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ABSTRACT

In the major Cantung E—Zone exoskarn orebody,
scheelite was deposited in equilibrium with, succes-
sively, clinopyroxene--garnet, actinolite and biotite,
at mean temperatures (from fluid inclusion homo-
genization) of 487°, 433° and 415°C, respectively,
and under a confining pressure of 1000 bars (from
sphalerite geobarometry). The fluorine contents of
skarn biotites and actinolites are in the ranges 0.82—
2.99 and 0.25-0.90 wt.%; Mg/Mg+Fe and F/OH+
F ratios are positively correlated in both minerals.
Application of the experimental data of Ludington
& Munoz (1975) for fluoride:hydroxyl exchange be-
tween Dbiotite and fluid vields a value for log
FH,0)/fHF)™ ¢ of 4,5%0.3; thus, f(HF) was ap-
proximately 0.009 bars during the final stage of
mineralization. The compositions of Fe— and Al-
rich magmatic biotites from a nearby pluton are
inferred to have equilibrated at ca. 550°C with
fluids which generated clinopyroxene-}-garnet skarns;
this suggests that f(HF) was maintained at this low
level throughout the evolution of the E-Zone ore-
body. The comparative F:OH exchange in actino-
litic amphiboles is in broad agreement with pub-
lished estimates, but is not tightly constrained by
the Cantung assemblages. Although not ruling out
the possibility of tungsten solution in the form of
an aqueous fluoride complex, the low HF fugacity
inferred for the E—Zone hydrothermal fluids lends
no support to this mode of transport.

SOMMAIRE

Dans le gite de type exoskarn de la zone E de
Cantung, Territoires du Nord-Ouest, la schéelite
s’est formée successivement en équilibre avec clino-
pyroxéne - grenat, actinote et biotite, & des tempé-
ratures moyennes de 487°, 433° et 415°C (homogé-
néisation d’inclusions fluides) sous une pression de
1000 bars (géobarométric de la sphalérite). Les
biotites et les actinotes des skarns contiennent
respectivement de 0.82 & 2.99 et de 0.25 4 0.90%
(en poids) de fluor. Les rapports Mg/(Mg+Fe) et
F/(F-+OH) sont en corrélation positive dans chaque
minéral. L’application des données expérimentales
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de Ludington & Munoz (1975) sur I’échange fluo-
rure:hydroxyle entre biotite et fluide donnent une
valeur de 4.5%0.3 au rapport log f(H.O)/f(HF),
pour le fluide; on avait donc f(HF) = 0.009 bars au
stade final de la minéralisation. Les compositions
de biotites magmatiques riches en Fe et en Al
d’un massif plutonique voisin auraient été en équi-
libre, & environ 550°C, avec les fluides qui ont
donné naissance aux.skarns & clinopyroxéne -4 gre-
nat, ce qui indiquerait une faible valeur de f(HF)
pendant toute I’évolution du gite. Les résultats com-
paratifs obtenus sur I'échange F:OH dans les acti-
notes concordent généralement avec les estimations
publiées. La faible valeur de la fugacité HF attribuée
aux fluides hydrothermaux de la zone E n’exclut
pas la possibilité d’une mise en solution du tungsténe
sous forme de complexe de fluorures aqueux, mais
n’étaye en rien Phypothése de pareil mode de trans-

port.
(Traduit par la Rédaction)

INTRODUCTION

Although there has been considerable interest
in the role of fluorine in the formation of con-
tact-metasomatic mineralization in general, and
in the hydrothermal transport of tungsten in
particular (e.g., Bryzgalin, 1958; Ivanova 1966;
Burt 1972; Foster 1977), few have investigated
the abundance and distribution of this halogen
in hydroxyl-bearing silicate minerals in scheelite
skarn ore deposits. In one of the few relevant
studies, Darling (1971) determined the fluorine
content of magmatic biotites in stocks associated
with the large Pine Creek, California, scheelite
deposits, but did not investigate the compositions
of skarn silicates. In the field of applied geo-
chemistry, Cachau-Herreillat & Prouhet (1971)
delimited fluorine anomalies in soils in the vici-
nity of scheelite-bearing skarns at Salau, in the
French Pyrénées, but there is limited agreement
regarding the general efficacy of such an ap-
proach,

Whereas Troll & Gilbert (1972) encountered
difficulties in their experimental study of fluo-
ride-hydroxyl exchange between aqueous fluids
and members of the tremolite—ferroactinolite se-
ries, Munoz & Ludington (1974) demonstrated
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the dependence of the F:OH ratio of biotite on
the f(H.0)/f(HF) ratio of the fluid, on temper-
ature, and on the cationic composition of the
mica. Subsequently, Ludington & Munoz (1975)
presented revised data on biotite:fluid F-OH
exchange, whereas Munoz & Ludington (1977)
have recently carried out comparable experi-
ments with muscovite. As a result, mica compo-
sitions may be employed to estimate the f(H.0)/
f(HF) ratio of an ore-forming aqueous fluid,
although some uncertainties persist in the inter-
pretation of the experimental data.

In this paper, we provide analytical data for
F:OH ratios of hydrothermal biotites and calci-
ferous amphiboles from the Cantung E—Zone
scheelite skarn orebody, located at Tungsten,
Northwest Territories (Lat. 61°57’N.; Long.
128°15" W.). This is one of the world’s major
sources of tungsten concentrates, with ore re-
serves of over 4 million tons at 1.55% WO
(Mining J. of May 13, 1977); the deposit has
been the subject of a detailed petrological study
(Zaw 1976; Zaw & Clark 1977). The temper-
atures and confining pressures of formation of
biotite and amphibole associated with scheelite
have here been delimited by fluid-inclusion ho-
mogenization and application of the sphalerite
geobarometer (Scott 1973). This approach pro-
vides an opportunity to estimate, from the fluo-
ride contents of the biotites, the f(H.0)/f(HF)
ratio of a mnatural, ore-forming aqueous fluid
under unusually well-controlled conditions, and
to delimit the comparative F:OH exchange in
members of the calciferous amphibole series.

A detailed description of the Cantung E-Zone
orebody and its setting is in preparation; the geo-
logical background will herein be presented only
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in sufficient detail for clarification of the fluo-
rine distributions.

GEOLOGICAL RELATIONSHIPS

The Logan—~Mackenzie Mountain belt along
the Yukon-Northwest Territories border forms
a major part of the Mackenzie fold belt, a seg-
ment of the Foreland fold and thrust belt of the
northern Columbian orogen (Wheeler & Gab-
rielse 1972). Predominantly shallow-water Pro-
terozoic and Paleozoic sediments, originally
deposited across the transition between the south-
westerly trending Selwyn basin and the north-
easterly Mackenzie or Redstone arch, were most
intensely deformed in the course of the Mesozoic
Columbian orogeny. Post-tectonic granitoid
batholiths and plutons were emplaced in late
Cretaceous time (Gabrielse & Reesor 1974).
Economic scheelite mineralization in this arc
occurs characteristically as clinopyroxene-garnet
exoskarn bodies and generally, but not entirely,
within Cambrian carbonate horizons and related
spatially to these intrusions. The largest tung-
sten reserves are contained in the Mactung de-
posit, but the Cantung mine, operated by Canada
Tungsten Mining Corporation, has been the
sole producer.

At Cantung, folded and very weakly meta-
morphosed pelites and limestones of Lower
Cambrian age (Blusson 1968) overlie Hadry-
nian(?) phyllites (the “Lower Argillite”), and
have been intruded by large stocks made up
predominantly of quartz monzonite (Blusson
1968, Zaw 1976). Economic exoskarn mineral-
ization, comprising skarn silicates and hexagonal
pyrrhotite with lesser scheelite and minor chal-

QUARTZ MONZONITE

Fie. 1. Simplified north-south geological cross-section through the E—Zone
and Pit orebodies, Cantung, N.W.T. (after Canada Tungsten Mining Corp.
Geological Department). North is to the right.
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copyrite, occurs as massive lenses, veins and
stockworks at two locations in the so-called Ore
Limestone, a relatively pure carbonate unit of
the Lower Cambrian succession (Fig. 1). Of the
two mineralized zones, the Open—Pit orebody,
now mined out, consisted almost wholly of
clinopyroxene—garnet skarn (Blusson 1968), and
was formed adjacent to a microgranitic dyke
some 330 metres above the broadly flat-lying
roof of the Mine Stock.

Skarn of this type also occurs underground
in the newly-developed E-Zone orebody, which
lies immediately above the intrusive contact
(Fig. 1). Here, however, the pyroxene—garnet
association constitutes only a hanging-wall zone
to the orebody, underlain by a central zone rich
in amphibole, and by a footwall skarn in which
coarse-grained biotite predominates. The boun-
daries between these three main skarn zones are
irregular, but crudely parallel to the roof of the
underlying stock, which is cross-cut by numerous
scheelite-bearing, though uneconomic, quartz
veins with greisened selvedges.

Megascopic and microscopic textural rela-
tionships demonstrate that the sequence of skarn
formation within the E-Zone was: 1) clinopy-
roxene—garnet skarn; 2) amphibole skarn, and
3) biotite skarn, which overlapped with the de-
velopment of the quartz-vein systems. Although
the two “hydrous” skarn assemblages bear, in
part, a replacive and retrograde relationship to
the early clinopyroxene—garnet skarn, we con-
sider that a large proportion of the later skarn
and ore was emplaced through direct replace-
ment of contact-metamorphosed marbles. Cer-
tainly, scheelite and sulfides were introduced
anew at each skarn stage, and display no textural
evidence of instability in any of the three zones.

The successive stages of skarn emplacement
have been shown by fluid-inclusjon data to have
taken place at progressively lower temperatures.
Homogenization runs on primary liquid—gas in-
clusions of low salinity in quartz, scheelite and
clinopyroxene yield temperatures in the range
of 520455°C (mean 487°C) for the pyroxene—
garnet skarn, of 464-371°C (mean 415°C) for
the biotite skarn, and of 452-350°C (mean
405°C) for the quartz veins. The observed tem-
perature ranges are represented on the scale of
individual hand specimens, and are regarded ten-
tatively as indicating actual crystallization-tem-
perature intervals for the different stages. Few
successful homogenization runs have been car-
ried out for the amphibole skarn, but a range of
440-421°C (mean 433°C) was obtained for
several inclusions in a single specimen.

The filling temperatures of fluid inclusions
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presented above have been corrected for a con-
fining pressure of 1000 bars on the basis of the
FeS content of sphalerite occurring in contact
with hexagonal pyrrhotite and pyrite in a quartz
vein associated with the biotite skarn.

K-Ar dating (Archibald et al. 1978) has yielded
apparcnt ages of 89.2%9.4 to 92.3+2.5 Ma for
micas from the quartz monzonite pluton and
from later stages of mineralization. It is pro-
posed, therefore, that intrusion and hydrother-
mal mineralization took place at shallow depths
over a relatively brief time span in the Upper
Cretaceous, and that the locus of skarnification
and mineralization migrated towards the roof
of the Mine Stock as it cooled.

MICAS AND AMPHIBOLES OF THE E-ZONE SKARNS

Petrographic relationships

The micas and calciferous amphiboles asso-
ciated with scheelite—sulfide mineralization in
the E-Zone orebody display wide variations in
color in hand-specimen. The micas range from
medjum green to yellowish to dark brown, and
the amphiboles consist of very pale green and
dark green to blackish varieties. In hand speci-
men, the micas seem chloritized or oxidized, but
they look essentially fresh in thin section, al-
though minor chlorite and sericite are observed
in some samples. The amphiboles locally ex-
hibit partial replacement by fine-grained biotite,
but are generally unaltered. The skarn minerals
range in habit from fine-grained aggregates to
very coarse flakes or fibrous-columnar prisms
intimately intergrown with calcite, quartz, pyr-
rhotite and the economic minerals scheelite and
chalcopyrite. Fluorapatite, idocrase and tourma-
line are persistent, generally minor constituents
of the skarns. Magnetite has not been observed
as a component of these assemblages, and py-
rite is rare, being most abundant in a few late-
stage veins. Fluorite has been recorded as a
minor phase in one diamond-drill hole from
above the E-Zone, but is apparently absent in
the orebody itself.

Biotite characteristically occurs in, and along
the selvedges of late-stage quartz veins cutting
the B-Zone skarns, whereas amphiboles are less
common in such settings. The quartz veins con-
tain, in addition to minor scheelite and sulfides,
microcline, amphibole, chlorite, calcite, tourma-
line and plagioclase.

In both amphibole and mica skarns, scheelite
occurs predominantly as relatively coarse-grained
pyramidal subhedra and euhedra, intergrown
with the main silicate minerals, or interstitial to
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them. The textural relationships suggest that the
scheelite and silicates were deposited simultane-
ously, whereas the sulfides tend to display a
more consistently interstitial distribution with
respect to the silicates.

The hand-specimen heterogeneity of both
major skarn silicates is paralleled by their mi-
croscopic appearance. Thus, the amphibole
ranges from almost colorless or pale green and
very weakly pleochroic, to dark green, and
strongly pleochroic in thin section. The 2V of
all amphiboles lies between 75° and 80°. The
paler members have zAc 5°-10°, whereas he
darker have zAc up to 20°. It is noteworthy that
scheelite exhibits a preferential association with
the darker amphiboles, and zones in which the
pale amphibole predominates are commonly es-
sentially barren.

The brown skarn micas exhibit strong pleo-
chroism from orange brown (Z and Y) to pale
yellow or nearly colorless (X), whereas the green
variety ranges from plate green (X) and yellow-
ish green (Y) to light brownish green (Z). Both
forms are optically negative, and their 2V varies
from 0° to 15°. Neither scheelite nor sulfides
show a preferential association with either mica

type.
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Analytical methods

Partial analyses were carried out on nine skarn
amphiboles and ten micas, using an Applied Re-
search Laboratories AMX electron microprobe.
Major elements, with the exception of fluorine,
were determined by energy-dispersive analysis,
using standards whose energy spectra had been
previously stored on magnetic tape, and em-
ploying an accelerating potential of 15 kV, a
beam current of 0.34X107A, a beam diameter
of 5-7um, and a counting interval of 120 secs.
At least six separate analyses were averaged to
yield each analysis given in Tables 1, 2. Mineral
grains were checked for homogeneity prior to
analysis. Raw data for Si, Ti, Al, Fe, Mg, Mn,
Ca, Na and K were initially corrected on an
NS-880 minicomputer using a multiple least-
squares routine. The intensity ratios were cor-
rected for matrix effects following Bence &
Albee (1968), as well as for drift, using a Fortran
correction program developed by P. L. Roeder
(priv. comm.). This program was modified by
J. M. Allen (priv. comm.) to accommodate the
matrix effect of H:O in hydrous silicates. Alpha
factors used in the iterative correction procedure
were taken from Albee & Ray (1970). The accu-

TABLE 1.  ELECTRON MICROPROBE PARTIAL ANALYSES AND
STRUCTURAL FORMULAE OF SKARN AMPHIBOLES, E~ZONE OREBODY

Weight % (1) (2) 3) 4) (5) (6) N (8} @)

5102 57.57 53.32 51.63 55.62 53,53 55.87 57.47 56,07 51.53
m203 0.81 4.39 4.37 0.97 4.71 1.19 0.05 0.81 4.42
TiO2 0.00 0.09 0.31 0.01 0.07 0.04 0.08 0.08 0.22
FeO#* 5.35 14.57 15,09 11.41 13.83 9.38 4.67 7.57 15.67
MgO 19.54 12,26 12.40 17.53 12.13 18.35 21.48 19.58 12,90
Mno 0.57 1.23 1.22 0.75 0.63 0.73 0.32 0.192 0.89
Ca0 12.50 11.48 11.47 12.09 11.78 12.25 12.99 12.59 11.48
Nazo 0.34 0.54 0.73 0.4 0.5L 0.03 0.04 0.39 0.55
K20 0.11 0.39 0.42 0.12 0.35 0.17 0.07 0,20 0.32
F 0.90 0.44 0.39 - 0.25 0.45 0.78 0.69 0.42
nzo** 171 1.87 1.86 2.12 1.95 1.91 1.79 1.80 1.85
Total 98.72 100,37 99.73 100.76 99,60 100,18 99.41 99.68 100.03

numbers of ions on the basis of 24 (0, OH, F)

Si 8.078 7.708 7.571 7.875
allv ~0.078 0.292 0.429 0.125
avi 0.162 0.456 0.326 0.037
T 0.000 0.009 0.034 0.001
Fet2 0.627 1,762 1.850 1.351
Mg 4.087 2.642 2.711 3.700
Mn 0.068 0,151 0.152 0.090
Ca 1.879 1.778 1.802 1.834
Na 0.093 0.150 0.207 0.038
K 0,020 0.071 0.078 0,022
F 0.40 0.199 0.181 -
OH 1.60 1.798 1.819 2.00

7.745 7.884 7.994 7.894 7.533
0.255 0.116 0.006 0.106 0.467
0.548 0.082 0.003 0.029 0.295
0.007 0.004 0.008 0.008 0.024
1.673 1.107 0.543 0.891 1.916
2.617 2.860 4.454 4.109 2.811
0,077 0.087 0.038 0,023 0.110
1.821 1.852 1.936 1.899 1.798
0,143 0.008 0.011 0,106 0.155
0,065 0.031 0.012 0.036 0.060
0.114 0.201 0.343 0.307 0.192
1.886 1.799 1.657 1.693 1.808

* Total iron reported as FeO.
Sample numbers and localitiles

1) DDH-TRU 42-20A, at 98';
4)  74-ACT-5, 1153-071 North Ramp;
1201-092 East Drift; 7)
Near Station 94, 1201-092 East Drift; 9)

2

2) DDH-ATU 64-20C, at 224"
5) DDH-ATU-24, at 145'; 6)
74-UG-21, Near Station 96, 1201-092 East Drift; 8)
74-ZKS-2, 1103-080 West Ramp.

*% 1,0 was calculated assuming FHOH= 2

3) DDH-ATU 43-35E, at 129';
74-UG-24, Near Station 107,
74-106-10,
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TABLE 2. ELECTRON MICROPROBE ANALYSES AND STRUCTURAL FORMULAE OF SKARN MICAS, E-ZONE OREBODY
Wolght ® (brown) (brown} (brown) (bxown) (brewn) (green) {green} {green) (green) (green)
) 2) (3) 4) (5) (6) (7 (8} (9} 10)
S:LO2 40.56 39,78 41.39 40.97 39,10 40,79 40.02 41.51 41.36 41.79
)\1203 14.90 16.30 14,63 12,49 16.67 13.65 12,74 14.42 12,83 13.64
Tioz 0.00 0.00 0.02 0.00 0.80 0.06 0.00 0.00 0.00 0.06
FeO* i6.61 16.59 14.11 13.66 16,65 15,27 14.51 14.62 11.86 15.27
MaO 14,14 13.34 15,46 18.44 12,73 15.53 18.72 15.18 19,30 15,53
MnO 0.64 0.66 0.72 c.21 0.56 0.18 0.43 0.34 0.50 0.18
Cao 0.05 0.00 0,00 0.06 0.10 0.00 0.00 0.00 0,02 0.00
Nazo 0.09 0.00 0.00 0.05 .04 0.00 0.32 0.00 0.12 0.00
Kzo 9.69 9.96 9.89 9.91 9.95 9.82 9.10 9.32 9,90 9.82
P 0.610 0.820 2.49%6 1.592 0.972 2,988 1.873 2.51 1.87 1.98
320** 3.306 3.676 2,925 3.321 3.596 2.621 3.178 2.887 3.178 3.158
Total 100.93 100.88 100.79 100,03 100.82 99.66 100.79 99.72 100.10 100,39
mmbers of ions on the basis of 24 (0, OH, F)

Si 5.977 5.868 6,041 6.027 5,780 6,058 5.906 6.104 6.049 6.124
niv 2.023 2,132 1,959 1.973 2,220 1.942 2,094 1.896 1,951 1.876
aLvi 0.565 0.702 0.558 0.193 0,684 0.447 0,122 0,604 0,208 0,980
i 0.000 0.000 0,024 0.000 0.083 0.007 0.000 0.000 0.000 0.007
Fet? 2.047 2,059 1.722 1.68L 2,059 1.897 1,791 1.798 1.451 1.871
Mg 3.106 2,933 3.363 4.044 2.818 3.438 4,118 3,328 4.207 3.392
Mn 0.080 0,083 0.089 0,026 0.070 0.023 0.054 0.042 0.062 0.022
Cca 0.007 0,000 0.000 0,009 0,016 0.000 0.000 0.000 0.003 0.000
Na 0.027 0.000 0.000 0.014 0,011 0.000 0.092 0.000 0.034 0.000
K 1.821 1.874 1.840 1.860 1.876 1.861 1,713 1,749 1.847 1.836
b3 0.750 0.383 1.152 0.741 0.454 1.403 0.874 1.167 0,962 0,918
OH 3.242 3.617 2.848 3.259 3.546 2.597 3,126 2,833 3,038 3.082
100Mgs 60,27 58.73 66.13 70.63 58,19 64,45 69,66 64,91 74,39 64.43
(Mg-+Fe)

% Total irom reported as FeO.
DDE-U43-19J, at 81'; 2) DDH-US4-17A, at 208'
74-UG7, Station 108, 1201-092 East Drift; 5)
ZRSP-74-4, 1153~071 North Ramp; 7)  74-0G-21,
74-UG-28, Near Station 78, 1201-092 East Drift;

1201-092 East Drift;
racy of energy-dispersive analysis was checked
against a sample of garnet (S. 76) which was
analyzed before and after each unknown; anal-
yses were rejected if the results for this standard
differed by more than 1.0 percent from the ac-
cepted values.

Fluorine was determined by wavelength-dis-
persive microprobe analysis, using an accelerat-
ing voltage of 10 kV, a beam current of 0.64X
107A, a beam diameter of 20-40um, and a
KAP detector crystal. At least ten analyses, each
with a 20 sec. counting period, were made on a
standard fluorite specimen prior to each set of
unknown analyses, and at 30 min. intervals there-
after. Errors due to the volatility of the fluorite
standard were minimized by analyzing different
areas of the mount each 20-sec. run. A mini-
mum of five 200-secs. spot analyses was made
for each silicate grain, the current being conti-
nuously monitored throughout.

The analytical data, collected on paper tape,
were corrected for drift, background, dead-time,
mass-absorption, atomic-number and fluores-
cence effects using the correction programs
TAPEEMX and TAPEEMX2 developed by M.
I. Corlett (priv. comm.).

Bourne (1974) has estimated, from counting

ok H20 was calculated assuming FHOH=4

;  3) DDE-USS, at 190';

74-UG25; 1103-080 West Ramp;
Near Station 96, 1201-092 East Drift;
9) 74-UG-11, Near Station 94,

10) 61, Near Statiom 75, 1201-114 South Cross-Cut.

statistics, that the uncertainty in the microprobe
fluorine determination is ca. = 5% of the
amount present. However, the strong and vari-
able absorption of the X-rays emitted by fluo-
rine by the conductive carbon coating on the mi-
croprobe mount would tend to increase the
absolute uncertainty. Allen (1976) has estimated
that, for an accelerating potential of 10 kV, a
300A difference in film thickness between stand-
ard and sample mounts would generate a 7%
error in fluorine analysis. He therefore estimated
a minimum uncertainty of = 10% of the amount
of fluorine present in a silicate mineral. As a
check on the microprobe fluorine analyses, six
specimens of amphibole and mica (including two
duplicates) were submitted to Bondar-Clegg Co.
Ltd. for ion-specific-electrode analysis. Their
results were considered reproducible to within
+ 0.1 wt.%F. The fluorine contents found by
microprobe analysis were from 0.2 to 0.4 wt.%
higher than those obtained by electrode analysis.
This is probably due to impurities in the sepa-
rates submitted for electrode analysis, and en-
courages acceptance of the microprobe data for
fluorine. In the present discussion, omly the
microprobe F determinations will be considered.

Chlorine was found to be present in amounts
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below the limit of detection of the energy-dis-
persive microprobe method (i.e., below ca. 0.2
wt.%), in all amphiboles and micas.

Mineral compositions

In the calculations of the amphibole and mica
chemical formulae, presented in Tables 1 and 2,
all iron was assumed to be in the Fe®* state, and
initially no samples were subjected to ferrous-
iron determination. Whereas this is probably a
reasonable procedure for the amphiboles, it re-
quires justification in the case of the micas.

Low Fe** contents for these minerals would
be suggested by the relatively low oxygen fuga-
cities which may be assumed to have prevailed
during crystallization of the Fe-rich skarn as-
semblages. Although graphite is not present in
the pyrrhotite-rich E—Zone orebody, magnetite
is also absent. In the calculation of the composi-
tions of Fe— and Mn-rich garnets of the earlier
clinopyroxene—garnet skarn (Zaw 1976), the
R®* sites were first filled, and stoichiometric
considerations then indicated that, whereas al-
mandine is present in amounts up to 19.4 mole
% , andradite does not exceed 9.8 %. Thus, rela-
tively reducing conditions are implied.

A more precise estimate of the maximum
value of log f(O): may be made from the thermo-
chemical data presented by Holland (1965) for
the system Fe—S-O at 400°C, on the assumption
that the hexagonal pyrrhotite intergrown with
the biotite retained its original composition dur-
ing cooling of the orebody. The pyrrhotite is a
major constituent of the biotite skarn, and is not
associated with either magnetite or pyrite. Re-
action with the mica may indeeed have occurred,
but there is no textural or compositional evi-
dence for this. The pyrrhotite is relatively homo-
geneous, with a mean composition of 47.61 at.%
FeS. At 415°C, this composition would imply
a value of log f(8): of -8.5, (Toulmin & Barton
1964), vyielding a maximum value for log
f(O): of -27.4 for pyrrhotite stability., Thus,
oxygen fugacity during the formation of the
biotite skarn probably did not greatly exceed that
of the QFM buffer (log f(O:) ca. —29.37 at 688°K
and 1000 bars: Eugster 1957). The data of
Wones & Eugster (1965) suggest that the Fe** /-
(Fe?*4-Fe*t) ratio of the biotite is less than ca.
0.05. A range for this ratio of between 0.05 and
<0.02 would be inferred if the biotite crystal-
lized under oxygen fugacities between those of
the QFM and C—CH buffers (Wones & Eugster
1965).

Despite the above inference of a low ferric
iron content in the micas, selected wet chemical
determinations of total and ferrous iron contents
were undertaken, in view of the apparent corre-
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lation of biotite color with Fe®* and TiO. con-
tents (Deer et al. 1962a). Previous studies in-
dicated that high Fe®* contents produce green
colors in biotite, whereas high Ti causes a brown
coloration. The lack of correlation between tita-
nium content and E-Zone biotite color (Table
2) left open the possibility that the greenish spe-
cimens are richer in Fe?* than the others. Thus,
two coarse-grained mica concentrates, one green
and one brown, were carefully prepared and
analyzed by the colorimetric method of Wilson
(1960), employing an oxidimetric standard
recommended by Caraway & Oesper (1947). In
each case, very low contents of ferric iron were
detected; Fe®*/(Fe**+Fe®*) ratios of 0.035 and
0.038 were estimated for the green and brown
micas, respectively, Unfortunately, it is not pos-
sible to determine Fe®* in the specimens studied
by electron microprobe. However, on the basis
of these limited data, we tentatively conclude
that Fe®* is very low in the E-Zone micas and,
therefore, that the contents of “oxybiotite” are
comparably low.

Interestingly, in experimental studies of fluo-
rite-hydroxyl exchange in biotites, Munoz &
Ludington (1974) assumed an oxybiotite content
of 15 mole % when calculating the F:OH ratios
of their micas. They inferred that their biotites,
synthesized under conditions intermediate be-
tween the NNO and C-CH oxygen buffers,
probably contained between 10 and 25 mole %
oxybiotite. However, they detected no systema-
tic differences in distribution coefficients that
could be related to differences in f(O:). In the
present study, the OH contents and F:OH ratios
have been calculated directly from the deter-
mined fluorine contents, making no allowance
for either O or Cl in the structure.

Amphibole and mica structural formulae
(Tables 1 and 2) were calculated using either a
program written by P. L. Roeder or the CHEM-
FORM Fortran program by J. M. Allen (priv.
comm.). The formulae were first calculated on
an OH- and F-free basis, and OH was then
allotted such that OH--F equalled the stoichio-
metric amounts in the formulae. Weight % H.O
was then calculated from the amount of OH in
the formula. In allotting ions to sites in both
minerals, it was assumed that the tetrahedral
positions were filled with Si and Al, and the
excess of Al was then ascribed to the octahedral
positions (cf., Deer et al. 1962a). Na in the am-
phiboles was distributed so as to fill first the
M(4) position (Papike et al. 1969).

Calciferous amphiboles

The electron microprobe analyses presented in
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Table 1 show that the E-Zone amphiboles dis-
play a fairly wide range in Mg/ (Mg-+Fe**) ratio,
and are calciferous (Leake 1968) in that the CaO
in their half unit cells (0=24) exceeds 1.5.
There is substantial substitution of K and Na for
Ca, the total of these elements remaining close
to 2.0 in the structural formula.

In Figure 2, the nine analyzed amphiboles
have been plotted on the Ca-amphibole diagram
of Leake (1968); Mn and Fe®* have not been
considered. The Mg and Fe end-members tre-
molite and ferroactinolite proposed by Deer et
al. (1962b) have been retained, but the boun-
daries of the actinolite field are modified. It
will be seen that eight of the samples, including
both pale and dark varieties, plot within the
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Fic. 2. Compositional plot for E—Zone skarn Ca-
amphiboles (after Leake 1968).

actinolite field, only one falling at the tremolite—
actinolite boundary. Although there is a wide
variation in the tetrahedral aluminum content,
the compositions do not overlap onto the horn-
blende field. Al™ and Mg/(Mg+Fe**) display
a broad, inverse relationship. Octahedral alu-
minum attains 0.548 atoms in the formulae, and
shows a very crude positive correlation with Mg
content. However, the nine samples could also
be regarded as comprising two populations in
this context: one has high Mg and varies widely
in AIY* (from 0.082 to 0.548), and the other has
higher Fe and uniformly low AI"* (from 0.003-
0.162).

The E-Zone amphiboles display relatively high
MnO contents, ranging up to 1.23 wt.%, in
keeping with the overall enrichment of manga-
nese in the E-Zone skarns (Zaw 1976).
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Fluorine exhibits a relatively well-defined
correlation with Mg/ (Mg+Fe**) ratio (Fig. 3), a
feature that has been reported by several other
investigators (e.g., Ekstrom 1972; Allen 1976);
biotites also show this feature (see below).
Fluorine was not determined in sample #4, and
the structural formula was calculated assuming
it to be absent; however, the Mg/Fe ratio im-
plies a relatively high F content (see below).
Ramberg (1952) and Cameron & Gibbs (1973)
proposed that the relative enrichment of fluorine
in magnesian amphiboles reflects the formation
of stronger Mg—F than Fe**—F bonds. Cameron
(1971; in Rosenberg & Foit 1977) concluded
that, in synthetic fluor-richterite, Fe** avoids
bonds with F- by concentrating in the M2 sites,
where the coordinating anions are all O, rather
than in the M1 or M3 sites, where F~ occurs.
Rosenberg & Foit (1977) have recently provided
a qualitative crystal-field theory explanation for
Fe?*~F avoidance in hydrous silicates.

Troll & Gilbert (1972) carried out hydrother-
mal experiments on fluoride:hydroxyl exchange
between tremolite and an aqueous fluid, under
1-2 Kbar pressure and between 600° and
850°C. They found that, under the oxygen fu-
gacity of the QFM buffer, tremolite has the com-
position Fss.000Hs. at 700°C and at 1 Kbar.
However, they encountered considerable diffi-
culties owing to sluggish reaction rates, and
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their data cannot be extrapolated to the temper-
atures of formation of the E-Zone amphibole
skarn, nor to the Fe-rich compositions of E-Zone
actinolites. Relative F:OH exchange character-
istics of Ca-amphiboles and micas will be dis-
cussed below.

Micas

The composition of ten analyzed skarn micas
from the E-Zone orebody are plotted in Figures
4 and 5 (after Deer et al. 1962a) in terms of the
phlogopite, annite, eastonite and siderophyllite
end-members, omitting from consideration the
MnO, TiO;, CaO and Na.O contents. From
Table 2, it is evident that, despite the wide color
variations of these micas, the K.O contents are
uniformly high, and the minerals are clearly
unaltered. Whereas there is some tendency for
the brown micas to have lower Mg/ (Mg+Fe**)
ratios than the green, there is considerable com-
positional overlap between the two varieties. The
micas straddle the boundary between biotite and
phlogopite proposed by Deer et al. (1962a), but
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herein they will be referred to as biotites.

The biotites display a wide variation in AI"
(0.122-0.980), but a more restricted range in
Al"™ (1.876-2.220). Thus, whereas they lie close
to the phlogopite—annite join (Fig. 4), the varia-
tion in octahedral aluminum suggests that they
are best described as members of the phlogopite—
siderophyllite “series”; this possibly oversimpli-
fied assignment will be used in the following
discussion of fluorine:hydroxyl exchange. There
is no systematic relationship between AI"' and
Mg/ (Mg+Fe**) or Mg/(Mg+Fe**+Mn) (cf.,
Guidotti et al. 1975).

From Fig. 6, it is evident that F/ (OH+-F) and
Mg/ (Mg+Fe®*) exhibit a broadly sympathetic
relationship in these biotites, comparable to that
shown by the actinolites. Munoz & Ludington
(1974) have shown that more magnesian biotites
tend to have higher maximum F contents. Jacobs
& Parry (1976) and Allen (1976), among others,
have recently presented analytical data demon-
strating this trend. The data points in this dia-
gram fall well within the field outlined by Munoz
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& Ludington (1974) in their compilation of pre-
viously published data for biotites from differ-
ent geological environments; the Cantung hydro-
thermal micas are thus not significantly enriched
in fluorine for their magnesium contents.

FLUORIDE: HYDROXYL EXCHANGE BETWEEN

Munoz

BIoTITES AND FLUID

& Ludington (1974) measured fluo-

ride:hydroxyl distribution coefficients in syn-

0.7

0.4

T = 686K

P=1000 bars

FIc. 6. Relationship between Mg/(Mg+Fe) and F/(OH-+F) ratios, E-Zone
skarn biotites. Contours are for log f(H,0)/f(HF) for the fluid coexist-
ing with phlogopite—siderophyllite solid solutions at 688°K and 1000 bars.
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thetic phlogopite, annite and siderophyllite, using
the fluorine buffer technique, according to the
reaction: Y hydroxybiotite + HF = ¥ fluor-
biotite + H,O. Hydrothermal experiments were
carried out between 454 and 738°C (most above
550°C) at 1-2 Kbars. The F/OH ratios of equi-
librated biotites were calculated from indirect
spectrophotometric fluorine analysis, assuming
15 mole % “oxybiotite” in the mica structure.

It was demonstrated that, at a particular
f(H-0):f(HF) ratio in the gas (fluid) phase, the
F:OH ratio of the biotite is markedly affected
by temperature, by the cationic ratios of the
mineral (Mg/(Mg+Fe**)) and, to a lesser de-
gree, by the confining fluid pressure. Subse-
quently, Ludington & Munoz (1975) revised the
original exchange equations thus:

(1) for phlogopite, log K = % + 1.523
00093 (B —1)
+ — ;
@) for annite, log K = 3}1@— + 0416 +
00181 (P —1)
T s

@) for siderophyllite, log K = —2%'0— + 0.079

00107 (P — 1
+ =D
where T is in K, and P is in bars.

Ludington & Munoz found that, if octahe-
dral mixing properties are near-ideal, the free
energy of fluoride: hydroxyl exchange is a linear
function of cationic compositions between the
above end-members. Thus, if the Cantung E~
Zone biotites are regarded as intermediate in
composition between plogopite and siderophyl-

lite, log K = zig(? 1 0.079 + wﬂﬁ‘——l)
, 0.0014 (P — 1)
+ (Kb 1444 — T

(eq. 4), where X,,, represents the mole fraction
of (OH, F) phlogopite in the biotite. The effects
of additional cations on the exchange have been
neglected; Ludington & Munoz (1975) infer
that whereas Li (probably very minor in the
Cantung biotites) may have a large effect on
F-OH exchange, Mn and Na probably exert
only a minor influence.

The temperatures and confining pressures of
hydrothermal biotite crystallization are rela-
tively well-defined: mean values of 415°C
(688°K) and 1000 bars are here assumed. Thus,
from equation 4 above, log K = 3.146 4 1.442

(Xup)? (eq. 5).
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Now, assuming ideal mixing of F and
XFbi biotite
OH, log K = log Koms +
S (H:0)

log ( 1 (HF)
Xomy: are mole % fluor-biotite and hydroxy-
biotite, respectively. Therefore, the fugacity
ratio f(H,O) /f(HF) in the fluids responsible
for formation of the micaceous skarns at Can-
tung may be estimated from:

log [f(H.O) f(HF)™4 = 3,146 4 1.442

(Xug™)¥ — log (X /Xom)™ (eq. 7)

Values of Xu, (Mg/(Mg-+Fe**)) and fluoride:
hydroxyl ratios for the E-Zone biotites and the
calculated values for the term log f(H.O)/f(HF)
for the coexisting fluid phase are presented in
Table 3. The log fugacity ratios are seen to vary
from 4.16 to 4.77, a relatively narrow spread of
values. In Fig. 6, the mica compositions are
plotted in terms of Xwm; and F/(OH+F), with
contours for log f(H-0)/f(HF)™"¢ for phlogopite-
siderophyllite solid solutions at 415°C and 1000
bars (c¢f., Fig. 7 of Munoz & Ludington 1974).
From this plot, it could be concluded that all
biotite in the E-Zone skarn crystallized in equili-
brium with a fluid phase with a log fugacity ra-
tio of 4.5%=0.3. This would imply a relatively
consistent solution fugacity ratio. However,
in comparison with the comparable data pre-
sented by Munoz & Ludington (1974), it could
be inferred that the distribution of data points
across the iso-fugacity ratio contours indicates
that the fugacity ratio varied significantly during
ore formation, or that the ca. 100°C tempera-
ture range found in the fluid-inclusion-homogeni-
zation runs is real, and responsible for at least
some of the apparent fugacity-ratio variation.
This question cannot be resolved at present.

SELECTED COMPOSITIONAL DATA FOR E-ZONE BIOTITES AND
CALCULATED VALUES FOR LOG (g(nzo)/g(m*)) IN THE COEXISTING

fluid
) (eq. 6), where X,,; and

TABLE 3.

FLUID.

Semple No.  (Mg/Mgrre)PIOHLER (x sx yBIOHES pog s oy /g ()%
1 0.603 0.231 4.46
2 0.587 0.106 4,77
3 0.66) 0.405 4.31
4 0.706 0.227 4.64
5 0.582 0.128 4.68
3 0.645 0.540 4.16
7 0.697 0.280 4.54
8 0.649 0.37 4.33
9 0.744 0.372 4.50

5

0,644 0,298 4,42
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The limitations of the above estimates should
be emphasized. Munoz & Ludington (1974) pro-
posed an uncertainty of *=0.2 in their original
log K values for the biotite end-member com-
positions, between 500°C and 700°C. This was
derived . mainly from uncertainties in the free
energies of the fluorine buffer phases, but also
from possible inaccuracies in the estimation of
F:0H ratios in the micas and from the method
used for estimation of the AFSQ buffer—fluid
data from calculated QFM data. The Cantung
assemblages formed below 500°C, and therefore
would probably be subject to greater uncertain-
ties. However, Munoz & Ludington (1974) ob-
serve that relative changes in f(H.0)/f(HF) are
better estimated from F:OH exchange data than
are absolute values.

The fugacity of HF in the Cantung ore-form-
ing fluid may be estimated on the assumption
that the latter contained only HF and H.O. At
a pressure of 1000 bars and at 415°C, pure
water has a fugacity of 285 bars (Burnham et
al. 1969). Thus, the fugacity of HF was approx-
imately 0.009 bars. On this basis, it is concluded
that the ore solutions which generated the bio-
titic skarns possessed a very low HF fugacity,
and that this was almost certainly exceeded by
the fugacities of CO, and of Cl gas species.

Comparison of Figs. 3 and 6 reveals that, in
general, the E-Zone actinolites contain signifi-
cantly less fluorine than the later-deposited bio-
tites, although it is of interest to note that the
more Fe-rich amphiboles display F/(OH+F)
ratios similar to those of biotites with similar
Mg/Fe ratios.

The E-Zone assemblages unfortunately do not
provide close constraints on the relative F:OH
exchange characteristics of actinolite and biotite
because the amphiboles were deposited at ca.
20°C higher than the micas and, more critically,
because it cannot be assumed that the f(H.0)/
f(HF) ratio in the ore-forming fluid remained
constant throughout these two skarnification
stages.

COMPARISON OF MAGMATIC AND HYDROTHERMAL
BIOTITES

Numerous authors (e.g., Moore & Czamanske
1973, Beane 1974, Jacobs & Parry 1976) have
drawn attention to the fact that hydrothermal
biotites from porphyry copper deposits tend to
be more magnesian than magmatic biotites from
the host stocks. It woul be of interest to deter-
mine whether such a -elationship holds for the
contact metasomatic mineralization at Cantung.
Further, it should be possible, from the composi-
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TABLE 4., ELECTRON MICROPROBE ANALYSES AND STRUCTURAL FORMULAE OF
BIOTITES FROM THE CIRCULAR STOCK, CANTONG.
Weight % 1 2 3 4
sio, 40.82 39.48 40.25 38,32
1,04 21.07 20,37 20,22 19.15
Ti0, 3.13 3.59 2.93 3.06
Lreo 14.42 15.45 15,22 20,97
MgO 7.08 6.83 7.36 4.89
Mn0 0.38 0.22 0.38 0.07
ca0 0.00 0.00 0.00 0.00
Na,0 0.00 0.11 0.49 0.11
K,0 9.24 9.04 9.04 9.53
F 0.42 0.35 0.30 0.41
%g0 3.96 3.91 4.02 3.7
Total 100.35 99,20 100.21 100.13
numbers of ions on the basis of 24 (0, OH, F)

si 5,892 5,809 5.799 5.768
andv 2.108 2.191 2.201 2,232
avi 1.476 1.341 1.403 1.165
L2y 0.340 0.397 0.318 0,346
Fet? 1,741 1.901 1.834 2.639
Mg 1.524 1.497 1.580 1.097
Mo 0.046 0.028 0.046 0.009
ca 0.000 0.000 0.000 0.000
Na 0.000 0,031 0.137 0,032
K 1.702 1.697 1.663 1,830
F 0.191 0.163 0.137 0.195
o 3.809 3.837 3.863 3.805
100Mg: (Mg:Fe) 46.00 44,00 46.00 29,00

Sample numbers and localities:s 1) C8-7; 2) CS-8; 3) CT-2HC;
4) CT-AHC-8; all samples collected from the Circular Stock.

]"l‘otal iron reported as FeO.

2320 was calculated assuming F+OH = 4,

tion of the magmatic biotite, to estimate the HF
fugacity of the last fluid phase which migrated
through the upper part of a pluton, assuming
that equilibrium was attained betwen mica and
fluid at the post-magmatic stage.

Four fresh biotites from surface samples of
the Circular Stock, located 1.6 km north of the
E-Zone orebody, were analyzed (Table 4). Bio-
tites in the Mine Stock immediately underlying
the E-Zone are partly sericitized, and were not
studied.

It is evident that the magmatic biotites are
markedly enriched in Fe relative to those in the
skarns, in accordance with the observations of
previous investigators of the porphyry environ-
ment, although they are not depleted in Si, Al
and K. Indeed, the magmatic biotites are seen
to be extremely aluminous; whereas Al™ ranges
from 2.108 to 2.232, only slightly higher than
that in the skarn micas, Al'" attains levels of
1.341-1.476 ions. Few comparably aluminous
biotites are recorded by Deer et al. (1962a); these
are from metamorphic rather than plutonic
rocks. Guidotti er al. (1975) present numerous
analyses of highly aluminous biotites from meta-
moiphic and granitoid rocks, but in these, the
high Al:O; contents are balanced by low SiO.,
thereby limiting the Al contents to 1 in all
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cases. In contrast, the SiO. contents of the Cir-
cular Stock biotites are uniformly high. Further,
these micas plot close to the (Al 4 Ti**) and
(Fe*™ 4+ Mn**) limits of the compositional field
in the Y-position cationic plot presented by
Neilson & Haynes (1973) for biotites from
numerous calc-alkaline plutonic rocks. No im-
mediate explanation for these clearly unusual
biotite compositions can be offered. The bulk
composition of the Circular Stock quartz mon-
zonite (Zaw 1976) is not unusual, and there is
no microscopic evidence (e.g., occurrence of
aluminosilicate minerals) which would reveal the
incorporation of pelitic rocks in the magma.

The number of jons in octahedral sites is very
low in these biotites, not exceeding 5.26 per for-
mula unit. Thus, in the plot proposed by Deer
et al. (1962a) to relate the dioctahedral and tri-
octahedral (Fe-free) micas (their Fig. 14, Si vs.
total Y-position cations), the Cantung micas fall
very close to the limit of the field of trioctahe-
dral micas.

The magmatic biotites display a rather uni-
form fluorine content (0.30-0.42 wt. %), mar-
kedly lower than that in the skarn micas. Al-
though the biotites in the stock fall outside
of the phlogopite—castonite—siderophyllite—annite
compositional field, it will here be assumed that
they, like the skarn micas, may be assigned to
the phlogopite-siderophyllite series. It is fur-
ther assumed that they last equilibrated with a
hydrothermal fluid at a temperature of 550°C,
slightly higher than that found for the early
clinopyroxene—garnet skarn stage in the E-Zone.
On this basis, the X and Xs/Xox ratios of the
biotites suggest that they equilibrated with an
aqueous fluid with log f(H.0)/f(HF) of between
4.16 (spec. 4) and 4.46 (spec. 3). This range is
essentially identical to that calculated for the
biotitic-skarn stage of mineralization. If it can
be assumed that the Circular Stock biotites in-
teracted with the fluids responsible for the
formation of the small, non-economic bodies of
clinopyroxene—garnet exoskarn which occur ad-
jacent to the pluton, it may very tentatively be
inferred that, in the main Cantung orebodies,
f(HF) remained sensibly constant during the
successive formation of the clinopyroxene—gar-
net, actinolite and biotite skarns.

CoMPARISON WITH OTHER HYDROTHERMAL ORE
DEPoSITS

In a broader context. a tentative comparison
may be made between the f(HF) values inferred
for the Cantung E-Zone skarn with those indi-
cated by analyses of hydrous silicates from other
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skarn and porphyry deposits. There are, how-
ever, few comparable analytical studies of hydro-
thermal biotites and amphiboles, and few pub-
lished estimates of HF fugacities in such de-
posits. In particular, no data for other scheelite
skarns have been located in a review of the
literature.

In his detailed study of the Tsumo Cu-Zn—-Pb
skarn deposit, Japan, Shimazaki (1968) presents
complete analyses for one tremolite and two
phlogopites with high fluorine contents (2.61
and 3.43, 4.38 wt.%, respectively). Chondrodite
coexists with both minerals, consistent with a
relatively F-rich environment. If it is assumed
that the highly magnesian micas described by
Shimazaki conform to the phlogopite-sidero-
phyllite join and, more importantly, that they
crystallized under P-T conditions similar to
those in the E—Zone, their compositions would
indicate log f(H.0)/f(HF) values of 4.5%=0.1.
These are remarkably similar to the conditions
estimated for skarn mineralization in the Can-
tung E—Zone.

Haynes & Clark (1972) found that hydrother-
mal magnesian biotite from the large Boquerén
Chaifiar skarn magnetite deposit, Atacama, Chile,
very probably of contact metasomatic origin, is
strongly enriched in both F and Cl (2.32 and
1.12 wt.%, respectively). The fluorine content
is similar to that of the Cantung micas, whereas
the high chlorine content implies an unusually
high salinity for the ore-forming fluid.

Geijer (1961) has reported fluorine concentra-
tions for amphiboles from several Swedish con-
tact- and regional (“reaction”) skarn deposits.
His analysis of anthophyllite from the Kaveltorp
Pb—Zn—Cu contact skarn (1.15%F) suggests for-
mation conditions similar to those at Cantung,
as do the fluorine concentrations (0.23-2.34%)
for several contact metasomatic magnetite ores
(although the F contents are widely variable).

Published data for fluorine contents, and less
commonly, for F/(OH+F) and Mg/(Mg+Fe)
ratios of hydrothermal biotites from porphyry
copper deposits (e.g., Kesler er al. 1975; Jacobs
& Parry 1976; Haynes 1975) reveal generally
lower fluorine levels than in skarn micas, sug-
gesting that f(HF) is even less in the porphyry
than the contact-metasomatic-mineralization en-
vironment. However, some values given by
Kesler er al. (1975) for Bingham, Utah imply
HF fugacities similar to those at Cantung and
Tsumo.

Burt (1972) has suggested that the predomi-
nance of wolframite (actually, ferberite) rather
than scheelite as the tungsten mineral in quartz-
vein deposits associated with greisens, and its
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almost complete absence in the majority of
skarns, is not a direct reflection of the relative
activities of Fe and Ca in these two settings. On
the basis of a schematic diagram relating the
chemical potentials of CO: and F (expressed as
F:0.), in which decarbonation and defluorida-
tion mineral reactions in the system Ca-Fe-W-
O-C-F are portrayed, he concluded that the
scheelite—calcite and ferberite—fluorite assem-
blages are stable in two widely separated fields
characterized by high uCOs low uF»0., and low
#COx-high uF:0., respectively. Thus, the
fugacity ratio f(HF)/f(CO:) would determine
which tungstate mineral would be deposited.

In broad terms, the low HF fugacity estimated
in the present study for the Cantung skarns is
consistent with Burt’s hypothesis. However, it
remains to be shown that the f(HF)/f(CO.) at
Cantung and in other scheelite skarns was in-
.deed lower than that prevailing during the forma-
tion of the majority of wolframite—quartz veins,
many of which (e.g., Panasqueira, Portugal)
contain considerably more calcite (or other car-
bonates) than fluorite.

MECHANISM OF SCHEELITE TRANSPORT AND
DEPOSITION

The very low HF fugacity hercin calculated
for the hydrothermal solutions in the Cantung
E—Zone, an orebody representing a major crus-
tal concentration of fluorine, lends no direct
support to the efficacy of aqueous fluoride spe-
cies in the transport of scheelite. However,
Foster (1977) has experimentally demonstrated
that over the temperature range represented by
many scheelite deposits, this mineral is signifi-
cantly soluble in pure water. but its solubility is
greatly enhanced in 1M KCl solutions in which
P(H.0) is buffered by the assemblage quartz—K
feldspar—muscovite. Moreover, it was shown
that scheelite solubility in such dilute solutions at
P(H:0) = 1000 bars (a pressure comparable to
that at Cantung) decreases considerably on cool-
ing from 500°C (500 ppm) to 300°C (100 ppm).
Scheelite solubility is dependent upon P(HCI).
Foster concludes that molecular H-WO, is prob-
ably the dominant W species in such near-critical
conditions and at higher temperature, but that
complexes involving HCI and KCl ligands may
also contribute to solubility of tungsten.

Foster elegantly applies his experimental data
to explain the association of scheelite and native
gold in quartz-vein deposits in granite—green-
stone terrains, but states that these relationships
should not be extrapolated to the contact-skarn
setting. where abrupt changes in solution pH
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may be expected to promote scheelite precipita-
tion. However, at Cantung, emplacement of
the biotite exoskarn was accompanied by the
formation of scheelite-bearing quartz veins in
the underlying pluton. The temperature of schee-
lite deposition in these values (mean 405°C:
Zaw 1976) overlapped extensively with that of
the skarn. Thus, the two juxtaposed types of
mineralization are considered to represent dif-
fering segments of a single, spatially continuous
hydrothermal circulation system involving dilute
brines, as shown by fluid-inclusion-freezing data.

In the quartz veins, scheelite coexists with
microcline and muscovite; therefore, depositional
conditions were directly comparable to those in
Foster’s experimental runs. Thus, solutions mi-
grating upward through the roof zone of the
Mine Stock were in a P-T-X field in which
scheelite solubility is markedly affected by de-
creasing temperature. Under these conditions, it
is perhaps surprising that the quartz veins at
Cantung are not more intensely mineralized. It
is inferred that the solutions thereafter migrated
from the stock into the Ore Limestone marbles,
where an abrupt increase in pH caused a massive
precipitation of scheelite.
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