effects models, to describe the scope of ASQRAD, and to illustrate its application through demonstrations and
syndicate exercises involving ‘hands-on' experience. A copy of the programme is attached; the lectures,
demonstrations and exercises were led by NRPB and CEPN staff.

In the light of the peer review panel's recommendations, the course was aimed primarily at practitioners
in radiological protection who are interested in detriment. There were 19 delegates who came from throughout
Europe plus one from the USA (see attached list). Overall they were very satisfied with the course, which
virtually all thought would be useful in their professional activities. The comments of the delegates were also
helpful in identifying potential enhancements to the software which could be implemented either in the first
release (eg, the inclusion of models given in the 1994 UNSCEAR report) or in a later version (eg, the calculation
of ‘probability of causation' in relation to radiation exposure and the occurrence of cancer).

Publication
Schneider, T; Delaigue, S: Degrange, J P; Haylock, R G E; Muirhead, C R and Robb, J. Applying ASQRAD

to demonstrate the sensitivity of radiation detriment to the assumption adopted. IN Proceedings of the 17th IRPA
Regional Congress on Radiological Protection (Portsmouth, 6-10 June 1994) pp 225-228.
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Annex : Members of the review panel present at the meeting in Paris

Professor M. Vaeth
Department of Biostatistics
University of Aarhus
Normrebrogade 44, Building 2C
DK-8000 ARHUS C
Denmark

Professor B. Lindell

Swedish Radiation Protection Institute
Box 60204

S-10401 STOCKHOLM

Sweden

Other participants at the peer review meeting

Dr T Schneider - CEPN
DrD Chmelevsky - CEPN
MrJ P Degrange -CEPN
Ms. S Delaigue - CEPN
Dr C R Muirhead - NRPB
Mr R Haylock - NRPB

Comments about the package were also received from :
DrG N Kelly

Radiation Protection Research Action

European Commission, DG XII/F/6

Rue de la Loi 200 (ARTS 3/53)

B-1049 BRUSSELS

Belgium

Mr M J Crick

Radiation Safety Section

Division of Nuclear Safety
International Atomic Energy Agency
Wagramerstrasse 5

P.O. Box 100

A-1400 VIENNA

Austria
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EUROPEAN COMMISSION
ERPET

European Radiation Protection
Education and Training

Training Course on

ASQRAD

Software for Studying
the Detriment Associated
with Radiation Exposure

NRPB CHILTON
UK

5-7 June 1995

National Radiological Protection Board
(NRPB)

Centre d'étude sur 'Evaluation de la
Protection dans le domaine Nucléaire
(CEPN)
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NRPPD

Natlonal Radlological Protection Board, Tralning Section, Chilton, Didcot, Oxon, 0X11 ORQ
Telephone: (01235) 831600 ext. 2312/2701 - Fax: (01235) 833891

ASQRAD COURSE
5 -7 June 1995

Mr G Amat

Dr W Atkinson
Mr LM Bevington
Mr K Binks

Dr A Brachner

Dr M Charles
Miss J Denvir

Dr HA Grogan
Dr F Hardeman
Dr W Heidenreich
Dr JA Heslop
Mrs M Montero
Mr A Preece

Mr DE Preece

Dr R Ramos De La Plaza
Mr AE Riddell
Mme M-A Telle
Dr FR Verdun

Dr R Wakeford

2 June 1995, v2
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Home Office

AEA Technology

Health & Safety Executive
Westlakes Research Institute

Inst. for Radiation Hygiene-
Germany

Universityof Birmingham

AWE Aldermaston

USA

SCK/CEN - Belgium

GSF/ISS - Germany

Tracerco, ICI C & P Ltd
CIEMAT, Spain

Home Office

Walsgrave Hospitals NHS Trust
Nuclear Safety Council of Spain
Westlakes Research Institute
CEA/IPSN

Dept. Sante Communautaire -
Switzerland

British Nuclear Fuels Plc



ASQRAD Training Course
NRPB, Chilton, 5-7 June 1995

Programme
Monday 5 June
09.00 Welcome C. Sharp
09.15 Aims of the course C.R. Muirhead
09.25 The value of software for studying
radiation detriment T. Schneider
09.50 Coffee
Health Effects Models
10.10 Source data on late effects of
ionising radiation C.R. Muirhead
10.40 Factors affecting radiation-induced
cancer risks M.P. Little
11.15 Sensitivity of risk estimates
to model assumptions C.R. Muirhead
11.35 Discussion on uncertainties
in risk estimates
12.00 Lunch
Description of ASQRAD
13.00 Organisation of software T. Schneider
13.2