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Foreword

This special issue of Mineralium Deposita is devoted to certain aspects of the
1978-1981 Research and Development programme of the European Communities in the
field of "Primary Raw Materials'". A major aim of this programme was to increase
the E.C. potential for self-supply of a number of mineral raw materials, prin-
cipally non-ferrous metals. The main research areas were: (1) Exploration, with
emphasis both on economic geology and on the improvement of geochemical, geo-
physical and remote sensing techniques; (2) ore processing, and (3) mining
technology.

In keeping with the orientation of this journal, the papers presented here
concern the geology and geochemistry of ore-bearing formations, problems of
ore genesis and potential applications to prospecting. Although they do not
cover the entire range of research activities that have been sponsored by the
E.C. in these particular fields, they do highlight a number of topics of great
interest to economic geologists:

- Investigations on fluid inclusions in granites and other rocks

- Stable isotope studies

- Geochemical proximity indicators for massive sulphide deposits

- Trace element patterns in black shales and carbonates

— The origin of base-metal vein-type deposits in carbonates

— A statistical multivariable approach to regional prospecting

- Diagenesis in red beds and its bearing on mineralizing processes

More papers on these and other themes may follow in subsequent regular issues
of the journal.

On behalf of the Commission, I wish to thank the president of the Society
for Geology Applied to Mineral Deposits as well as the editors of Mineralium
Deposita for their invaluable assistance in preparing this special issue. May
I also express the hope that this is but a first step, a first experiment which
will be continued and perhaps amplified upon the completion of the new Raw
Materials programme sponsored by the E.C. for the period 1982-1985.

J. Boissonnas

Commission of the European Communities
irectorate General for Science, Research
nd Development
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Thallium, Nickel, Cobalt and Other Trace Elements in
Iron Sulfides from Belgian Lead-Zinc Vein Deposits

J. C. Duchesne’, A. Rouhart', C. Schoumacher' and H. Dillen?

! Laboratoires associés de Géologie, Pétrologie et Géochimie, Université de Liége, Sart Tilman, Belgique
2 Departement Scheikunde, Universitaire instelling Antwerpen, Wilrijk, Belgie

Fe-sulfides associated with Belgian Pb-Zn vein deposits have been analysed by
DC arc spectrometry and XRF for Tl, Ni, Co, Mn, Zn, Pb, Ge, Cd, and As. They

show high Tl contents (from > 30 ppm upt

to 6800 ppm) and Co:Ni ratios <1.

These features permit to distinguish them from Fe-sulfides of sedimentary and
high temperature occurrences. The Tl distribution in a botryoidal marcasite of
Vedrin (average Tl content of 0.68%) has been investigated by ion microprobe. It
displays a pattern similar to colloform texture. Principal component analysis

shows that the behaviour of Tl is partly

controlled by a factor opposing Tl to

all other elements. This is interpreted as reflecting the influence of sorption
mechanisms by contrast with direct precipitation. Tl and the other elements are
not considered of magmatic origin because no acidic magmatism is known during
or after Variscan times. Extraction from sedimentary rocks by hydrothermal

brines is favoured.

INTRODUCTION

A systematic study of the trace element
geochemistry of pyrite and marcasite

has been undertaken in order to charac-
terized iron sulfides associated with
Pb-Zn vein deposits, and to examine
whether trace elements could help to
understand the conditions of formation
of the ore, and thus facilitate the de-
tection of hidden deposits. A prelimi-
nary study by Duchesne (1964) showed

the presence of relatively large amounts
of thallium in marcasite from the Vedrin
ore deposit (Belgium) and pointed to the
similarities with Pb—-Zn deposits from
the Cevennes border in France. The pure-—
ly syngenetic origin of these latter
deposits proposed by Bernard (1961) was
questioned on this basis (Duchesne,

1964), and discussed (Bernard, 1965;
Duchesne, 1965). The present study cor-
roborates these first results with the
help of more powerful analytical tech-
niques and statistical methods of in-
terpretation.

ANALYTICAL METHODS

As a general rule, the specimens were
carefully investigated under the re-
flected light microscope to select the
homogeneous Fe-sulfide parts of the ore.
The purity of the sampled parts was
checked under the binocular after re-
duction to small fragments. When neces-
sary hand-picking of impurities was fur-
ther done and remains of calcite remov-
ed by a brief HCl 2N attack. Though
greatest care was exercised in the ope-
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ration, the method - like any other se-
paration method - cannot however war-
rant the absolute purity of the analys—
ed aliquots of the samples. This fact
was taken into consideration in the
interpretation of data by means of
statistical methods (see below). The
use of Clerici's solution (Tl formate
and malonate) as a density liquid has
been prohibited to avoid contamination
by Tl. The final grinding to about =150
mesh was done in agate mortars.

Three different analytical methods are
used:

1. DC arc spectrography
2. X-ray fluorescence spectrometry
3. Ion microprobe analysis (SIMS)

1. DC arc spectrography is used to de-
termine Co, Ni, Mn, Cd, Ge, Sb, Bi, Sn,
Cr as well as low contents of Tl, Pb
and As. The method is inspired from He-
gemann and Leybold (1954). The powdered
sample is mixed with 2 parts of '"spec-
pure" graphite, and loaded in the coni-
cal cavity of a graphite electrode
(SCHRIBNER type - National Carbide
L4024). A 3 mm diam-rod (Le Carbone-
Lorraine type 207) is used as an upper
electrode. A drop of Elvacite 2044 di-
luted in toluene is placed on the load-
ed electrode and dried in order to form
a cake. This procedure prevents loss of
material during the first seconds of
arcing and regularizes burning. An
optimum reproductibility (* 5%) can
thus be obtained.

A stabilized DC arc of 6.5 A and
220 V from a PHILIPS Multisource is
used to burn the sample (anode) during
30 sec. All analyses are duplicated.
The spectrograph is a FUESS 110 H (4
prisms) equivalent to the HILGER large
spectrograph. The densitometer is mod C
1285 from FUESS. The spectra are record-
ed on KODAK plates (type) SA 1 in the
range of 2760 & to 3480 &. The analyti-
cal lines (&) are the following: Co
30443 Ni 30513 Mn 2933; Zn 3822; Cd

calibration of Co, Ni, Mn, Zn, Cu. The
four standards provide excellent work-—
ing curves for Co, Ni, Mn and Zn, and

a good one for Cu. Only one standard
out of the four available can be used
for Cd, Ag, Sb, Bi, Sn and Cr. There-
fore, 45° slope working curves, passing
through the standard values, in log-
log coordinates, are used for these
elements (Ahrens and Taylor, 1961). For
Ge synthetic standards obtained by mix-—
ing Ge to a Feyp03 matrix are used. T1,
Pb and As are calibrated with values
measured by X-ray fluorescence. The
detection limits are: 0.2 ppm Ag; | ppm
Pb, Mn, Cu, Ge; 5 ppm Co, Ni, Sb, Bi,
Sn, Cr; 10 ppm Tl; 15 ppm As, Cd.

2. X-ray fluorescence analysis is used
for the determination of relatively
high contents of Tl, Pb and As. A CGR
alpha 2020 semi-automatic spectrometer
working with a Mo-tube at 50 kV and

50 mA and a LiF100 analysing crystal is
used. Analytical lines are Tl LBj,

As KB and Pb LB;. Standard samples
ASK-3 and PS-1 are used to calibrate
the method for Pb and As. Synthetic
samples made by mixing various amounts
of Tl,03 to a pyritic matrix are used
for Tl. It must be noted that the T1
content of 100 ppm, given by Schrén et
al. (1975) for PS~1, is highly over-
estimated. No Tl is detected by DC arc
spectrography, which means that the T1
content is lower than 10 ppm. Inspec-
tion of the most sensitive line at
5350 & with ICP spectrography also re-
veals no Tl. The limits of detection
(LD), following Currie (1968), are 30
ppm Tl and Pb and 45 ppm As.

3. Secondary ion mass spectrometry
(SIMS) in the ion microscope mode is
used to study the distribution pattern
of Tl through polished sections of abou
l cm in diameter, with a spatial resol-
ution of 1-10 pym. Quantitative analyses
with a spatial resolution of 250 um is
possible for e.g. Mn, Co, Ni, Cu and Tl
The instrument used is a Cameca IMS-

32613 Cu 3274; Ge 3039; Sb 3878; Bi 3068;300 ion microscope, and a 6 KeV Ar*

Sn 2840; Cr 3015; Tl 2768; As 2780; Fe
3053 is used as an internal standard.
Four international standard samples of
pyrite: PS-1 (Schrén et al., 1975), P-1
and P-2 (Robinson and Walshe, 1977)

and ASK-3 (Christie, 1975) are used for

primary beam is used with a current den
sity of 12 A/mm?. For quantitative anal
yses an electrostatic sector is used to
select 140-160 eV ions for Mn, Co, Ni
and Cu, and 60-80 eV ions for Tl. The
analysed surface is 250 pum in diameter.
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For calibration of Mn, Co and Cu the
four already mentioned reference samples
are used in the form of pellets, as
described by Dillen and Gijbels (1981).
No certified standards being available
for quantitative Tl analyses, a sample
from Vedrin, which has been examined by
SIMS and found virtually homogeneous at
the 250 pm-scale (standard deviation
for 14 different measuring sites of

250 pm diameter each: 11%), is used as

a reference sample after determination
of its Tl content by ICP-AES, in nitric
acid solution, using the 5350 & Tl-line.
The instrument is calibrated by Tl-so-
lutions containing the same amount of

iron and acids. A concentration of 6800
ppm is found by that method for the
Vedrin sample. A massive part of the
specimen is used to determine a sensi-
tivity factor for SIMS, with 32§ as an
internal standard.

SAMPLING

84 samples belonging to 36 occurrences
of marcasite or pyrite have been anal-

]
BRUXELLES

L UXEMBOURG
]

Fig. 1. Geological sketch map of South Belgium showing the provenance of the
various iron sulfide samples from Pb-Zn vein deposits. 4. Post-Variscan ter-

rains; 3.
rains;

Devonian and Carbeniferous terrains;
1. Numbered stars refer to the investigated occurrences:

Poppelsberg, Stuck, Lontzen and Moresnet,

2. Cambrian and Silurian ter-
1, 2, 3 and 11:

respectively; 4: Vedrin; 5: Hayes-

Monet; 6: Corphalie; 7: Engis; 8: Angleur; 9: Heure; 10: Villers-en-Fagnes;

12: Chaudfontaine
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ysed. The main occurrences come from
East Belgium (Fig. 1): Poppelsberg
(11 samples) and Stuck (2 samples) are
small post-Variscan Pb-Zn vein deposits
cutting across Dinantian carbonate rocks
and Famennian rocks of the Vesdre Mas-
sif. They were recently drilled by the
Union Miniére Company. Lontzen (15 sam—
ples) also belongs to the same type of
mineralization and comes from the same
area, but is entirely situated in siltic
to pelitic rocks of Famennian age.
Another well documented site - the
Vedrin Mine, near Namur - has also been
investigated. It is a vein deposit in
Dinantian carbonate rocks of the Namur
synclinorium (Evrard, 1943). Two types
of sulfides are studied. The first and
most common one is the vein type (12
samples): a fibro-radiated marcasite
associated with some blende and galena
in a calcite gangue. The second type
(5 samples) is a marcasite, filling
small veins and veinlets of a brecciat-
ed dolostone, at a distance of 10-20 m
from the main vein.

Other Belgian Pb-Zn occurrences have
also been included: Hayes-Monet, Cor-
phalie, Engis and Angleur (2 samples)
from the Namur synclinorium; Heure and

Villers-en-Fagnes in Devonian strata from

the Dinant synclinorium; Moresnet and
Chaudfontaine in the Vesdre Massif, the
latter is a cubic pyrite associated with
a baryte stratiform deposit (Dejonghe,
1979) in Devonian strata.

Two occurrences from the Cévennes
border - Soulier and St Félix de Pal-
liére - previously studied by Duchesne
(1964) have also been reinvestigated.

Moreover, 12 occurrences from sedi-
mentary rocks, mainly pyrite cubes from
shales, have been included for the sake
of comparison (Rochelinval, Bayehon,
Deville, Grand-Halleux, Longfaye, Huc-
corgne, Ronquiére, Grufflingen, Boux-
harmont, Visé, Gris-Nez - France, Balla-
chullish - Scotland) as well as pyrites
formed at high temperature (Agrokipia-
Cyprus, Calamita and Rio Marine - I.
Elba, Pamour-Canada, Luzenac-France and
Buranga-Ruanda) .

The results of the analysis are sum-
marized in Table 1 which gives the aver-
age and the range of variation of each
trace element in each occurrence.

DISCUSSION

The results usually show a wide dis-
persion in the various Pb-Zn occurrences
They can however be summarized as fol-
lows:

1. The Co content is low -
to or below 5 ppm - in the
Zn type and contrasts with
tary and high temperatures occurrences,
which show averages of 332 ppm and 2180
ppm respectively. The Ni content of the
Pb-Zn type is higher than the Co and
can be compared to the sedimentary or |
high temperature sulfides. Therefore,
the Co:Ni ratio is <1 in the Pb-Zn
type. According to classical interpre-
tations (see e.g. the reviews by Loftus-
Hills and Solomon, 1967 and Bralia et
al., 1979) this would indicate a sedi-
mentary origin. However, the various
authors usually consider that this cri-
terion is poorly significant when used
alone. The present data on sedimentary
occurrences also confirm that the Co/Ni
ratio has to be used with caution. In-
deed, 5 out of 12 sedimentary occurren-—
ces which are studied here show

Co:Ni > 1, an inverse relation to what
should be expected since they all con-
cern typical cubic pyrites in black
shales or slates. It is likely that re-
crystallization due to incipient meta-
morphism can lead to an enrichment of (|
with respect to Ni, in such a way that
an original Co:Ni <1 might be modified
to a Co:Ni > 1,

It can be concluded that, in Pb-Zn
deposits, the Co:Ni ratio in iron sul-
fides has no genetic significance since
the observed relation ( <1) is not in
agreement with the geological evidence.
It must however be noted that the low
Co content of the Pb-Zn occurrences
appears to be a feature restricted to
this type of deposits and is likely to
have a promising genetic meaning.

usually close
Belgian Pb-
the sedimen-

2. Thallium is always present (from
>30 ppm up to 6800 ppm) in the Belgia
Pb-Zn type, whatever the geological un
to which they belong (Dinant or Namur
synclinoria, Vesdre Massif) or the age
of the enclosing rocks (Dinantian or
Devonian). It is also present in the
Cevennes border (Duchesne, 1964) where
Aubagne and Leleu (1981) have recently
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mentioned Tl-rich (0,5 to 17%) melniko-
vites and marcasites in Palliére.

On the other hand, Tl is absent
( <10 ppm) from all sedimentary and
high temperature occurrences. According
to Ivanov et al. (1960), Tl is commonly
found in numerous varieties of poly-
metallic deposits. It is usually more
enriched in sphalerite or galena than
in iron sulfides, e.g. from some Cauca-
sus deposits. Shaw (1952) and Albuquer-—
que and Shaw (1972) also report high T1
content in marcasite from several local-
ities (Japan, Caucasus, Central Asia,
etc...). In Western Europe, since Stoi-
ber (1940), Tl is mentioned in Pb-Zn
deposits of Belgium, Westphalia, and
Silesia. Except for the data of Thein
(1975) on the Meggen deposit (see be-
low), no modern analyses have been made
available on sulfides and this hampers
the study of the chalcophile behaviour
of TI.

In the Belgian Pb-Zn occurrences the
maximum Tl content in iron sulfides is
found in a radiated botryoidal marcasite
from the Vedrin mine (0,687%). The dis-
tribution of Tl, as revealed under the
ion microprobe, is shown on Plate 1.

Tl is not incorporated as independent
phases larger than ! pm (the resolution
power of the ion microprobe) and can
thus be considered regularly distribut-
ed troughout the marcasite phase. At a
larger scale thin alternating bands
(from 1 to 50 um) of contrasting T1
contents are disposed perpendicular

to the radiating directions of the tex-—
ture. The overall picture is quite sim—
ilar to the so-called colloform texture
and can be put together with the fact
that Tl is notably enriched in collo-
form varieties of iron sulfides (Ivanov
et al., 1960). In a second specimen
from Vedrin an inclusion of a Tl and Pb
bearing mineral-possibly hutchinsonite
(Pb, T1),(Cu, Ag)AssSiy — was also
found, thus indicating that trace min-
erals can also control the distribution
of TIL.

3. Some variations can be observed be-
tween the different Belgian deposits or
even within the same deposit. The Vedrin
marcasites are low in Co, Ni, As, Sb,
Cu, Ag compared to the East Belgium oc-
currences. The Tl, Zn, Mn, Cu and Ag

contents in the Vedrin marcasite from
the brecciated dolostone are lower than
in the main vein occurrences; they also
display less dispersed values. In Lon-
tzen, almost all trace elements are en—
riched relative to the Poppelsberg-
Stuck type. Since the deposits all be-
long to the same fault system, it is
likely that this difference is due to
the siltic to pelitic nature of the
Famennian enclosing rocks at Lontzen

as compared to the carbonate rocks at
Poppelsberg and Stuck.

4. In addition to the variations be-
tween the different occurrences, the
trace elements display large intervals
of variation within the different de-
posits. In order to investigate these
variations in detail, the statistical
method of principal component analysis 1
has been applied to the Pb-Zn type. The
computing has been performed by the
Fortran IV program of Davis (1973)
adapted for a Heathkit Z89 microcomputen
with a memory of 64 K of RAM and two
5.25 inch floppy discs.

Fig. 2 summarizes the results obtainw
ed on 40 samples from Pb-Zn deposits,
representing the whole population of
this type except the samples from the
Vedrin mine. Bi and Cr which are absent
from the Pb-Zn type yere not considered.
The reason for discatding the Vedrin
samples is that the contents in Co, Cd,
As and Sb are currently below the limit |
of detection of the method. A large num-
ber of data below the detection limit
can indeed artificially modify the true
correlation between the elements.

Four factors can explain 72 % of the
variance of the population. They can be.
interpreted as follows.

Factor 1 opposes Tl to a group of
several elements which comprises ele-
ments such as Ni, Co, Zn, Cu and Ge
which have an ionic radius close to
that of Fe and therefore are compati-
ble with their entering in the crystal-
lizing iron sulfide by isomorphism. On
the other hand, the opposite sign of
the Tl factor loading can indicate a
different controlling mechanism, possib
ly related to the higher value of the
ionic radius (T1* = 1.40 &) (Sahl,
1974). As already mentioned, Tl is en-—
riched in minerals presenting a collo-




Thallium, Nickel, Cobalt and Other Trace Elements in Iron Sulfides 309

Plate 1. Tl distribution in a botryoidal marcasite from the Vedrin mine (Namur,
Belgium) as revealed by secondary ion mass spectrometry (ion microprobe). Thin

alternating bands (1 to 50 pym) of contrasting Tl contents - the higher the con-
tent, the darker the intensity — are perpendicular to the radiating directions

(well displayed in photo 2) of the texture in a pattern similar to colloform

texture

form structure, such as Schalenblende
or in various "gel'"-like or amorphous
minerals, such as melnikovite (see
Ivanov et al., 1960). Moreover, its
size and chemical similarity with large
alkali ions is consistent with its ex-—
traction from solutions by adsorption
processes (Albuquerque and Shaw, 1972).
The similarities between the pic-
ture of the Tl distribution which is

obtained under the ion microprobe and
colloform texture is striking and strong-
ly suggests that adsorption on colloids
is the mechanism which controls the be-
haviour of Tl. This is not in agreement
with Roedder's view (1968), in which
colloform texture cannot be formed by
material in a colloidal state when de-
posited, but by direct crystallization
from a fluid. We however believe that
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Fig. 2. Graphical representation of the
principal component analysis of the
trace element contents of iron sulfides
from Pb-Zn vein deposits. Factor load-
ings less than 0.22, below the level

of significance following Harman
(1967), are not represented

our factor | is an indication that two
different mechanisms play a role in the
deposition of the iron sulfides and
that, all things being equal, the Tl
content of a sample is a measure of the
relative importance of sorption effects
in the process of formation of the par-
ticular sample.

Factor 3 groups together S—-As-Ag and
is also loaded with Cu and Tl. We inter-—
pret this as due to inclusion of trace
minerals of sulfosalts, some of them
containing Tl, which 1s known to have
geochemical affinities with Sb and As
(Jankovic and Le Bel, 1976).

Factor 2 is positively loaded with
Mn and Zn and negatively with Pb—-Ag-Cd-
Ge. Factor 4 groups Tl with Cd-Ge which
are opposed to Ni-Cu, and might indi-
cate the influence of inclusions of

what obscure, principal component anal-

blende which can be rich in Tl (Evrard,
1945) and in Ge-Cd.

Factor 2 is difficult to interpret.
It probably results from the combination
of several mechanisms. Mn might come
from inclusions of blende. It is how-
ever hard to understand why Mn, which
could easily substitute for Fe, is main-
ly controlled here by its substitution
with Zn and also why Cd-Ge, classically
diadochic of Zn (see factor 4) appears
here with factor loadings of sign dif-
ferent from Zn. The grouping of Pb with
Ag is classical in galena and might
also indicate inclusions of trace
amounts of this mineral.

Though some points are still some-

ysis clearly shows that several possi-—
ble mechanisms can account for the pre-
sence of Tl in the population: sorption
phenomena and inclusions of sulfosalts
and also possibly of blende. This is in
agreement with the modes of occurrences
of Tl observed under the ion microprobe
and in conformity with what is known

of its chalcophilic behaviour.

SOURCE OF THALLIUM: AN OPEN QUESTION

Polymetallic deposits which show the
highest amount of Tl are related to
acidic magmatism either volcanic or
plutonic such as in the classical reg-
ion of Caucasus (Ivanov et al., 1960) o1
in Turkey (Jankovic and Le Bel, 1976).
The enrichment of Tl in the late stages
of the magmatic differentiation is well
in agreement with its similarity of be-
haviour with K.

The source of Tl in Pb-Zn deposits
in carbonate environment is however a
debatable question. In the Meggen de-
posit (Westphalia), the distribution of
Tl in and around the stratiform ore
body is considered to be due to the
exhalative origin of the elements (Thei
1975; Gwosdz and Krebs, 1977) and can
thus be linked to a syn-sedimentary
event. In Belgium however, except for
some thin K-bentonites of Dinantian age
(Thorez and Pirlet, 1979), volcanic
rocks are not known interbedded in the
Variscan sedimentary pile. In the area,
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acidic plutonism is restricted to the
small granitoids of La Helle and Lam-
mersdorf (Germany) (Corin, 1965). They
are situated far away from important
deposits, such as the Vedrin Mine, and
since they have suffered a deformation
of Variscan or Caledonian age, they are
certainly older than the post-Variscan
tectonic event which controls the em-—
placement of the veins. The presence

of a granitic batholith at depth under
the Ardennes has been surmised by Four-
marier (in Dewez and Lespineux, 1947)
to account for the distribution of the
Belgian ore deposits. But no evidence
in favour of such an hypothesis has
ever been put forward.

Tl, if not magmatic, must find its
source in sedimentary rocks from which
it was scavenged by hydrothermal brines.
When taking the data of Heinrichs et
al. (1980) on sedimentary rocks, it is
noted that the Tl content (average:
0.41 ppm; black shales: 2.5 ppm) is
high relative to the Pb content (aver-
age: 16.7 ppm, black shales: 82 ppm).
The T1/Pb ratio varies between 1/50
and 1/30, values which are higher than
those commonly found in sulfides from
Pb-Zn deposits. Therefore it is not
unlikely that any process which would
extract and concentrate Pb would also
be active for TIL.

CONCLUSIONS

Distribution of trace elements in vari-
ous occurrences of iron sulfides indi-
cates:

1. The iron sulfides related to Belgian
Pb-Zn vein deposits, mainly in carbonate
environment, belonging to different
geological units (Namur Synclinorium,
Dinant Synclinorium, Vesdre Massif) or

situated in Devonian or Dinantian strata,

form a group along with two occurrences
from the Cévennes border; this group
can be distinguished from iron sulfides
of various origins by their Ni, Co and
Tl contents. Their Co:Ni ratio ( <1)

can be compared with sedimentary occur-—
rences but is distinctly lower than in
high temperature occurrences (Co:Ni >1).
Their Tl content ( > 30 ppm up to 0,67)

permits to distinguish them from all
other occurrences (Tl <10 ppm). The Co
content is lower than in sedimentary
occurrences.

2. The mode of occurrence of Tl in iron
sulfides is either in the form of trace
minerals or is dispersed in the iron
sulfide phase according to a zoned and
recurrent pattern, similar to a collo-
form texture. Several lines of evidence
indicate that sorption phenomena and
inclusions of sulfo-salts can account
for most of the behaviour of this ele-
ment in the deposition of the iron sul-
fides.

3. The paucity of acidic magmatism in
Belgium during Devonian and Carboni-
ferous sedimentation or in post-Varis-—
can times makes the hypothesis of a
magmatic source for the T1 difficult

to accept. The hypothesis that Tl to-
gether with other elements was scaveng-
ed from sedimentary rocks by hydrother-
mal solutions is favoured.
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Numerous scheelite-mineralized areas have been located in the Caledonian fold

belt of Central East Greenland (70° - 74

1/29 N). The fold belt comprises

Archaean and Proterozoic metamorphic complexes flanked by Late Proterozoic and
Lower Palaeozoic sediments, and intruded by Upper Proterozoic and Caledonian
granitic rocks. Scheelite mineralization occurs in: marble-skarns in Upper Pro-
terozoic metasediments often spatially associated with Caledonian or older
granitic intrusives; skarns and quartz veins in Late Proterozoic sediments
(Lower EBG quartzite) up to 7 km from outcropping Caledonian granites; veins in
fault zones cutting late Proterozoic sediments (Upper EBG limestones). In this
paper, the three types are described with emphasis on structural setting, min-
eralogy and trace—element chemistry. It is concluded that most scheelite min-
eralization is associated with Caledonian igneous activity, either at or near
granite contacts or as mineralization distal to granites at depth. Of the vari-

ous types described, the scheelite veins

in Late Proterozoic limestone are con-—

sidered to be of the best economic potential.

INTRODUCTION

The work of this paper formed part of
the project "Study of Scheelite Miner-
alization in Central East Greenland"
which was supported by "The program

for Research and Development of the
European Community in the Field of Pri-
nary Raw Materials'". The project was
initiated in 1979 and completed early
in 1982.

Minor scheelite mineralization in
‘loat and outcrop was known in the area
yrior to the start of the project (Hint-—
iteiner, 1977). Scheelite had also been
bserved in the area during a regional
urvey in 1974-1975 as part of the In-

ternational Geological Correlation Pro-
gram by Ghisler et al. (1980). They
described scattered scheelite grains of
detrital origin in quartzitic sediments.
Furthermore, tungsten as wolframite oc-
curs at the Malmbjerg porphyry molyb-
denum (Kirchner, 1964) (Fig. 1).

Geochemical exploration during the
course of the project (Hallenstein et
al., 1981) enabled the finding of num-
erous scheelite-mineralized areas which
are described and discussed in this
paper.

The East Greenland project area lies
between 70°00'N and 74°30'N and is bound-
ed to the west by the Greenland ice cap,
and to the east by the Greenland Sea
(Fig. 1). The physiography is dominated
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Fig. 1. Geological map of Central East Greenland showing scheelite-mineralized
areas. 1. Kalkdal, 2. East Milne Land, 3. Knivbjergdal, 4. Gemmedal, 5. Roslin
Gletscher, 6. Eremitdal, 7. Bersaerkerbrae and Skjoldungebrae, 8. Trekantglet-
scher, 9. Galenadal and Scheelitdal, 10. Randenaes, 11. North Margeries Dal,
12. South Margeries Dal, 13. Panoramafjeld and Eleonores Bugt and 14. Noa Dal
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by mountainous terrain, varying from
glacier-dissected alpine regions with
peaks nearing 3000 m above sea level,
to less rugged mountains, often topped
by plateaus with an elevation of 1000
to 2000 m, and cut by deep U-shaped
valleys. Numerous, long, deep fjords
dissect the entire area.

The climate of the area is arctic,
with average yearly precipitation of
400 mm, and average temperatures for
Juli and January of 5°C and -20°C
respectively.

GEOLOGY

The Caledonian fold belt occupies most
of the investigated area (Fig. 1). It
comprises Archaean and Proterozoic crys-—
talline rocks, flanked by Late Protero-
zolc and Lower Palaeozoic sediments.
Proterozoic and Caledonian granitic
rocks intrude the fold belt (Henriksen
and Higgins, 1976, and Higgins et al.,
1981). Post-Caledonian rocks include
Devonian to Lower Permian molasse sedi-
ments, Upper Permian to Cretaceous most-—
ly marine sediments, and Tertiary plu-
tonic and volcanic rocks (Haller, 1971).

Archaean and Proterozoic Metamorphic
Complexes

Archaean and Middle Proterozoic high-
grade-metamorphic basement complexes
occupy the western-most parts of the
area (Fig. 1). Isotopic age determina-
tions have yielded dates of 2935 to
2300 m.y. and 1980 to 1705 m.y. for the
basement complexes (Steiger et al.,
1979; Rex et al., 1976; Rex and Gled-
hill, 1981).

The basement complexes are overlain
and bordered to the east by Upper Pro-
terozoic metasediments and migmatites
(Fig. 1). These rocks consist of quartz-—
ites, mica schists and some marbles,
and were metamorphosed 1100 m.y. ago
(Hansen et al., 1978; Rex and Gledhill,
1981). They were subjected to a stage
of migmatization and granitic intru-
sion around 1000 m.y. ago (Steiger et
al., 1979). Upper Proterozoic granitic
rocks have been identified in West

Milne Land, South Stauning Alper and in
West Andrées Land. They comprise foli-
ated augen and muscovite granites.

Late Proterozoic and Lower Palaeozoic
Sediments

The metamorphic complexes are flanked
by Late Proterozoic sediments of the
Eleonore Bay Group (EBG) and Tillite
Group, and by Cambro-Ordovician sedi-
ments (Fig. 1). The main belt of these
sediments stretches from Alpefjord to
northeast of Andrées Land.

The oldest sediments are the Lower
EBG, which is sub-divided into the
Arenaceous=-Argillaceous "series", the
Calc-Argillaceous '"series', and the
Argillaceous—-Arenaceous ''series'". The
Lower EBG is best known in the Alpe-
fjord region, and exceeds 8000 m in
thickness. The sediments comprise
quartzites, siltstones and minor carbo-
nate horizons. The overlying Upper EBG
is about 4000 m thick, and has been
divided into three "series', the 2000 m
thick Quartzite "series", which is over-
lain by the 1000 m thick Multicoloured
"series" and the over 1000 m thick
Limestone-Dolomite "series'. The Quartz-
ite "series" consists of red and white
quartzites and black to green quartzitic
shales. The Multicoloured "series" com-
prises up to 100 m thick, dark lime-
stone units and interbedded yellow,
red and green dolomitic and quartzitic
shales and light-coloured dolomites.
The Limestone-Dolomite "series" is a
1200 m thick sequence of white to black
dolomites and limestones. Fossil stud-
ies have indicated a very late Riphean
or Vendian age for the Upper EBG (i.e.,
700 to 600 m.y. old) (Vidal, 1979).

The Upper EBG is slightly unconformably
overlain by Tillite Group tillites and

dolomitic shales, and Cambro-Ordovician
limestones and dolomites. These are the
youngest sediments which were deposited
prior to Caledonian deformation.

Caledonian Orogenesis and Granitic
Intrusion

During the Caledonian orogeny, metamor-
phism was widespread but variable
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throughout the fold belt. Amphibolite
facies was reached in some of the Upper
Proterozoic metasediments, and the
western-most EBG sediments of the Alpe-
fjord-Andrées Land belt have been weak-
ly metamorphosed in the greenschist
facies (Thyrsted, 1978).

Caledonian deformation occurred most-
ly as broad, N-S trending fold struc-
tures. Both the metasedimentary com—
plexes and the EBG sediments have been
affected by the folding. The folding
is interpreted as having formed as a
result of vertical forces accompanying
the updoming of crystalline rocks
(Haller, 1971; Higgins et al., 1981).
The fold axes exhibit alternating cul-
minations and depressions.

Normal faulting along N-S, E-W and
NW-SE trends also developed during the
deformation (Eha, 1953). The largest
displacements are associated with the
E-W and NW-SE faults, and may exceed
1000 m.

Caledonian granitic rocks occur in
East Milne Land, the Stauning Alper,
West Andrées Land and Liverpool Land.
They span a wide range of ages and
compositions (Steiger et al., 1979;

Rex and Gledhill, 1981). The oldest
Caledonian granitics, with ages from
560-475 m.y. have the compositions
granodiorite, monzonite, and two-mica
granite. The intrusions which accom—
panied the peak of the orogenesis, from
455-430 m.y. ago also have compositions
from granodiorite to muscovite granite.
The latest phases of Caledonian activi-
ty resulted in late to post orogenic
intrusions with an age of 420-375 m.y.
These dated rocks comprise biotite
granite, aplite and pegmatite.

DESCRIPTION OF SCHEELITE
MINERALIZATION

Numerous scheelite-mineralized areas
have been found in a 350 km long belt

in Central East Greenland. Outcropping
scheelite mineralization is known in

12 areas, which vary from 1 to 20 km?

in size, and scheelite-bearing boulders
have been located in a further two areas.
The location of all areas is indicated

on Fig. 1. It is possible to divide
the scheelite-mineralized areas into
three groups on account of their geo-
logical setting. The groups and their
respective areas are as follows:

- Scheelite mineralization in Upper
Proterozoic metasediments, often spati-
ally associated with Caledonian or
older granitic intrusions. The areas
assigned to this group are Kalkdal,
East Milne Land, Knivbjergdal, Gemmedal
Roslin Gletscher and Eremitdal.

- Scheelite mineralization in the Lower
EBG sediments, up to 7 km from out-
cropping Caledonian granites. The areas
of this group comprise Bersaerkerbrae,
Skjoldungebrae, Trekantgletscher, Ga-
lenadal, Scheelitdal and Randenaes.

- Scheelite mineralization in fault
zones in Upper EBG sediments without
spatial relation to granitic rocks.
The areas of this group comprise
North and South Margeries Dal, Panora-
ma Fjeld, Eleonores Bugt and Noa Dal.
Work in the areas has included geo-
logical mapping at scales from
1:10,000 to 1:500 and systematic samp-
ling. Samples have been subjected to
petrographic and chemical studies. Un-—
less otherwise specified, chemical anal
yses of tungsten, antimony and arsenic
were by XRF and of other elements by
semi—quantitative emission spectroscop:
The results of this work are summariz-
ed in the following descriptions of
the mineralized areas of each group.

Mineralization in Upper Proterozoic
Metasediments

Kalkdal

Kalkdal is an E-W trending valley in
Liverpool Land, and scheelite mineral
zation occurs at several localities
within a 20 km? area of the valley
(Fig. 2).

The geology of Kalkdal comprises
ESE-striking metasediments intruded b
pinkish biotite granite in the west a
grey foliated granodiorite in the eas
The granite has been dated at 434 m.y
(Hansen and Steiger, 1971) and the me
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Fig. 2. Geological and scheelite-mineralization map of Kalkdal

sediments at 1183 m.y. (Hansen et al.,
1973) . The metasediments are dominated
by biotite-hornblende-garnet schist

and paragneiss, with some dolomitic
marble beds and amphibole gneiss. Skarn
has developed in marble when in contact
with granodiorite and in a marble hori-
zon several kilometres from outcropping
intrusive rocks. Skarn does not occur
at granite-marble contacts.

Scheelite mineralization in Kalkdal
has been located in the skarns (Fig. 2)
and in a few pegmatite and quartz veins
which cut the skarns.

The skarns at the granodiorite con-
tact are from a few centimetres to sev—
eral metres thick, and can be grouped
into four principal assemblages:

- green diopside skarn, which is formed
from forsterite marble and also con-
tains plagioclase and scapolite

- dark green actinolite skarn, which
forms as a replacement of diopside
skarn;

- grass—green epidote skarn, which

lite skarns, and also contains diopside,
actinolite, plagioclase and scapolite;

- reddish-green garnet skarn, which is
a subordinate type and is irregularly
distributed. It contains epidote,
augite, quartz, humite and fluorite in
addition to garnet.

Only the actinolite and garnet skarns
contain scheelite. Tungsten contents
in hand-sized samples may reach 1%,
but the overall content of the skarns
is less than 100 ppm. The scheelite is
molybdeniferous.

In the marble horizon which is dis-
tal to the granodiorite, skarn has de-
veloped where the horizon is cut by
small faults. Both diopside and actino-
lite skarns occur, and they are inter-
sected by plagioclase-scapolite vein-
lets. Lenses of molybdenum-free schee-
lite mineralization, up to several
metres long, occur in these skarns,
and are accompanied by sericitization
of plagioclase and scapolite. The lenses
contain up to 27 W, but the tungsten

alternates with the diopside and actino- content of the entire skarn is less
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than 500 ppm. The scheelite-bearing
skarns are enriched in lithium (up to
100 ppm) and beryllium (up to 100 ppm).

East Milne Land

Scheelite mineralization is known in a
2 km long zone at the northern contact
of an over 100 km? granodiorite-dominat-
ed intrusive complex in East Milne Land
(Fig. 1).

The geological setting of East Milne
Land is similar to that of Kalkdal.

E-W striking metasediments, comprising
marble, quartzite and mica schist, are
intruded by a plutonic complex. The
oldest, and principal intrusive phase,
was granodiorite, which has a radio-
metric age of 453 m.y. (Hansen and
Tembusch, 1979). The next phase was
mafic quartz syenite and the youngest
was biotite granite. Biotite granite
has been dated at 386 and 373 m.y.
(Hansen and Tembusch, 1979).

Scheelite-bearing skarns have formed
at contacts between granodiorite and
marble. The skarns occur either as len-—
ses, up to 2 m wide and 10 m long, in
dolomitic marble within 50 m of the
granodiorite or as a continuous band
at the granodiorite-marble contact.

The band has been traced for 150 m,

is 40 cm thick, and is scheelite-bear-
ing in the 20 cm closest to the marble.
The scheelite-bearing skarn consists

of tremolite, idocrase, quartz and
calcite, together with minor biotite,
diopside, chlorite and native bismuth.
Diopside, tremolite and scheelite are
early minerals of the assemblage. Ido-
crase represents an intermediate stage,
and quartz and calcite fill the final
interstices. Hand samples of skarn may
contain up to 3% W, 0.5% Bi, 200 ppm
Sn and 30 ppm Mo. The average tungsten
content of the skarn lenses is about
500 ppm, and of the skarn band about
0.5%.

It is evident from field relation-
ships that the formation of the skarn
postdates the intrusion of the grano-
diorite. Pegmatite veins in the grano-—
diorite do not continue into the skarn
or marble, which indicates a pre-skarn
truncation of the veins.

Knivbjergdal

Mineralization has been located in an
area of a few square kilometre in Kniv-
bjergdal, West Andrées Land (Fig. 1).

The geology of the area consists of
Upper Proterozoic metasediments which
are dominated by quartzites, with an
interbedded, 100 to 200 m thick horizon
of schists and marbles. The metasedi-
ments have been intruded by granite,
and the schists now occur in the top of
the granite as large lenses up to
1000 m long and 100 m thick (Fig. 3).
The schists comprise biotite, quartz
and plagioclase with accessory sphene
and apatite. They are calcareous in
places and may contain diopside, tremo-
lite and clinozoisite. The marbles are
calcitic and often bituminous. The mair
granite intrusion is a grey two-mica
granite, although a red, potassium-ric
granite also occurs. Pegmatites cross-—|
cut the entire area. The granites have!
not been dated. Two types of skarn - a
pale brown zoisite-clinozoisite skarn |
and a green diopside skarn - have formj
ed in the marble near the contact to
the granite. The zoisite skarn envel-
opes the diopside skarn.

Scheelite mineralization occurs in
both the schist and marble lenses at
the top of the granite (Fig. 3). In
mineralized schist, scheelite occurs
in clinozoisite-rich layers, in cross-—
cutting shear zones and disseminated i
biotite-rich schistose layers. Mineral
zation is typically restricted to cent
metre-thick bands in the schist with u
to 0.37 W. The overall tungsten conter
of the schist is less than 100 ppm.
Studies of the schist mineralization
have revealed that the more intense
scheelite mineralization is accompanie
by increasing contents of fluorite (uj
to 10%Z by vol.) and apatite (up to 27
by vol.), by bleaching of the biotite.
and by enrichment in tin (200 ppm) an
beryllium (70 ppm).

In the marbles, scheelite minerali
zations has developed with zoisite-
clinozoisite skarn. The skarn also co
tains minor diopside, quartz, plagio-—
clase, fluorite, calcite and apatite.
This type has only been observed in
boulders. The boulders contain skarn
bands up to 20 cm wide, in which the
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Fig. 3. Geological and scheelite-mineralization map of Knivbjergdal

tungsten content is about 1%, and which
are also enriched in copper (150 ppm),
lead (150 ppm), tin (400 ppm), beryl-
lium (70 ppm), lithium (700 ppm) and

bismuth (50 ppm).

Other Areas

Scheelite mineralization in Upper Pro-
terogoic metasediments is also known
from Gemmedal, Eremitdal and Roslin
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marble/
schee—

Gletscher (Fig. 1). Outcropping
calc-silicate lenses with minor
lite occur in biotite-muscovite schist
at Gemmedal. The calc silicates com-
prise diopside, clinozoisite, idocrase
and garnet. As well as containing up

to 3.47% W in hand samples, the calc-
silicate rocks are enriched with up to
400 ppm Sn and 200 ppm Bi. The meta-
sediments have been intruded by garnet
and tourmaline-bearing, two-mica granite
veins, and have been subjected to post-
mineralization deformation.

Boulders of forsterite marble, with
scheelite in dark green, massive skarn
have been found at Roslin Gletscher.
They stem from the migmatized metasedi-
ments of the area. The skarn is compos-—
ed of diopside, plagioclase, scapolite
and scheelite. Post-mineralization de-
formation of the skarn is evident. A
hand sample of skarn contained 2% W and
minor tin (80 ppm) and beryllium
(200 ppm) .

The Eremitdal mineralization is also
known only in skarn boulders. The boul-
ders are of marble cut by veins of
tourmaline-bearing, two-mica granite.

A scheelite-bearing, up to 0.5 m thick
calc-silicate assemblage has developed
at the granite-marble contact. The calc—
silicate rock comprises diopside, gar-
net and idocrase, with minor clinozoi-
site, sphene, plagioclase, muscovite,
actinolite, quartz, calcite, apatite,
fluorite and scheelite. The skarn has

a low tungsten content ( <100 ppm),

and is enriched in tin (300 ppm).

Mineralization in the Lower EBG
Sediments

Alpefjord

Scattered scheelite mineralization has
been located along 15 km of the west
coast of Alpefjord. The geological set-
ting of this area comprises quartzitic
sediments of the Arenaceous-Argilla-
ceous "series" (Frankl, 1951) and Cale-
donian intrusive granites (Fig. 1).
Scheelite mineralization has been
studied at three localities - Trekant-
gletscher at the contact of the lower-
most-preserved sediments of the Lower
EBG and granite in the south of the

area, and at Scheelitdal and Galenadal
which respectively are | km and 3 km
stratigraphically higher than the sedi-
ments at Trekantgletscher, and which
are 5 to 7 km east of the outcropping
granite (Fig. 1).

At Trekantgletscher, scheelite oc-
curs in centimetre to metre dimensioned
lenses of contact metamorphosed calca-
reous quartzite - the skarnoid rocks.
The lenses are often zoned, with an
approximately 1 cm thick, greenish horn
blende-diopside-clinozoisite rim and a
calcareous core usually dominated by
garnet—hornblende skarnoid. The garnet-
hornblende skarnoid comprises quartz,
grossularite, diopside, hornblende,
clinozoisite, plagioclase, scapolite
and calcite. Fluorite and scheelite oc-
cur in minor amounts, and sphene, apa-
tite and opaque minerals are accesso-—
ries. In some cases, a zone of garnet-
idocrase skarnoid occurs within the !
garnet-hornblende skarnoid. The garnet-
idocrase skarnoid comprises quartz,
grossularite, idocrase, fluorite, cal-:
cite, diopside and clinozoisite. Schee-
lite, sphene and opaque minerals are
accessories. Most scheelite occurs in
the garnet-hornblende skarnoid. Tung-
sten contents of hand samples vary
from 0.1 to 0.87 W. The average conten
of an entire skarnoid lens is only a
few hundred ppm tungsten. The skarnoid
are also enriched in beryllium (300 pp
tin (200 ppm) and bismuth (100 ppm).

At Scheelitdal, scheelite is associ
ated with concordant quartz veins. The
veins are from fifty to several hundre
metres apart, are up to 3 m thick, and
can be followed for up to 500 m. In
addition to coarse—grained quartz, the
veins contain coarse—grained arseno-
pyrite and rare scheelite as centimetr
large idiomorphic crystals. The schee-
lite occur near the contact to the wal
rocks.

In an approximately 5 km? area sout
of Galenadal, quartz veins and fractur
zones are mineralized with arsenopyrit
and scheelite. The mineralized veins
and fracture zones occupy 1 to 27 of
the volume of the sediments. At one
locality, more intense scheelite min-
eralization has been located in 2 to
6 m wide, E-W striking quartz-vein
swarms (Fig. 4). The swarms are not cc
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Fig. 4. Quartz-vein swarm, Galenadal

tinuously exposed, but it appears as if

one continues for 800 m along its strike.

Detailed field observations in the
swarms have revealed the existence of
several generations of quartz veins.
The oldest veins contain most of the
scheelite, whereas arsenopyrite, galena,
chalcopyrite, pyrrhotite and bismuthi-
nite occur in the youngest veins.

Systematic sampling of the vein
swarms indicates an average content of
0.17 W and 0.27 As. The contents of
other elements in sulphide-rich samples
are 1500 ppm Pb, 200 ppm Bi, 15 ppm Ag,
12 ppm Sb, 50 ppm Cu, 25 ppm Zn and 0.1
ppm  Au (Stendal, 1982).

Bersaerkerbrae and Skjoldungebrae

Scheelite mineralization has been found
at these two localities in the North
Stauning Alper, some 10 km from each
other. Both are near the contact be-—
tween Lower EBG sediments and Caledo-
nian granite (Fig. 1).

The geology of both areas consists
of grey quartzites of the Arenaceous-
Argillaceous "series'", overlain by al-
ternating limestones and shales of the

150 m thick Calc—-Argillaceous '"series'",
and the rusty shaly quartzites of the
Argillaceous—Arenaceous series (Frinkl,
1953) . Large-scale folding has resulted
in tilting of the sediments at about
50° to the northeast. The granites

have intruded to a level about 500 m
below the Calc-Argillaceous "series".
Some calc-silicate minerals have devel-
oped in calcareous rocks during con-—
tact metamorphism.

The principal scheelite mineraliza-
tion at both localites is associated
with quartz veins. Minor mineralization
in calc-silicate rocks has also been
seen, but only in boulders.

At Bersaerkerbrae, 0.5 to 5 cm thick
veins occur in the Calc-Argillaceous
"series". The centre of the veins con-
sists of muscovite with accessory fluo-
rite, apatite and cassiterite, and is
enveloped by an up to 1 cm thick zone
of fluorite, muscovite, quartz, plagio-
clase and minor scheelite. In the Arena-
ceous—Argillaceous '"'series', sub-con-
cordant quartz veins from 0.2 to 1 m
thick and up to several hundred metres
long are mineralized. Mineralization is
principally in an up to 5 cm thick,
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greisen-like, muscovite-rich selvage

of the veins, which comprises cassiter-
ite, apatite, fluorite and scheelite.
The quartz core of the veins contains
accessoric bornite, chalcopyrite, cas-
siterite, hematite, galena, bismuthinite
and stannite. The average tungsten con-
tent of the veins is less than 100 ppm,
but the muscovite selvage contains on
average about 0.5%Z Sn.

Scheelite mineralization at Skjol-
dungebrae occurs in a few, up to 2 cm
thick quartz-muscovite-fluorite veins,
and in more frequent, up to 1 m thick
quartz-fluorite-carbonate veins. Tung-
sten contents of the veins average less
than 100 ppm.

Randenaes

Randenaes is situated on the south coast
of Lyells Land just east of the contact
zone between Proterozoic metasediments
and Lower EBG sediments (Fig. 1). The
contact zone is intruded by Caledonian
two-mica granites and by pegmatites.

The oldest pegmatites are sub-concor-
dant to the easterly dipping Lower EBG
sediments, and are rimmed by millimetre
to centimetre—thick muscovite greisen.
Younger pegmatites are sub-vertical and
without associated greisen. The meta-
sediments are contact metamorphosed and
comprise interbedded quartzite, biotite
schist and garnet-biotite schist, with
some metre-sized lenses of calc-silicate
(skarnoid) rocks.

Most of the scheelite mineralization
of the area is associated with the grei-
sen rims of the oldest pegmatites. The
greisen may also contain cassiterite,
arsenopyrite, tourmaline and fluorite.
The greisen contains up to 3000 ppm W,
800 ppm Sn and enhanced contents of
lithium (200 ppm) and beryllium (50 ppm)
Traces of scheelite also occurs in
joints in the wall rocks of mineraliz-
ed pegmatites and in lenses of skarnoid
rocks.

Mineralization in the Upper EBG
Sediments
North and South Margeries Dal

Margeries Dal is a 20 km long, NNE-
striking valley on West Ymers @. Schee-

lite mineralization is known in two
areas about 12 km from each other -
North and South Margeries Dal (Fig. 1).
In Margeries Dal, Upper EBG sedi-
ments are cut by large E-W striking
faults, over 10 km long and with throws
of 100 to 1000 m (Fig. 6). The northern
blocks are generally downthrown. Many
second-order faults, up to a few hun-
dred metres long, branch off the main
faults (Fig. 5). The throws of the
second-order faults are up to 100 m,
but diminish on going away from the
main faults. The sediments of Margeries
Dal form part of the easterly dipping
flank of an open anticline. On the
structural contour map (Fig. 6), it car
be seen that the anticline forms a dome
culmination in West Ymers @. Lamprophy:
dykes intrude the sediments and contait
fragments of quartzite and granite.
Mineralization in North and South
Margeries Dal occurs in the 100 m thicl
lowermost limestone unit of the Upper
EBG as veins in second-order structure:
At North Margeries Dal (Fig. 5) the
largest vein contains both scheelite
and stibnite in a breccia zone strik-
ing 080° and dipping 75°N. Stibnite
predominates in the 65 m of the brec-
cia zone nearest the main fault. It
occurs as decimetre-thick massive vein
and as thin veinlets in the hanging
wall of the breccia zone in the lime-
stone. Scheelite has been observed in
the brecciated limestone of this 65 m
long zone, but only as scattered grain
West of the stibnite-dominated zone
the brecciated limestone is mineralize
along strike for 110 m, mostly with
scheelite, but also with stibnite.
Scheelite occurs as irregularly dis-
tributed fillings in the 1-2 m thick
breccia zone. Stibnite occurs in a few
millimetre to decimetre-thick veins ir
both the footwall and hanging wall of
the breccia zone. Sampling of the en-
tire 110 m long zone indicates content
of 0.87 W and 2.47 Sb with a thickness
averaging 3 m. Dolomitization and sili
cification of the limestone is also
present in the breccia zone. Magnesia
contents are up to 5% and silica from
10 to 60%, compared with <17 MgO and
1-5% Si0, in unmineralized limestone.
There are slight enrichments in bis-
muth (up to 10 ppm), mercury (up to
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3 ppm), silver (up to 2 ppm) and gold
(up to 0.15 ppm). Gold analysis was
by fire assay, other elements were
analyzed by atomic absorption.
The breccia zone can be traced for
a further 50 m to the west. It is
0.5-1 m wide with no visible scheelite
or stibnite, but the contents of tung-
sten and antimony are still elevated
with 4-100 ppm W and 2-100 ppm Sb.
Several other mineralized lenses oc-
cur in an overlying limestone unit up

to 40 m north of the main fault (Fig. 5).,

They are up to 1 m thick, 10 to 15 m
long, contain about 17 W but no anti-
mony. The tungsten, as scheelite, oc-—
curs as breccia fillings in second-
order fault structures. Similar small
scheelite-mineralized lenses have been
located in second-order structures in
the overlying limestone approximately
200 m east of the main mineralization
(Fig. 5).

The main mineralization of South
Margeries Dal is a vein in a breccia
zone, striking ENE, dipping 80°N, and
without any appreciable amount of dis-
placement. The zone is up to 3 m wide
and can be followed from the bottom
to the top of the 100 m thick, lower-—
most limestone unit. Scheelite occurs
as breccia fillings in the limestone
(Fig. 7), and is particularly concen-
trated in the breccia zone in the lower
half of the unit. The tungsten content
averages nearly 37 over an average
width of 2.5 m. Dolomitization and si-
licification are pronounced and cor-
relate well with the distribution of
scheelite. Stibnite has not been ob-
served, but antimony can be detected
as a trace element (up to 19 ppm Sb).

Petrographic studies of the North
and south Margeries Dal veins have
enabled the description of the textural
and mineralogical development during
vein formation in the limestone. After
cataclastic deformation of the lime-
stone, very fine-grained quartz, dolo-
mite and scheelite replaced calcite
in the fractured limestone. During pro-
gressive replacement, large subhedral
scheelite grains formed. Fine-grained
quartz occurs as inclusions in the
rims of the scheelite grains. At a
late stage, calcite and stibnite (if
present) precipitated in the centre of

Fig. 7. Scheelite-mineralized limestone
breccia, South Margeries Dal. Photo in
UV-light with scheelite shining white |

veins. Post-mineralization deformation|
has caused deformation twinning and
fracturing of the scheelite grains,

and shearing of stibnite into very
fine-grained aggregates.

Other Areas

Minor scheelite mineralization as thin
veinlets in joint planes in Upper EBG
sediments 1s known at several other
localities (Fig. 1.). At Panorama Fjel
the veinlets occur in the lowermost
limestone unit of the Upper EBG and ar
associated with a major, SE-striking,
normal fault zone. The mineralization
is antimony free, and was accompanied
by silicification and dolomitization o
the limestone. At Eleonore Bugt, dolo-
mites underlying the lowermost lime-
stone unit host the few scheelite vein
lets. They occur a few hundred metres
east of a SE-striking fault. The vein-
lets of Noa Dal occur in calcareous
quartzite beds of the Upper EBG Quart-
zite "series', and are associated with
an E-W striking fault. Panorama Fjeld
and Eleonore Bugt occur on the east
flank of a domal culmination in East
Andrées Land, and Noa Dal on ‘the east
flank of the West Ymers @ culmination
(Fig. 6).



Scheelite Mineralization in Central East Greenland

327

DISCUSSION

Mineralization in Upper Proteroczoic
Metasediments

Relationship between mineralization and
granitic rocks

The mineralization in Upper Proterozoic
metasediments is typically associated
with calcareous units in the metasedi-
ments, and is often spatially associat-
ed with granitic intrusion. The schee-
lite-bearing skarns of Kalkdal, Milne
Land and Eremitdal all occur at the
contacts of intrusive rocks - granodio-
rite for the first two and granite for
the last. However, the skarn of Milne
Land is clearly post granodiorite,
whereas those of Kalkdal and Eremitdal
were formed at the same time as the
intrusion of the igneous rocks with
which they are in contact.

The relationship between mineraliza-
tion and granitic intrusion in Kniv-
bjergdal is uncertain. No signs of skarn
or scheelite have been observed at the
exact metasediment-granite contacts,
but there is a general spatial relation-
ship between granite and mineralization.

The scheelite-bearing calc-silicate
rocks of Gemmedal and Roslin Gletscher
are not clearly associated with granitic
rocks although the metasediments of
each area are characterized by granite
veining and migmatization respectively.

Skarn Formation

The calc-silicate assemblages of Kalk-
dal, Milne Land, Gemmedal, Eremitdal
and Roslin Gletscher have been formed
in dolomitic marble, and are dominated
by magnesian minerals. Those of Kniv-—
bjergdal, however, have been formed in
calcic-carbonate rocks and are magne-
sium poor. Furthermore, the calc sili-
cates of all areas are generally iron
poor.

The calc-silicate assemblages which
have developed in dolomitic marble all
contain diopside. Some diopside, as well
as forsterite, have been observed in
unaltered marble, but most diopside
developed as a first stage of the
skarn-forming process. The scheelite of
Roslin Gletscher occurs in a diopside

skarn, which has not been subjected to
further skarn or hydrothermal processes.
The Kalkdal and Milne Land skarns are
also characterized by the early forma-
tion of diopside, but without accompany-
ing scheelite. Under a continuing
skarn-forming process, the diopside of
these areas was replaced by actinolite
or tremolite or epidote or idocrase.
Actinolite, tremolite and idocrase may
be accompanied by minor scheelite,
whereas scheelite has not been observed
with epidote. In Kalkdal, a final hydro-
thermal phase occurred, with sericiti-
zation of plagioclase and the precipi-
tation of significant scheelite. The
scheelite-bearing skarns of Gemmedal

and Eremitdal contain garnet and ido-
crase in addition to diopside, but a
paragenetic sequence of calc-silicate
minerals is not apparent.

The Knivbjergdal calc-silicate as-—
semblage is principally zoisite, clino-
zoisite and diopside,and was accompanied
by scheelite. In a second, and apparent-—
ly subsequent phase, the formation of
diopside predominated. It is probable
that the mineralization in schists de-
veloped during the phase of zoisite-
skarn formation.

There are also several features evi-
dent in the trace-element chemistry of
the various skarns. The scheelite of
the diopside skarn of Roslin Gletscher,
the tremolite skarn on Milne Land, and
the actinolite skarn in Kalkdal is al-
ways molydeniferous. Enhanced contents
of tin occur in the skarns of all areas
except Kalkdal. Bismuth, lithium and
beryllium are enhanced in the skarns
of many of the areas.

Age of Mineralization

There are no clear dates for the for-
mation of the various skarns. The best
age information exists for the Kalkdal
and Milne Land areas. The Kalkdal min-
eralization postdates the metamorphism
of its host sediments (1183 m.y.: Han-
sen et al., 1973), is associated with
the intrusion of granodiorite which has
not been dated, and predates the intru-
sion of the granite (434 m.y.: Hansen
and Steiger, 1971). The Milne Land skarn
postdates the intrusion of the grano-
diorite with which it is in contact,
and is thus younger than 453 m.y.
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(date from Hansen and Tembusch, 1979).
The intrusive history of Kalkdal and
East Milne Land is similar, there being
an early granodiorite phase which was
subsequently intruded by granite. If
the Kalkdal granodiorite is of similar
age to the Milne Land granodiorite, the
skarns which formed at the contacts of
the Kalkdal granodiorite would be of an
age corresponding to the peak of Cale-
donian orogenesis (455-430 m.y.). If it
is presumed that the Milne Land grano-
diorite and the post-granodiorite skarns
were derived from a common magmatic pa-
rent, an age corresponding to the main
Caledonian orogenesis may also be at-
tributable to the Milne Land skarns.

The scheelite occurrences of Kniv-
bjergdal, Gemmedal, Eremitdal and Roslin
Gletscher occur in Upper Proterozoic
metasediments intruded by Upper Protero-
zoic and Caledonian granites. It is
thus possible that the occurrences are
of Upper Proterozoic and/or Caledonian
age. The post-mineralization deforma-
tion which is evident in Gemmedal and
Roslin Gletscher suggests that the min-
eralization of these two areas may be
older than that of the other areas.

Mineralization in Loweyr EBG Sediments

The Lower EBG sediments of the Alpe-
fjord and North Stauning Alper region
are intruded by Caledonian two-mica
granites. Scheelite or other mineraliza-
tion has not been observed at the actual
granite-sediment contacts, even when

the granites cut the thick limestone
beds of the Calc~Argillaceous "series".
There is, however, a clear zoning of

the scheelite-mineralization type from
within a few hundred metres of the con-
tact to up to 7 km from the contact.

One type of mineralization generally
occurs within 1 km of the granite con-
tact, and is associated with muscovite-
greisen formation at the borders of
pegmatite and quartz veins. This situ-
ation is known at Randenaes and Bersaer-
kerbrae.

The second mineralization type also
occurs within 1 km of the granite con-
tact. It is restricted to skarnoid de-
velopments in lenses of calcareous
quartzites. This type is known at Ber-
saerkerbrae, Skjoldungebrae, Trekant-

gletscher and Randenaes. The zoned
skarnoid assemblages are interpreted

as having been formed by a combination
of metamorphism and metasomatism. The
calc-silicates grossularite, diopside
and hornblende developed during meta-
morphism. Idocrase, scapolite, fluorite
and scheelite were formed during later
reaction with skarn-forming fluids.

The third mineralization type occurs
either in quartz veins as at Randenaes
and Galenadal, or in quartz-fluorite
veins, as at Bersaerkerbrae and Skjol-
dungebrae. Mineralized veins have been
observed up to seven kilometres from
the granite contact.

All three mineralization types are
enhanced in bismuth. Tin is associated
with the greisen type, and arsenic with
the quartz-vein type.

It is assumed that all scheelite
mineralization in the area is of simi-.
lar age. Direct age evidence does not
exist, but the intrusion of the gran-
ites, which appear to have controlled
the mineralization, was during the
main Caledonian orogeny (455-430 m.y.).
A granite intruding the Lower EBG soutt
of Randenaes has been dated at 445 m.y.
(Rex et al., 1976).

Mineralization in Fault Zones in Upper
EBG Sediments

The mineralization of this group occurs
as veins in fault and breccia zones in
folded Upper EBG sediments, and in par-
ticular in the lowermost limestone unit
of the Upper EBG. The development of
the folds and of culminations along
anticlinal axes are believed to be a
function of granitic upwellings at
depth. The presence of granite stocks
is supported by the occurrence of gran-
ite xenoliths in the lamprophyre dykes
of the domal areas. Anticlinal culmina
tions occur in West Ymers @ and in Eas
Andrées Land (Fig. 6). All the known
fault-associated scheelite mineraliza-
tion occurs on the flanks of these two
domal structures within 20 km of the
apices of the domes. In addition to
updoming and faulting the sediments,
the granitic stocks are considered to
have been the source of epithermal so-
lutions, from which the mineralization
was precipitated.
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Most of the mineralization occurs
in the lowermost limestone unit of the
Upper EBG, which is of obvious potential
as a chemical trap for ascending solu-
tions. The unit is furthermore physical-
ly competent, and production of open
fracture, fault and breccia zones,
i.e. suitable physical traps, is thus
possible in the limestone. Similar
chemical and physical conditions exist
in overlying limestone units, and some
scheelite-mineralizing fluids have
reached overlying units in North Mar-
geries Dal. Minor occurrences of schee-
lite have been observed in quartzites
and dolomites below and above the lower-
most limestone unit (Noa Dal, Eleonores
Bugt and North Margeries Dal).

In North Margeries Dal, the minerali-
zation occurs in second-order struc-—

tures up to 150 m from the main fault
structure, and generally becomes less
intense on going away from the main
fault. Stibnite, which is also present
in North Margeries Dal, occurs only in
the zone nearest the main fault. Trace
contents of tungsten and antimony are
detectable as a halo in the breccia
zone for 50 m beyond the visible miner-
alization. Movement of ore-forming
fluids along the main fault and into
second~order structures is thus implied.

Petrographic studies have indicated
that the first stage of vein develop-
ment involved replacement of calcite in
limestone by quartz and dolomite. As
replacement progressed, scheelite, and
finally calcite and stibnite (if pre-
sent) were precipitated. Petrographic
and chemical studies have confirmed

Table 1. Comparison of East Greenland tungsten occurrences with a world-scale

classification of tungsten occurrences

CLASSIFICATION OF TUNGSTEN OCCURRENCES ( BumnoL ET AL. 1978)

OCCURRENCES IN EAST GREENLAND

I DEPOSITS ASSOCIATED WITH THE PLUTONIC ENVIRONMENT
A SKARN
B PEGMATITES

C VEIN TYPE

1 STOCKWORK MINERALIZATION
JUST ABOVE AN INTRUSION
WITH NO APPARENT RELATION TO AN INTRUSION

2 DISSEMINATION IN PLUTONIC CUPOLAS

3 INDIVIDUAL VEINS OUTSIDE OR WITHIN A PLUTONIC INTRUSION
QUARTZ VEINS WiTH WOLFRAMITE
QUARTZ VEINS WITH CASSITERITE AND WOLFRAMITE
QUARTZ VEINS WITH SCHEELITE
QUARTZ VEINS WITH SCHEELITE AND GOLD

4 PIPE MINERALIZATION
[T DEPOSITS ASSOCIATED WITH THE SUBVOLCANIC ENVIRONMENT

A TUNGSTEN AND TIN TOGETHER
1 TUNGSTEN-TIN-BEARING POLYMETALLIC VEINS RICH IN SULPHIDES

2 TUNGSTEN-TIN MINERALS DISSEMINATED IN RHYOLITE

B TUNGSTEN WITHOUT TIN
1 QUARTZ VEINS WITH HUEBNERITE AND SULPHIDES
2 QUARTZ VEINS WITH FERBERITE OR SCHEELITE,AND STIBNITE
3 QUARTZ VEINS WITH FERBERITE

ITT TUNGSTEN ASSOCIATED WITH MANGANESE OXIDES
IV STRATABOUND TUNGSTEN DEPOSITS

vV PLACER DEPOSITS WITH TUNGSTEN

MiLne Lanp, KaLkpAL, KNIVBJERGDAL ETC.

RANDENES

MALMBUERG

GALENADAL AND NORTH STAUNING ALPER

NorTH AND SouTH MaRGERIES DAL
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that silica, tungsten, antimony, sul-
phur and magnesium have been introduced
during the mineralization process. Some
post-mineralization faulting has affect-
ed the veins, resulting in fracturing
of scheelite grains, shearing of stib-
nite, and recrystallization of calcite.

The metallogenetic model which is
proposed above for this mineralization
type invokes a main Caledonian orogeny
age. The post-mineralization deforma-
tion which has occurred is attributed
to fault reactivation in post-Devonian
times.

THE EAST GREENLAND OCCURRENCES COMPARED
WITH A WORLD-SCALE CLASSIFICATION OF
TUNGSTEN DEPOSITS

In the past, tungsten deposits have

been divided into vein deposits, often
together with tin, and skarn deposits.
However, during the last 20 years, the
finding of new types and new areas of
tungsten mineralization has resulted in
the need for a more detailed and compre-—
hensive classification scheme. Such a
scheme for tungsten occurrences has been
proposed by Denisenko (1975), and re-
vised by Burnol et al. (1978). This re-
vised scheme is summarized in Table I.
It has been possible to classify the
East Greenland scheelite occurrences in
accordance with this scheme, into the
categories skarns, pegmatites and quartz
veins in the plutonic environment, and
into scheelite plus stibnite veins in
the subvolcanic environment (Table 1).
This categorization of East Greenland
scheelite is discussed below. The wolf-
ramite-bearing porphyry molybdenum de-
posit at Malmbjerg is furhtermore clas-
sifiable into the category of dissemina-
tion in a plutonic cupola.

Skarns

In their comprehensive review of skarn
deposits, Einaudi et al. (1981) have
characterized tungsten skarns according
to associated plutonic rocks, host rocks
and skarn mineralogy. Tungsten skarns
are typically associated with plutonic
rocks of granodiorite to quartz monzon-—
ite composition, and of Middle Palaeo-

zoic to Upper Cretaceous ages. They oc-
cur in carbonate rocks, which for most
exploitable tungsten deposits are cal-
citic and not dolomitic limestones. The
skarn mineralogy is typified by early-
stage, magnesium—aluminium-rich, iron-
poor calc-silicates (diopside, grossu-
larite, idocrase), by middle-stage iro1
rich calc-silicates (hedenbergite, an-—
dradite, almandine), and by late-stage
hydrous assemblages (tremolite, actino-
lite, hornblende, epidote). The early
stage is generally tungsten—-poor, wher
as the middle, and particularly the
late stages are generally tungsten ric!
The skarn occurrences of East Green
land exhibit some, but not all of the
above-mentioned characteristics. Grano
diorite is associated with the skarns
of Kalkdal and Milne Land, whereas the
other occurrences either are associate
with granite or are without obvious
plutonic association. The intrusion of
most of the granodiorites and granites
is believed to have accompanied the
main Caledonian orogeny (455-430 m.y.)
~ the end of the Lower Palaeozoic. Onl
the skarn of Knivbjergdal has develope
in calcitic marble. The other skarns c
the Upper Proterozoic metasediments he
developed in dolomitic marbles, and tt
skarns in the Lower EBG of Alpefjord
and the North Stauning Alper are in
calcareous quartzites. The East Green-
land skarns generally exhibit an earljy
diopside-rich phase, which was often
followed by a stage of hydrous-mineral
development (amphiboles, idocrase, epi
dote). The hydrous phase was typicall:
accompanied by minor scheelite miner-
alization. A final stage of more in-
tense alteration and rich scheelite
mineralization occurred locally in
Kalkdal, but not at any of the other
known skarn occurrences. None of the
East Greenland skarns exhibit an iron
rich stage of calc-silicate developme

Pegmatites

Burnol et al (1978) point out that
scheelite or wolframite-bearing peg—
matites are a relatively unimportant
source of tungsten. Such pegmatites a
characterized by enrichment in the el
ments beryllium, lithium, niobium and
tantalum and by the minerals topaz,
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tourmaline, beryl, apatite, etc. The
scheelite and cassiterite-bearing
pegmatites at Randenaes are quite com-
parable with this characterization.

Quartz Veins with Scheelite

Tungsten-bearing quartz veins are the
source of 70-757 of the worlds tungsten
(Burnol et al., 1978). Most of these
veins occur in argillaceous and arena-
ceous sediments (or metasediments) and
contain wolframite. However, scheelite
- often with gold - occurs in quartz
veins in more calcareous host rocks,

or even in granitic host rocks. The
tungsten deposit of Barruecopardo in
Spain comprises scheelite-bearing quartz
veins in granites (Arribas, 1979). The

~veins are from 1 to 50 cm thick, and

are traceable over several hundred
metres. Arsenopyrite accompanies the
scheelite. The tungsteniferous quartz
veins of East Greenland (in the Alpe-
fjord and North Stauning Alper areas)
occur in argillaceous and arenaceous
sediments with a minor calcareous com-—
ponent. However, scheelite is the only
tungsten mineral which has been observ-
ed in the veins. Arsenopyrite and base
metals accompany the scheelite. The
quartz-vein swarm of Galenadal is of
similar dimensions and mineralogy to
the veins of Barruecopardo.

Quartz—Scheelite-Stibnite Veins

Quartz veins of the subvolcanic environ-—
ment with scheelite, ferberite and
stibnite are an important source of
tungsten in Bolivia. The veins typical-
ly occur in fault and fracture zones,
contain small lenses which are rich

in tungsten, and are not accompanied by
any obvious magmatic source (Burnol

>t al., 1978). Arribas (1978) has de-
scribed a similar scheelite-stibnite
7ein deposit - that of the Codosera
nine in Spain. This vein occurs in a
yreccia zone in limestone, and is also
7ithout direct association with magma-
:ism. The East Greenland scheelite-
itibnite veins (Margeries Dal) are
juite comparable with these examples,

s they occur in fracture/breccia zones
n limestone, contain small lenses of
ich mineralization, and are without
irect association with magmatism.

CONCLUSIONS

Numerous scheelite occurrences have been
discovered in a 350 km long belt of
Central East Greenland. It has been
possible to group the occurrences into
three main geological settings:

- scheelite in Upper Proterozoic meta-
sediments, often associated with grano-
diorite or granite intrusion;

— scheelite in Lower EBG sediments, as—
sociated with granite, pegmatite and
quartz-vein intrusion;

- scheelite in Upper EBG sediments,
without direct magmatic associationm.

Metallogenetic models have been con-—
structed for the groups, and Caledonian
magmatic activity is a common factor in
each of the models. The geological en-
vironment of the first group is con-—
sidered to represent a deeper level of
Caledonian magmatic activity. Several
of the scheelite occurrences suggest
that minor tungsten mineralization may
have been present in the Upper Protero-
zoic rocks prior to the Caledonian oro-
geny. The second geological environment
represents an upper level of Caledonian
magmatism, whereas the third environ-
ment is considered to be distal to Cale-
donian granite at depth.

The metallogenetic models are of use
as exploration aids:

- The contact zones of granodioritic
intrusives and marble-bearing metasedi-
ments are the best targets in the Upper
Proterozoic metasedimentary belts. The
scheelite-bearing skarns of the Upper
Proterozoic metasediments contain en-
hanced contents of tin, bismuth, lithi-
um and beryllium, which also may be
useful as exploration aids.

~ Exploration for scheelite in the con-—
tact zones of Caledonian granites and
the Lower EBG sediments should take in-
to account the zoning of mineralization
type from skarn and greisen type nearest
the granites to quartz-vein type up to
several kilometres from the granites,
as well as the minor element contents

- bismuth in all types, tin nearest

the granites and arsenic furthest from
the granites.
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- The metallogenetic model for the third
group involves mineralization in the
lowermost limestone unit of the Upper
EBG when cut by E-W trending fault
zones, and on the flanks of anticlinal
culminations. Exploration in such poten-—
tial areas could furthermore utilize

the tungsten and antimony haloes in

the fault zones around the mineraliza-
tion.

It is also possible to draw some
conclusions about the economic poten-—
tial of the various mineralization
types in East Greenland based on the
comparison with the world-scale classi-
fication of tungsten deposits:

- The skarn—type occurrences on East
Greenland are probably not of great
economic potential because: they are
generally of limited extent and rela-
tively low tungsten content, they
mostly are developed in dolomitic mar-
ble, and they lack the iron-rich for-
mation phase which normally accompanies
economically viable scheelite-skarn de-
posits.

- The scheelite-bearing quartz veins
in the plutonic environment are rather
extensive in East Greenland, but are
of overall low tungsten content. They
are comparable with tungsten deposits
in other parts of the world which have
been mined, but appear to be too low
grade for exploitation in East Green-
land.

- The scheelite-stibnite-quartz veins
of the subvolcanic environment of East
Greenland contain small but rich con-
centrations of tungsten, similar to
exploitable deposits in other parts of
the world. These veins are probably of
economic potential.
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Fluid inclusions in granite quartz from SW England provide a record of the com-
plex and protracted hydrothermal history of this important metallogenic pro-
vince. Regional variations in terms of the different types of inclusions can

be correlated on an inter-pluton scale with both the texture of the host gran-
ite and the extent to which it 1s mineralized. On an intra-granite scale those
areas where mineralization is particularly pronounced show a higher overall in-
clusion abundance than areas where little or no mineralization is known to oc-
cur. The types of fluid inclusion most commonly related to Sn-W-Cu mineraliza-
tion are halite-free, moderate temperature inclusions. Inclusions containing
visible CO, at room temperature are restricted to two localities in SW England.
Both of these contain stockwork/vein-swarm tungsten mineralization. These re-
gional 'fluid inclusion anomalies' show that fluid inclusion petrography using
a simple petrographic microscope has potential application in the field of min-
eral exploration.

[NTRODUCTION 1979) or vein deposits on a mine scale
(Roedder, op. cit.).
The idea that fluid inclusion petro-

"his paper reports on the distribution graphy might prove useful as a regional
ind abundance of fluid inclusions in exploration tool in SW England was en-—
juartz from mineralized granite of SW couraged by Sorby's early observations
ngland with the primary aim of assess~ (1858) which clearly demonstrated mark-
ng the value of fluid inclusion petro- ed variations in the fluid inclusion
‘raphy in regional mineral exploration  assemblage in granite quartz. Several
n this area. fluid inclusion studies have recently
A number of accounts of fluid in- been undertaken in SW England on a lo-
%usions as tools in mineral explora- cal scale mostly on vein material (for
ion already exist in the Russian lite- summaries see Charoy, 1979; Jackson et
ature. These have recently been re- al., 1982; Rankin et al., 1982; Rankin
iewed by Roedder (1977). Studies in and Alderton, 1982).
he West are limited and with few ex-— There has been little interest since
eptions are concerned either with por- Sorby's early work in studying fluid
hyry copper deposits (Nash, 1976; Chi- inclusion populations in the granites

as and Wilkins, 1977; Evans et al., themselves. Our own data, presented
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here, is only a beginning and should
not be considered an exhaustive account.
We have concentrated on methods which
are simple and rapid to use and there-
fore potentially useful in exploration.
From Sorby's early description and
from our own initial observations it
is clear that most of the inclusions
in granite quartz are secondary. These
represent late-stage, post-consolida-
tion fluids that have passed through
and (sometimes) altered and mineralized
the granites. Primary inclusions are
rare but when present may either re-—
present magmatic fluids generated from
the early magma (in the case of magmat-
ic quartz) or later fluids (in the case
of hydrothermally recrystallised quartz).
In theory, it should be possible to
study the fluid inclusion paragenesis
and hence build up a picture of the
progressive stages in the thermochem-
ical evolution of hydrothermal fluids
associated with these granites. In prac-
tice, magmatic and hydrothermal quartz
are very difficult to distinguish. Mat-
ters are further complicated because
samples from different plutons show
marked differences in their fluid in-
clusion populations as do samples from
different areas of the same pluton.
Thus, even from a cursory examination
it is apparent that hydrothermal acti-
vity, as recorded by the fluid inclu-
sion assemblages in the granites them-—
selves, was non-uniform in its distri-
bution and episodic. This is entirely
compatible with the complex nature and
non—uniform distribution of alteration
and ore mineralization as discussed
below. The rationale behind the present
study is to establish whether it is pos-
sible to relate differences in the fluid
inclusion populations to different de-
grees or types of hydrothermal activity
associated with the granites. The re-
sults for four of the five major plu-
tons are presented here. The St. Austell
pluton is associated with intensive
kaolinisation. This process has, in
many places, obscured the earlier hydro-
thermal events, and further complicated
the fluid inclusion populations. Because
of this we will not consider this plu-
ton in the present paper. The results
are published in detail elsewhere (Al-
derton and Rankin, 1983).

GRANITES AND MINERALIZATION OF SW
ENGLAND

The geology has recently been reviewed
by Charoy (1979) and Edmonds et al.
(1975). Five main granite masses are
intruded into a sequence of Devonian
and Carboniferous sediments which were
regionally metamorphosed to green-
schist facies prior to granite in-
trusion.

Geophysical evidence suggests that
the five main masses of granite are
part of a larger batholith buried at
depth. A series of minor granite in-
trusions also occur and these are pre-
sumed to be similarly connected at
depth.

The granites were intruded towards
the end of the Hercynian orogeny and
have been dated at about 280 m.y. (fo1
details see Jackson et al., 1982). Gec
chemically they show only minor varia!
tions and are sensu stricto biotite-
muscovite granites. Textural variatio
are more pronounced (Dangerfield and
Hawkes, 1981).

The main variations are in terms of:

i) overall grain size
ii) size of K-feldspar megacrysts

Regional variations also occur in
the distributions and abundance of
late-magmatic minor and trace mineral
such as topaz, tourmaline and fluorit
Fractures initiated by regional stres
ses before and during granite emplace
ment were exploited by subsequent hyc
thermal and late-stage magmatic phenc
mena (Moore, 1975). The linear frac-
tures are in general parallel to the
axis of the batholith (Fig. 1), tend-
ing to occur on one particular margii
of a pluton. Some portions of the
granite are much more extensively mi
eralizd whilst others are almost bar
of mineralization.

Ore mineralization occurs mostly
veins or vein swarms. The ore minera
ogy is complex and variable but domi
ed by cassiterite, wolframite and su
phides of Cu, Pb, Zn, As and Fe. Gan
minerals and alteration products of
granite are dominated by quartz, tou
maline, fluorite, muscovite, chlorit
alkali-feldspar and kaolinite.
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CARNMENELLIS

Granite

Country rock

- : .
2.1 Major veins

Fig. 1. Geological map of SW England (adapted from Alderton, 1976)

SW England is a classic example of
temporal and spatial mineral zonation
(Moore, 1982). The earliest minerali-
zation, closest to the granite, is
characterized by Sn-W-Cu veins. Later
mineralization is dominated by Pb-Zn
and tends to occur further away from
the granites. Early mineralization has
been dated about 270 m.y., which is
very close to the age of granite
emplacement (Jackson, et al., 1982).

A number of later hydrothermal events
have been postulated on isotopic evi-
dence (op. cit.). Uranium mineraliza-
tion and extensive kaolinisation are
almost certainly related to these later
events. Warm springs in underground
workings (Alderton and Sheppard, 1977)
and high heat flow (Tammemagi and Wheil-
don, 1974) show that even today the
region is hydrothermally active. Thus

a number of separate hydrothermal events
r1ave affected the areas from the time

>f emplacement of the granite to the
>resent day.

Stable isotopic evidence (Sheppard,
1977; Jackson et al., 1982) indicates
that the fluids involved in ore miner-—
alization and hydrothermal alteration
contained a large component of meteoric
water. Simpson et al. (1979) and Moore
(1982) have suggested that areas of in-
tense mineralization are where convec-—
tive hydrothermal cells, involving
large volumes of meteoric water, were
extensively developed.

The origin of the ore metals is the
subject of much speculation. Leaching
from the surrounding country rocks or
congsolidated granites is plausible, but
a magmatic origin cannot be excluded
on the basis of available evidence.

METHODOLOGY AND APPROACH

Normal petrographic thin sections were
used to study the size, shape, abun-
dance and types of inclusions present
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in quartz from samples of unaltered
granite collected at about 1-3 km in-
tervals from each of the four major
plutons, Only the last two parameters
showed significant variations and these
were studied in detail. The usual size
of the inclusions ranged from about 5
to 20 pm and shapes ranged from highly
irregular through to rounded or nega-—
tive crystal cavities. Fluid inclusions
were also observed in feldspars, and
certain accessory minerals (apatite,
topaz, fluorite) within the granite,
but were seldom as well-developed as in
the quartz, and were therefore not con-
sidered further.

A limited amount of heating and
freezing stage work on polished wafers
was conducted during the initial stages
of this research to determine the over=—
all range of salinities and homogenisa-
tion temperatures (Th) for the inclu-
sion populations. Routine determination
of Ty and salinity were not attempted
for all samples because of the inordi-
nate length of time required to accumu-

late data and the concommitant unlikeli-

hood that this approach would find ap-
plication as a rapid, routine explora-
tion technique.

CLASSIFICATION OF INCLUSIONS IN SW
ENGLAND GRANITES

Fluid inclusions may be classified in

a number of ways. Most obvious is a
genetic classification (P, PS, S) but
this is very subjective and in granite
quartz, as previously indicated, may be
impossible. An alternative is to clas-
sify the inclusions according to gross
composition. A six-fold classification
scheme is proposed. The inclusions are
classified according to the volumetric
proportion of vapour and aqueous sol-
ution and whether the inclusions con-
tain liquid CO, or chloride daughter
minerals (halite) at room temperature.
Solidified melt inclusions are includ-
ed in this scheme. The subdivisions are
somewhat arbitrary and considerable
overlap can occur between each inclu-
sion type in some samples. In general,
however, the classification is useful

and effective, The general features of
each inclusion type are listed below.

Type 1
Monophase aqueous inclusions sometimes
containing a small vapour bubble. These
are highly irregular, usually flattenec
and occur in distinct planes. Their
homogenisation temperatures range up

to about 200°C.

Type 2

Aqueous inclusions containing a moder-
ate to large vapour bubble. Generally,
these inclusions are more regular in

shape and show less of a tendency to

occur in planar groupings. An arbitray
subdivision based on the proportion of
vapour (2a, 2b) has sometimes been mad
T range is from about 200°C to 600°C.

Type 3

Aqueous inclusions characterised by
chloride daughter minerals (e.g. hal-
ite). The vapour bubble is variable i
size but typically occupies between
10% and 30% of the inclusion volume.
Vapour-liquid homogenisation tempera-
tures are generally between 200°C and
3500C. Halite solution temperatures
are variable but may be as high as
500°C.

Type 4

Gaseous inclusions, either totally fi
led with vapour or, more rarely, to-
gether with a small rim of liquid. Th
often occur in planes and are charac-
teristically rounded or equant in she
Homogenisation is to the vapour phase
but it is rarely possible to determir
the exact temperature at which this
occurs.

Type b

CO,-rich inclusions, containing a va:
able proportion of aqueous solution :
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characterised by a CO,-rich phase
(CO5 % and/or COyv).

Type 6

Our final inclusion type is essentially
crystalline or possibly glassy. A small
amount of vapour is usually present

and we tentatively identify these as
trapped silicate melts.

DETERMINATIONS OF THE OVERALL ABUNDANCE
OF INCLUSIONS

For total fluid inclusion abundance
estimates, the most accurate (and time-

consuming) method would be to actually
count the number of inclusions in a re-
presentative volume of quartz. The
other extreme would be to make a rapid
visual estimate of the overall inclu-
sion density. We have adopted an ap-—
proach between these two extremes as a
compromise between time and accuracy.
The use of petrographic sections of
standard thickness (30 um) meant that
a standard volume of quartz was compar-
ed at each operation, and that samples
in other collections could also be
studied. In addition, the petrography
of the rock could be assessed at the
same time. Six standard charts were
prepared illustrating the range of
overall fluid inclusion abundances in
quartz as seen under x 280 magnifica-
tion. These were chosen for the ease
in visually distinguishing the differ-
ent abundances. The thin section was
scanned at x 280 magnification, 100 to
150 half fields of view were observed
at random, and the individual overall
abundance score estimated each time by
comparison with the standard charts.
The mean abundance score was then cal-
:ulated. This method became quite rapid
vith practice and soon took about 20
ninutes per sample. Routine checks were
nade by comparing the counts obtained
)y estimation with the values obtained
yy absolute counting methods and the
results compared favourably. One neces-
iary factor to be considered is the
iize of the inclusions. Counting was
estricted to those inclusions which
ere >2 ym in size.

DETERMINATION OF THE RELATIVE PROPOR-
TIONS OF DIFFERENT FLUID INCLUSION
TYPES

At a fixed interval during the abun-
dance estimates (depending on the ab-
undance of inclusions) a count of the
various inclusion types was made. About
100-150 inclusions were counted overall
and the results expressed as percent-
ages of the total population. The main
problem with this procedure is that it
is sometimes difficult to unambiguously
classify an inclusion and this intro-
duces a certain amount of subjectivity.
Tests were however carried out to assess
the within sample and operative varia-
bility. A variability of 10-157 is typ-
ical when assessing the overall abun-
dance of inclusions. For the individual
types the variability can be up to

* 30Z in some samples, probably because
about 100 inclusions are not truly re-
presentative of the sample. These vari-
ations could be reduced by increasing
the number of observations. For our pur-
poses, where we are only concerned with
broad differences these numbers are
considered sufficient.

RESULTS

The main results are summarised in
Figure 2.

Type 1 Inclusions

These comprise about 10-20Z of the to-
tal population for most samples. They
show no systematic spatial relation-
ship to mineralization but are especial-
ly abundant (up to 50%) in areas of in-
tense kaolinisation, as already noted

in the St. Austell mass (Rankin and
Alderton, 1982; Alderton and Rankin,
1983).

Type 2 Inclusions (a and b)
They show a wide variation, between

about 57 and 807Z. They are especially
common in the Carnmenellis granite and
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Fig. 2. Histograms of the distribution of inclusion types and overall abundance
for four of the major plutons from SW England (n=number of separate granite sam
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least abundant in the Dartmoor granite.
A high percentage of these inclusion
types sometimes correlates with regions
where extensive mineralization occurs
(e.g. Land's End, Fig. 3c and the small
mineralized stocks of Cligga and Kit
Hill).

Type 3 Inclusions

These show the most marked variations
of all inclusion types between the var-
ious plutons. The Dartmoor and Land's
End populations contain up to 75% of
this inclusion type whilst the Bodmin
and Carnmenellis granites typically
only show a trace ( <1Z). A noteworthy
exception is in the Carnmenellis gran-
ite where a small 'stock' of fine-
grained granite within the main mass
contains an enhancement ( ~20%) of this
inclusion type. This enhancement is
also noted in the normal, coarse gran-—
ite close to this stock.

i

Type 4 Inclusions

These show a very wide spread between

samples from the same granite and be-

tween granites. Large variations occur
(5% to 80%) but no regional trends are
apparent.

Type & Inclusions

These are exceptionally rare and have
only been identified at two localities;
Hemerdon Bal, to the south of Dartmoor,
and Goonbarrow, in the kaolinised mass
of St. Austell. Both these localities
are host to sheeted vein systems con-
taining W mineralization (Wolframite).
However this relationship is not con-
sistent; several other W-bearing locali-
ties (e.g. Cligga) contain no CO,-bear-
ing inclusions.

Type 6 Inclusions

These are very difficult to identify
but have been recorded tentatively from
all the granites.
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cur. High inclusion abundances general- overall trend of the vein systems



Fluid Inclusion Petrography of SW England Granites

Fig. 4a and b. Distribution of veins (a)
Bodmin Moor granite

'ig. 5a and b. Distribution of veins (a)
‘arnmenellis granite

‘Figs. 3, 4). This could indicate con-
.ealed mineralization or could repre-
ent broad zones of fluid migration.

We are surprised by the lack of cor~
elation between high abundances and
11 the mineralized areas in the Dart-
oor granite (e.g. around Birch Tor).
here is however the possibility that
he style of this mineralization is dif-
erent to that in most of the other
reas.

and fluid inclusion abundances (b),

and fluid inclusion abundances (b),

Although mineralized areas within a
granite may show increased fluid in-
clusion abundances, such differences
may not occur between a mineralized
and a non-mineralized granite. In fact
the Dartmoor granite (least mineralized)
probably contains the highest overall
fluid inclusion abundances in SW Eng-
land. These abundances are presumably
related to factors concerned with the
granites crystallisation and evolution.



A.H. Rankin and D.H.M. Alderton

§

b

Fig. 6a and b. Distribution of veins (a) and fluid inclusion abundances (b),

Dartmoor granite

DISCUSSION

The approach used in this study has
been simple and empirical. We have not
concerned ourselves with comprehensive
heating and freezing stage studies nor
with establishing a detailed chronology
for the fluids in different areas of
the SW England granites. This is pur-
poseful because if fluid inclusion
studies are to be used routinely in
regional mineral exploration, the tech-
niques need to be relatively inexpen-
sive, rapid and cheap to use by persons
who are perhaps unfamiliar with estab-
lished fluid inclusion methods. The
parameters of abundance and distribu-
tion of inclusion types have been
chosen to fulfill these requirements.
They can be determined routinely during
normal petrographic microscopy.

In granite the distinction between
P, PS and S inclusions is usually very
difficult and subjective. This is why
we have chosen not to consider it in
too much detail. As a generalization,
however, most of the inclusions have
the appearance of S or PS types (i.e.

they occur in planar groupings or ar-
rays).

Several generations are generally
present but age relationships are alm
impossible to establish, except for
Type 1 inclusions. These clearly post
date all others and represent the fin
phase of hydrothermal activity in the
region. These general observations ar
compatible with the conclusions from
isotopic and age dating studies (Jack
son et al., 1982) that hydrothermal a
tivity in SW England was a complex,
protracted process made up of a numbe
of separate events.

It is also clear from the overall
distribution of inclusions (Fig. 2)
that different plutions developed dif
ferent types of fluids. This is showr
by variations in the proportions of
Type 2a and Type 3 inclusions. Type 3
halite-bearing inclusions seem to cor
relate with the texture of the granit
Based on the classification of Dange:
fields and Hawkes (1981) those with
large K-feldspar megacrysts (Dartmool
and Land's End) contain a high propo
tion of halite-bearing inclusions,
whereas those with smaller megacryst
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(Bodmin and Carnmenellis) have little
or no halite-bearing inclusions.

Previous ore production figures
(Dines, 1956) for each granite may be
taken as a guide to their degree of
mineralization (Sn-W-Cu). Carnmenellis
has by far the most mineralization,
Bodmin and Land's End have intermediate
amounts and Dartmoor the least. Halite-
bearing inclusions show no relation-
ship to mineralization, but Type 2a
inclusions do. They are most abundant
in the Carmmenellis granites and least
abundant in Dartmoor. This is consistent
with published fluid inclusion data for
vein quartz and cassiterite referred
to in the Introduction; the fluids re-
sponsible for main-stage mineralization
generally have the character of a Type
2a inclusion.

It therefore seems probable that,
although the chemistry of the granites
is very similar, their associated fluids
varied during their final stages of
evolution. The generation of saline
fluids was not associated with exten-—
sive Sn-W-Cu mineralization. At present
it is not clear whether these fluids re-
present the same stages of evolution in
the separate granites or for instance
whether the less saline assemblages in
the Bodmin and Carnmenellis granites are
indicative of later influx of dilute
(perhaps meteoric) fluids. However it
is clear that those granites with a
dominant assemblage of Type 2a inclu-
sions are more favourable as regards
Sn-W-Cu mineralization.

The other major feature emerging
from our data is that within these
granites areas of higher total inclu-
sion abundance can often be correlated
with areas of mineralization. In addi-
tion these areas of increased fluid in-
2lusion abundance are often more exten-
sive than the actual areas of minerali-
zation. This could indicate that the
fluids responsible for hydrothermal
nineralization were able to penetrate
‘he granite well beyond the confines of
‘he visible mineralization. Yermakov
'1966) has formulated the concept of
he 'steam aureole' or 'steaming-
hrough aureole', whereby fluids caus-
ng mineralization are able to migrate
way from the channelway and pervade
he surrounding, solid rock. These

fluids presumably migrate via micro-
fractures and may be trapped as fluid
inclusions. They may well be unable to
alter the host rock (e.g. granite) but
may form distinctive fluid inclusion
assemblages beyond the visible litho-
logical or geochemical anomalies in the
rocks. This is presumably what is seen
in the SW England granites.

The rare occurrence of inclusions
containing liquid CO, at two localities
in SW England is especially relevant in
the context of mineral exploration be-
cause at both localities extensive vein
swarms carrying tungsten mineralization
are known to occur. The origin of these
CO,-bearing fluids is unknown but the
association of such fluids and tungsten
mineralization elsewhere in the world
is well established (Higgins, 1980).

It is, however, emphasised that Type 5,
COy-1liquid bearing are not always as-
sociated with tungsten deposits in SW
England. Fluid inclusions associated
with the Cligga Sn-W-Cu deposit, for
example, have been extensively studied
by Jackson et al. (1977) and Charoy
(1979) neither of whom were able to
detect CO, in the inclusions even dur-
ing cooling studies.

SUMMARY AND CONCLUSIONS

Fluid inclusion populations in SW Eng-
land granites provide a record of the
complexity and episodic nature of hydro-
thermal events in the area.

Low temperature, Type 1 inclusions
represent the final phase of hydrother-
mal activity, related to kaolinisation
of the granite. On a broad, inter-plu-
ton scale the proportion of moderate
to high temperature Type 2 inclusions
correlates with the extent to which
each pluton is mineralized.

Halite-bearing, Type 3 inclusions
are unrelated to mineralization but
overall show a distinct relationship
to the texture of the granite. The
land's End and Dartmoor granite can be
distinguished from the Bodmin and Carn-
menellis granites on this basis,
though the reasons for this distribu-
tion are unclear. Perhaps they repre-
sent two separate though petrochemical-
ly similar phases of intrusion with
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different hydrothermal systems associ-
ated with them.

Type 4 gas-rich inclusions show no
variation between plutons, but do dem-
onstrate that the hydrothermal phase
did in fact boil at stages during its
evolution.

Type 5 COp-bearing fluid inclusions
are only found associated with two W-
bearing vein swarm deposits. In view of
the known association with tungsten
deposits elsewhere in the world, and
their extremely rare occurrence in SW
England it is recommended that future
finds be viewed with interest as indi-
cators of the proximity of potential
ore deposits of tungsten.

Thus fluid inclusion petrography
does hold some promise as a tool in
mineral exploration in this region. The
overall abundance of the fluid inclu-
sion population is often effective at
distinguishing areas within a particular
pluton where hydrothermal activity is
pronounced. However, it is not possible
to compare abundances between different
plutons because each probably developed
its own particular hydrothermal system.

It is believed that routine fluid
inclusion petrography and abundance de-
terminations could become part of gen-—
eral exploration strategy for Sn-W-Cu
deposits in granitic areas elsewhere
in the world especially during the re-
connaissance and target selection
stages of exploration. The methods are
simple and rapid to use and should be
considered a routine part of normal
petrographic examination of granite
samples.
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Numerous vein mineralizations occur in the carbonate series of the Middle and
Upper Devonian located in the Pb-Zn (F-Ba) metalliferous district of the South
border of the Dinant Synclinorium. A regional lithogeochemical study (major and
trace elements) of the Givetian limestones reveal the low potential of heavy
metals in these platform sediments. These results are confirmed by the distri-
bution of 13 elements present in a vein mineralization and its close surrounding.
Finally, the comparison of the isotopic composition of the lead in the galenas
of the vein mineralization and the traces of lead in the host rocks add decisive
important arguments. These results seem to be sufficient to reject the hypothesis
of the origin of the metals by lateral secretion and are in favor of an "epigen-
etic-foreign'" character for these mineralizationms.

De nombreux indices et anciennes exploitations de faible tonnage pour Pb-Zn-Ba-F
s'observent dans les séries carbonatées du Dévonien moyen et supérieur du SW du
Synclinorium de Dinant ol elles délimitent un district métallifére. Une étude li-
thogéochimique régionale des calcaires givétiens montre le faible potentiel mé-
callifére de ces sédiments de plateforme. Ces résultats sont confirmés par
I'étude de la distribution de 13 éléments présents dans un filon et son encais-
sant immédiat. Enfin la comparaison des compositions isotopiques du Pb des ga-
.€nes du filon et du Pb en trace dans les calcaires encaissants apporte des ar-
sjuments décisifs. Ces résultats sont suffisants pour rejeter 1'hypothése de 1'ori-
;ine des métaux par sécretion latérale et militent en faveur du caractére "épi-
iénétique—-étranger' de ces minéralisationms.

. INTRODUCTION L'élaboration de modéles génétiques

cohérents, but ultime de la métallo-—

2s relations systématiques générale-
ant observées entre les concentrations
dtalliféres et les milieux rocheux au
>ns large constituent des guides logi-
les en exploration et les bases de
>utes typologies. Au deld de ces rela-
.ons figées, les processus génétiques
:uvent cependant étre reconstitués.

génie, comporte la reconstitution des
différentes étapes qui, de 1'aval vers
1'amont, sont le milieu de dépdt, le
transport et la source des métaux. De
cette trilogie, c'est le probléme de
la source qui est le plus difficile

a aborder car le plus &loigné des ma-
nifestations du dépdt (Routhier, 1967).
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A ce sujet, la connaissance du de-
gré de familiarité (Routhier, 1969,
1980) du contenu des minéralisations
par rapport 4 leurs terrains encais-
sants constitue un guide majeur dans
la recherche de la source des élé-
ments présents dans le corps minérali-
se.

La présente étude a pour principal
objectif d'envisager certains aspects
de ce probléme, et d'établir les re-
lations entre les minéralisations fi-
loniennes du bord sud du Synclinorium
de Dinant et l'ensemble des terrains
sédimentaires formant leur cadre géo-
logique.

L'évaluation du degré de familiari-
te de ces minéralisations par rapport
aux roches encaissantes s'appuiera
d'abord sur l'étude régionale de la
distribution des &léments majeurs et
en traces dans ces derniéres. Une
etude des profils de distribution des
mémes éléments présents dans un filon
plombo-zincifére et son encaissant im-
médiat permettra ensuite d'ecarter
1'hypothése d'une origine des métaux
par sécrétion latérale sensu stricto.
Une &tude isotopique comparative du
plomb des galénes du filon et du plomb
en traces dans les sédiments situés &
proximité immédiate confirmera les ob-
servations précédentes et permettra,
vu la convergence des arguments, de
conclure au caractére etranger du con-
tenu du corps minéralisé.

La comparaison de ces résultats iso-

topiques avec ceux déjd publiés (Cauet
et al., 1982; Herbosch et al., 1983)
permettra enfin d'étendre cette con-
clusion 4 1'ensemble des minéralisa-
tions filoniennes du bord sud du Syn-
clinorium de Dinant.

II. CONTEXTE GEOLOGIQUE ET METALLO-
GENIQUE

De nombreux indices et anciennes exploi-
tations de faible tonnage en Pb-Zn-Ba-F
sont connus depuis longtemps et delimi-

tent au sud-ouest du Synclinorium de

Dinant un district métallifére (de Mag-

née, 1967; Bartholomé et al., 1979)

d'axe est-ouest s'etendant sur une cen-

taine de kilométres en longueur et une

dizaine de kilométres en largeur, de-
puis Beaumont 4 1'ouest jusqu'd Bomal
d 1'est (Fig.1). On y observe deux
types de minéralisations:

- des amas et disséminations d'appa-
rance stratiforme liés aux phénoménes
de dolomitisation des récifs frasniens
appartenent aux domes anticlinoriaux
de la partie médiane du Synclinorium
de Dinant (Massifs de Beaumont et de
Philippeville). Des filons sont égale-
ment présents et semblent liés a ces
amas. Ces minéralisations n'ont, a ce
jour, encore jamais fait 1l'objet d'étu
des métallogéniques détaillées;

- des filons transverses recoupant les
séries carbonatées du Givétien et du
Frasnien, plus rarement du Couvinien.
Ces derniers, également peu etudiés
jusqu'ici, recoupent soit la bordure
méridionale du Synclinorium de Dinant,
soit les brachyanticlinaux secondaires
4 noyaux de calcaire givétien qui ac-
cidentent sa partie centrale.

Ce sont ces derniéres minéralisa-
tions de type épigénétique qui font
1'objet du présent travail.

I1 s'agit de minéralisations disco
dantes liées & un grand nombre de pe-
tites failles transversales et quasi
verticales de direction moyenne NNW-
SSE. Les filons, de faible épaisseur
(0,1-0,9 m), sont le plus fréquemment
associés aux calcaires givétiens situ
de part et d'autre de la localité de
Givet (Fig.1). La paragenése est sim—
ple: marcasite, galéne, sphalerite,
barytine, fluorine, calcite, dolomite
quartz. L'ensemble de ces minéralisa-
tions se distingue par 1'absence de
structures collomorphes & rubanées a
schalenblende et de minéraux accessoi
res de nickel, bien connus dans 1'im-
portant district de Bleiberg-Moresnet
situé au nord-est de la Belgique (de
Magnée, 1967). Par contre, la barytir
est localement abondante (Vierves, As
et Auffe). Les bandes calcaires de 1:
partie centrale du district recélent
également des gites 4 fluorine exclu-
sive (Calembert et Van Leckwijck, 1%
dont les liens avec les concentratio:
plombo-zinciféres sont inconnus.

Malgré leurs nombreux caractéres
géologiques communs, ces minéralisa-
tions ne sont pas similaires du poin
de vue de la composition isotopique
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Fig.1. Localisation des principales minéralisations filonienne plombo-zinciféres

du bord sud du Synclinorium de Dinant

plomb des galénes: Cauet et al., (1982)
ont montré qu'une partie de ces der-
niéres (Beauraing, Revogne, Resteigne,
Tellin, Jemelle au "Bois de Lamsoule",
Masbourg) présentent des compositions
isotopiques similaires et significati-
vement différentes des autres minérali-
sations filoniennes du district (Fig.1).
illes definissent un petit groupe ho-
nogéne, a4 la fois isotopiquement (grou-
e 2 de la Fig.2) et géographiquement
lest de Givet, Fig.1).

C'est dans cette région que le Give-
:ien, épais d'environ 500 métres, a
1té divisé sur base lithostratigraphi-
lue en trois formations: Formation de
'rois-Fontaines & la base, Formation
u Mont d'Haurs et enfin Formation de
'romelennes au sommet (Errera et al.,
972). Chacune de ces Formations cor-
‘espond 4 la répétition d'un phénoméne
imple se déroulant en quatre phases,
vec prédominance d'une phase a4 sédi-
entation essentiellement lagunaire et
ontinentale ou de sebkha (Errera,1975).

L'importance prise par cette derni-
ére phase dans 1'ensemble de la sédimen-
tation carbonatée, tout particuliére-
ment dans la Formation de Fromelennes,
a généralement conduit 4 1'idée que
cette Formation pourrait constituer 1la
source des métaux pour les minéralisa-
tions de la région. Dans ce contexte,
les phénoménes de compaction et de
diagenése seraient a4 l'origine de 1'ex-
pulsion physique et chimique de 1'eau
intersticielle présente dans les sys-
témes poreux de ces sédiments et con-
stitueraient ainsi le principal facteur
responsable de la migration des flui-
des. Ces derniers peuvent alors &tre
piégés dans des formations perméables
relativement proches ou lorsque celles-
ci n'existent pas ou sont inaccessib-
les, rester associés sous forme d'un
aquifére 1ié aux sédiments d'origine.

Dans le détail, ces mécanismes sont
évidemment trés complexes et concer-
nent également les circulations des
eaux météoriques, des eaux de compac-
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tion expulsées par tassement des for-

mations argileuses suivant des circu-

its paléohydrologiques dont il manque

encore de nombreuses données pour leur
reconstitution (de Magnée, 1967; Bar-—

tholomé et Gérard, 1976).

De tels modéles génetiques faisant
soit appel au blocage rapide des mé-
taux sur une bordure littorale et dans
des conditions climatiques particuli-
éres (développement d'une sebkha ou
d'une plaine supratidale en climat
tropical), ou bien faisant appel &
des circulations paléohydrologiques
de saumures ont déjd été invoqués de
nombreuses fois pour expliquer certains
gisements d'origine sédimentaire (Bush,
1970; Dozy, 1970; Renfro, 1974; Lagny,
1975; Routhier, 1980; etc. .

La découverte, il y a une dizaine
d'années, d'un niveau d'anhydrite dans
la Formation de Fromelennes au sondage
de Focant (Graulich et al., 1967) ef-
fectué 4 proximité immédiate de la zone
étudiée (Fig.1), ne pouvait que renfor-
cer cette hypothése et rendre compte du
caractére sursalé des fluides évoluant
a partir d'eaux marines connées par
filtration osmotique (Dunham, 1970)
ou 4 partir d'eaux météoriques par dis-—
solution des é&vaporites. D'autres fa-
ciés évaporitiques ont également éte

reconnus au Givétien mais sont locali-
sés dans la prolongation septentrional
du Bassin de Namur (Van Tassel, 1960);
Legrand, 1962; Coen-Aubert et al.,
1980). Il faut également noter l'assoc
ation d'indices de galéne avec des fa-
ciés récifaux et lagunaires du Fras-
nien (Pel et Monseur, 1979).

En conclusion, les sédiments give-
tiens de la région 2tudiée se sont dé-
posés en climat tropical sur une plate
forme carbonatée peu profonde et sub-
sidente essentiellement dominée par de¢
environnements lagunaires et de sebk-
has évaporitiques ayant pu constituer
un métallotecte pour certains métaux
lourds dont le Pb et le Zn.

Dans le but de vérifier ces hypo-
théses, une série de coupes situées
dans 1'axe du district (Fig.1) ont ét
étudiées du point de vue sédimentolo-—
gique et géochimique.

ITI. ETUDE SEDIMENTOLOGIQUE ET LITHO-
GEOCHIMIQUE

I11.1I Sédimentologie

L'analyse sédimentologique fine per-

met de définir pétrographiquement plui
de 20 microfaciés essentiellement car
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bonatés caractérisant des milieux de dé-
pdts comparables 4 ceux que 1l'on ren-
contre aujourd'hui dans les plateformes
carbonatées (Purser, 1980).

Ces différents paléomilieux de sédi-
mentation permettent de définir un pro-
fil paléogéographique théorique; ils
s'étendent du domaine marin ouvert le
plus externe et subtidal avec dévelop-
pement d'épisodes récifaux, puis dans

" les domaines intertidaux caractérisés

par plusieurs hauts-fonds oolitiques
et les domaines subtidaux internes es-—
sentiellement lagunaires, et enfin dans
les zones les plus internes du domaine
supratidal od se développent de nom-
breux platiers algaires accompagnés de
dépdts parfois émergés de laminites
ayant subi une diagenése dans les eaux
phréatiques ou vadoses.

En tenant compte de la succession

|des différents microfaciés ainsi que

de la position des différentes coupes
étudiées, on constate que la sédimenta-
tion carbonatée du Givétien s'est ef-
fectuée dans un domaine peu profond re-
lativement limité sur la partie in-
terne de la plateforme en relation di-
recte avec la mer ouverte. L'environne-
ment le plus représentatif est celui
d'un lagon (Préat et Boulvain, 1982).
Dans ce milieu, pouvant @tre particuli-
érement abrité, les eaux sont alors
confinées et au niveau du fond les
sédiments sont réducteurs. L'extension
des faciés supratidaux y est relative-
ment faible et leur isolement de 1l'in-
fluence marine jamais suffisamment du-
rable pour que de véritables précipi-
tés salins s'y développent. En consé-
quence, aucun faciés évaporitique franc,
ni méme aucune dolomie primaire n'ont
pu €tre mis en evidence lors de cette
étude sédimentologique.

Tableau 1. Teneurs moyennes des calcaires givétiens
GROUPE D E GIVET
FORMATION TROIS-FONTAINES FORMATION FROMELENNES
RESTEIGNE* VAUCELLES OLLOY S. D'AVE DOURBES

N=99 N=75 N=83 N=40 N=87
Cao (%) 45.3#8.5 50.3+3.0 51.3%4.0 51.7%4.5 55.0+£3.0
MgO 2,1*1,6 2,0%0.7 1.7+0.5 0.8x0.2 1.2x1.0
K20 1.020.8 0.4%0.3 0.520.6 0.5+0.4 0.2+0.3
Al;0; 2.4£2.4 1.2x0.7 1.2+1.0 1.1+1.2 0.6x0.7
Si0: 8.0+7.2 4,3+2.0 3.9+2.7 4.5%4.1 2.0x2.1
Fe,0; 1.0+0.7 0.5+0.3 0.5+0.4 0.5:t0.4 0.3+0.6

(ppm)

Mn 378350 170+122 275+149 180£140 160+154
Sr 298+67 250+92 24490 308+49 240+54
S 426912714 - - 1607+1286 -
Pb 1717 20+30 - 64 -
Zn 22+47 11£19 21126 17+33 87
*

Formation de Trois-Fontaines et

du Mont d'Haurs pro-parte
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Tableau 2. Comparaison des teneurs moyennes en Pb et en Zn de différentes roches

carbonatées
Pb Zn
CLARKE : calcaires de plateforme 9 20
(TUREKIAN et WEDEPOHL, 1961)
"world" average limestone 8 26
(WOLF et al, 1967, table II)
MASSIF SCHISTEUX RHENAN : roches carbonatées dévono- 11 50
carbonifére (HEINRICH et al, 1980)
SYNCLINORIUM DE DINANT :
- Formation de Trois-Fontaines, Givétien, Resteigne,
(cette étude) n = 99 (1) 17 22
- Formation de Fromelennes, Givétien, Sourd d'Ave,
(cette étude) n = 40 (1) 8 17
- Roches carbonatées Tn3-VA Salet - Pont-de-Bonne -
Martinrive (VAN ORSMAEL et al, 1980) (2)
n = 236 2 17
- calcaires n = 153 2 22
- dolomies n = 56 1 14
BASSINS DE LA VESDRE ET NAMUR
- Calcaires de Schmalgraf
Carbonifére (SWENNEN et al, 1981) n = 21 (2) 10 77
- Calcaires de Plombiéres
Carbonifére (SWENNEN et al, 1981) n = 101 (2) 3 44
- Dolomies (type Sovet)
Carbonifére (VAN ORSMAEL et al, 1980) (2)
- bassin Vesdre 16 146
- bassin Namur 28 213
- Calcaires frasniens (FRIEDRICH et SCHEPS, 1981) (1)
- récifaux n =110 7 65
- noduleux n = 43 20 98
(1) analyses sur roches totales
(2) analyses de la phase soluble & l'acide
111.2. Lithogéochimie Al,04, FeyOg total, Mg0, Ca0, Na,0,
K,0, Mn, Sr, S, P, Pb et Zn (Tableau
Plus de 300 échantillons calcaires ap- Tous ces éléments ont été analysés p:
partenant aux coupes etudiées (Resteig- spectrofluorescence des rayons X, pa:
ne, Sourd d'Ave, Olloy, Vaucelles, Nis- calibration linéaire sur cru pour Le:
mes, Dourbes, Fig.1) ont @té analysés éléments majeurs (Leake et al., 1969
en roche totale pour 13 &léments ma- et par une méthode mathématique de c

jeurs, mineurs et en traces: Si0,, rection des effets de matrice pour 1
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traces (Vie Lesage et al., 1979).
L'étalonnage est basé dans les deux
cas sur des standards internationaux.
Ces analyses correspondent 4 un
eéchantillonnage particuliérement dense
de 1'ordre du métre, & raison d'un
échantillon tous les 3 ou 4 bancs en-
viron, ce qui est suffisant pour dé-
finir un fond continu régional et
mettre en eévidence d'éventuels niveaux
porteurs d'anomalies en métaux lourds.
L'ensemble des résultats (Tableau I)
révéle d'une maniére générale 1'homo-
généité géochimique des sédiments étu-
diés, qui se marque par l'absence de
variations importantes des teneurs au
sein de chacune des Formations, aussi
bien pour les éléments majeurs que
ceux en traces. On notera également
la trés grande pureté de ces calcaires
dont les teneurs moyennes en Ca0 de-
passent souvent 507%. En ce qui concerne
le Pb et le Zn, on remarque immédiate-—

,ment les faibles teneurs moyennes, la

faible amplitude de leurs variations:

Opp = 17 ppm, Ogzp = 47 ppm pour la
coupe de Resteigne

o 4 ppm, Oy, = 33 ppm pour la
coupe du Sourd d'Ave
ainsi que 1l'absence d'anomalies notab-
les, les valeurs maximales ne dépas-
sant pas 100 ppm pour le Pb et 200 ppm
pour le Zn. Les teneurs en soufre,
assez élevées pour des calcaires, sont
nettement plus fortes dans la Forma-
tion de Trois-Fontaines (x = 4270 ppm)
ce qui s'explique par des teneurs en
S systématiquement plus élevées dans
les faciés lagon qui y représentent
1'essentiel de la sédimentation.

On constate donc qu'en ce qui con-
cerne les métaux lourds, leurs teneurs
noyennes sont faibles dans 1'ensemble
Jes coupes étudiées: elles sont in-
féerieures au Clarke pour le Zn, égales
>u légérement supérieures au Clarke
sour le Pb (Tableau II). Il en est de
néme si on les compare aux valeurs ex-
:rémement bien documentées concernant
.es calcaires du Massif Schisteux Rhé-
1an (Heinrich et al., 1980; Tableau II),
lont les Ardennes constituent le pro-
ongement occidental. Malgré les ap-
yroches analytiques différentes, la
‘omparaison des teneurs observées dans
es calcaires givétiens (analyse sur
oche totale) avec celle des roches

‘carbonatées du Dinantien (analyse de
la phase soluble 4 1'acide) et du Fras-
nien (analyse sur roche totale) met en
évidence le faible fond géochimique en
Pb et en Zn du Synclinorium de Dinant
et en particulier du Givétien de son
bord sud.

Ces observations, purement descrip-
tives, permettent déjd de conclure au
faible potentiel métallogénique des
roches givétiennes du bord sud du Syn-
clinorium de Dinant.

Une analyse factorielle en mode R
a été effectuée sur les données des
deux coupes-types de Resteigne (Fig.3)
et du Sourd d'Ave dans le but d'éluci-
der les processus geéologiques fonda-
mentaux qui contrdlent la distribution
des éléments dans ces calcaires. Les
résultats, assez semblables pour les
deux coupes, montrent que le comporte-—
ment géochimique du Pb et du Zn ne sem—
ble pas obéir 4 des lois simples, leurs
communautés assez faibles (hZ < 0.6)
témoignent de 1l'importance des phéno-—
ménes aléatoires parmi les processus
qui contrdlent leur distribution. Ces
faits s'expliquent et par les trés
faibles teneurs observées et par 1'ab-
sence de variations importantes,

Néanmoins dans la Formation de Trois-
Fontaines (Fig.3), le Pb co-varie sys-
tématiquement avec le Mn et plus faible-
ment avec le Zn (facteur III). Dans la
Formation de Fromelennes, ces trois
éléments sont regroupés au sein d'un
méme facteur s'opposant fortement au
Mg, traduisant leur expulsion lors
des phénomenes de dolomitisation qui
existent localement.

L'opposition avec le S (facteur III),
ainsi que la présence d'un facteur IV
s'identifiant avec la diagenése des sul-
fures en milieu réducteur conduisant
4 la seule formation de pyrite, sont
révélatrices de la pauvreté en métaux
lourds de l'environnement sédimentaire.

L'interprétation de 1'analyse fac-
torielle montre clairement que si les
conditions nécessaires au '"piégeage"
des métaux lourds existaient (milieu
anaérobique 4 sédimentation ralentie),
par contre la disponibilité en Pb et
en Zn sous forme d'ions en solution
n'existait pas.
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Fig.3. Schéma factoriel de la matrice varimax. Formation de Trois-Fontaines,

Resteigne

IV. ETUDE GEOCHIMIQUE ET ISOTOPIQUE
D'UN FILON

I1 s'agit d'un filon de faible épais-
seur (10 a 20 cm), visible sur une
quinzaine de métres dans les deux ni-
veaux supérieurs de la carriére de
Resteigne, ol il présente une direction
générale N45°E et un pendage 45°SE net-
tement sécant par rapport aux calcai-
res de la Formation de Trois-Fontaines
en succession normale. I est essentiel-
lement constitué d'hydroxydes de fer

et de manganése et on y observe locale-
ment des rognons et mouchetures de ga-
léne.

IV. I. Etude géochimique d'un profil
filon-encaissant

Les profils de distribution de 13 &lé-
ments ont été établis pour le filon et
son encaissant carbonaté immédiat sur
une longueur voisine de 15 métres et

dans un méme banc recoupé par le filor
Les figures 4 et 5 représentent en or-
donnée la gamme des teneurs observées
pour chacun des éléments analysés le
long du profil filon-encaissant, ainsi
que la moyenne arithmétique des te-
neurs (x) pour 1'ensemble des calcaire
analysés dans la coupe de Resteigne
(Tableau 2). Cette moyenne définit ain-
si pour chacun de ces éléments son fo
continu.

L'examen de ces figures montre im-
médiatement que la longueur du profil
est bien suffisante, aussi bien vers
1'ouest que vers 1l'est, puisqu'on re-~
trouve a4 quelques métres seulement le
fonds continus de tous les éléments
analysés. De plus, une série d'anoma=-
lies positives apparalt trés nettemen
pour les éléments suivant
- le Pb et le Zn prése