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ABSTRACT. At the King Island Scheelite deposit (King Island, Tasmania, Australia)
reactions between the chemically dissimilar calcic hornfels and marble have resulted
in a zonation at their contact which ideally results in the development of green horn-
blende in the hornfels followed by a zone of green diopside-hedenbergite pyroxene,
grossularvite garnet, Fe-vesuvianite, wollastonite, and finally marble. Superimposed on
and largely subsequent to this is the tungsten-bearing skarn in the still unaltered marble.
The process involved a complex interaction between hornfels, marble, and a saline
fluid to produce a nearly pure diopside-hedenbergite pyroxene rock of the hornfels
with anomalous Mo and W values and the skarn. Intermediate between the marble
and skarn either a (1) wollastonite~vesuvianite-scheelite rock or a (2) amphibole-rich
skarn occurs, while between the hornfels and the pyroxene rock there is a hornblende-
rich hornfels. Case (1) occurs where the volumetric hornfels/skarn ratio in the im-
mediate area is large, whereas in case (2) it is relatively small.

The tungsten-bearing skarn consists of hedenbergitic pyroxenes with Mg relatively
rich at the core which decreases to Mg-poor at the edge of the grains in both cases
(1) and (2). The quantity of Mg present in the pyroxene very much depends on the
volumetric hornfels/skarn ratio, the Mg being derived largely from the hornfels. Skarn
garnets are zoned grossularite to andradite in case (1), whereas the reverse is true in
case (2). This is due to Al being retained as grossularite garnet at the periphery of
the skarns and released near the end of crystallization in case (2) but not case (I). In
the case (2) skarns, fluid inclusion studies indicated homogenization temperatures, cor-
rected for salinity and pressure (600 bars) of 350° = 20°C at the core of garnet, 870°
=+ 20°C at two-thirds of the radius out, and 505° to 510° = 20°C at the edge. Salinities
at the core are low (==5 wt percent equivalent NaCl), whereas at the 370° + 20°C
temperature they rise dramatically to nearly 30 wt percent NaCl or more which per-
sists to the edge of the garnet. Tensional fractures, partly healed and filled with
two-phase fluid, occur everywhere up to approximately the 370° =+ 20°C temperature,
where they terminate near a garnet growth layer containing minute wollastonite fibers.
The phenomenon is interpreted to be due to faulting produced pressure-release causing
the fluid to reach a two-phase area. Pyrrhotite in the skarn is always rimmed by
pyrite suggesting, at their contact, a temperature of 310°C and a fs, of 1077, Scheelite

often has a central powellite-rich core (—30 mol percent) which falls abruptly (to <1
mol percent) at a distance of half the radius of the crystals. Using pertinent thermo-
dynamic data and the reactions involving (A) andradite-hedenbergite, (B) wollastonite—
quartz—calcite, (C) powellite-scheelite-molybdenite-tungstenite, and finally (D) pyrite-
pyrrhotite the following semi-quantitative values are suggested. The skarn began to
form at T = 350° = 20°C, f02 < 10—, fcoz < 10795, and fSZ < 107 from a relatively
dilute solution. At the interpreted faulting period T = 370° %+ 20°C, fo, = 107%, foo,
e= 107°% and f5, = 10—% with the solution becoming fairly saline. Near the termina-
tion of the episode T = 505° to 510° + 20°C, fo, = 107, foo, == 1077 and f;,
= 10—5% Pressure varied between 400 to 600 bars being initially high, low at the
period of faulting (hydrostatic), and high again at the termination of the skarn pro-
ducing episode. In skarns where the hornfels/marble ratio is low, the values of fsz,

fm,0, and foo, Tose with falling fo, and temperature to produce a mixture of epidote,

calcite, ferrohastingsite, quartz, and pyrite from the previously formed garnet skarn.
This occurred near the skarn-marble interface.

INTRODUCTION

This paper deals with the conditions of formation of the King Island
Scheelite deposit, Tasmania, as determined from mineralogical and fluid
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inclusion studies. An accompanying study deals with the spacial relation-
ships of different rock types present in the skarn as well as bulk chemical
mass balance calculations (Kwak, 1978).

Skarn deposits of this type (andradite-hedenbergite-quartz—calcite =
sulphides = Fe oxides =+ scheelite) have been studied by a number of
authors (Korobeynikov, 1968; Large, 1972; Brock, 1972; Morgan, 1975;
Bartholomé and Dimanche, 1967; Scharbert, 1966; Edwards, Barker, and
Callow, 1956). As pointed out by Mamontov (1968) and others, the
deposits generally involve two main phases of skarn formation, namely,
a scheelite producing phase and a concluding period where the previously
formed minerals are altered to an epidote—ferrohastingsite—calcite-quartz
=+ molybdenite * pyrite assemblage.

Accurate chemical data on coexisting skarn minerals are rare (Gustaf-
son, 1974; Huchenholz and Yoder, 1971). Older data in which analysis
was done on mineral concentrates are not of great use because of wide-
spread internal chemical zoning, especially in such minerals as garnet.
Analyses by Huchenholz and Yoder (1971), Brock (1972), and Morgan
(1975) indicate that the garnet in skarns of this type are andradite-
grossularite (mainly andradite) and pyroxenes, hedenbergite—johnsonite~
diopside (mainly hedenbergite). These garnets often show a grossularite-
rich core and a more andraditerich outer rim (Morgan, 1975, p. 125;
Brock, 1972, p. 3397), while the pyroxene zoning is largely unknown in
these skarns. No data is known to me on the composition of coexisting
scheelite, pyrrhotite, pyrite, and/or Fe oxides with garnet and pyroxene.
Scheelites in contact skarn deposits are variable in composition but gen-
erally contain less than 20 mol percent CaMoO, with most samples con-
taining less than 1 mol percent (Hsu and Gulli, 1973). Also, although
crystal to crystal chemical inhomogeneity within samples is known
(Morgan, 1975, p. 124), no coherent-model has been proposed to explain
the phenomenon.

Fluid inclusion data on skarns are also rare, and no studies are
known to me that closely integrate analytical mineral and fluid inclusion
studies. Filling temperatures of inclusions in primary skarn minerals
generally range from as low as 285°C (for hedenbergite, Kissling and
Pomir Leanu, 1970) to 600°C (Korobeynikov, 1968). The salinities are
not well known.

The purpose of this study is to integrate the textures, mineral com-
positions, and fluid inclusion data to produce a sequential model of
events for the King Island scheelite deposit.

ANALYTICAL METHODS

Chemical compositions were determined by means of a Joel JXA-bA
electron microprobe with computer control, located at the Department
of Geology, University of Melbourne, using a beam current of 0.1 ma
and an accelerating potential of 15 Kv. The following standards were
used: SiO,, wollastonite and quartz; Al,O,, corundum; TiO,, rutile; Fe
total and Ba, anandite; K,O, potassium tantalite; Mn, Mn metal; Ni, Ni
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metal, and Na, jadeite. The computer program for the reduction of
electromicroprobe data was written by Mason, Frost, and Read (1969)
with modifications by A. K. Ferguson. The analyses presented in most
cases represent the average of three data points. Fluid inclusion data were
determined using the heating and cooling stage facilities at the C.S.LR.O.
mineral chemistry laboratory, North Ryde, N.S.W. and the Chaixmeca
stage in operation in this department.

MINERALOGY AND PETROLOGY

The geology of the deposit is well known (Nye and Knight, 1953;
Edwards, Barker, and Callow, 1956) and will not be dealt with extensively
here. Briefly, the two samples used in this study were collected within
meters of each other and 123 m up dip from the granite contact. The
mine series in which the skarn occurs consists of an interbedded thin
hornfels and marble unit (banded footwall series) and other thicker
hornfelsic and marble units. This dips 30° to 60° southwest toward the
granite with little structural complication.

A. “Endoskarn” —Throughout the area of the open pit the thermal
metamorphism due to the intrusion of the granodiorite has caused re-
action between the chemically dissimilar hornfels and marble. In the
ideal case, this has resulted in the following zonation: (A) marble, (B)
hornfels, (C) amphibole hornfels, (D) pyroxene, (E) garnet, (F) vesu-
vianite, (G) wollastonite, (H) occasional scapolite and (I) marble (pl. 1).
The individual zones are usually centimeters thick. The contact between
(A) and (B) is gradational with the amphibole near-exponentially over a
2 cm distance until the amphibole constitutes essentially 100 percent of
the rock at the amphibole hornfels—pyroxene contact. The pyroxene zone
consists of a fine grained mosaic of green pyroxene with no amphibole.
Bedding traces have been retained in the pyroxene but do not occur in
the following garnet zone suggesting the rather abrupt pyroxene—garnet
zone contact was once the hornfels-marble contact. The garnet near the
pyroxene-garnet zone contact often forms stromatolite-like bodies convex
away from the contact suggesting the garnet growth was initiated from a
relatively few centers at the hornfels—-marble contact. Minor pyroxene
occurs in the garnet zone. The garnet—vesuvianite zone contact is again
abrupt with both garnet and pyroxene persisting in the vesuvianite zone.
Vesuvianite, pyroxene, garnet, and a small amount of calcite occur in
the well-defined wollastonite zone.

The zonation (pl. 1) is only present in some places. In other parts
of the sequence within meters of centimeters of the plate 1 locale and at
an equal distance from the pluton, part of the zonation may be missing.
If a very thin layer of what was once hornfels occurs in a volumetrically
larger amount of marble, the hornfels may be entirely consumed leaving
the zonation amphibole hornfels—pyroxene, garnet-vesuvianite—wollas-
tonite. The ultimate products on complete reaction are the vesuvianite
wollastonite and/or garnet zones. If a thin layer of what was originally
marble occurs in a thick sequence of hornfels, the zones of vesuvianite
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and wollastonite are often missing, and only the pyroxene and garnet
ones are retained with the total loss of marble. In this and the previous
case the reactions have proceeded until the reactants have been entirely
consumed. The thicknesses of the zones vary greatly, the vesuvianite and
wollastonite zones may be missing while hornfels still occurs. This case
is believed to be due to incomplete reaction in response to low per-
meability in the hornlels, marble, or both.

The compositions of the minerals in the zonation are shown in
appendix 1 and were measured from sample I (fig. 1). The fine grained
bedded hornfels consists of plagioclase, brown biotite, pale green amphi-
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hornfels and marble. Note the essentially exponential decrease of amphibole crystals
away from the pyroxene-amphibole hornfels contact. The section is approx 1 cm long.
The photo was taken using the thin section as a negative.
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bole, sphene, quartz, zircon, green chlorite, pyrite, pyrrhotite, and chal-
copyrite. The plagioclase (app 1, no. 28) is nearly pure albite (Ab =
98.4) with a small amount of K,O (0.025 mol fraction) and some BaO
(0.004). The biotite (app I, no. 29) is annite;,, phlogopite,, s with Na
greater than K (0.835 versus 0.649). The amphibole (app 1, no. 20) is
tremolite-actinoliteg; hornblende;;. Sphene (app 1, no. 19) contains sig-
nificant mole fractions of Fe (0.104) and Al (0.239) and may well con-
tain OH as in inferred from its low total. The chlorite, which clearly is
secondary in origin, was not analyzed but optically appcars to be penni-
nite. The amphibole in the amphibole hornfels (app I, no. 21 and 22)
is different from that in the hornfels proper as (A) the former consists
of large dark green stubby crystals while the latter consists of pale green
elongate crystals, (B) the amount of the amphibole in the amphibole
hornfels is much greater than that in the hornfels, and (C) the former
is approximately paragasite,, hornblende, in composition, whereas the

3cm

3cm

Fig. 1. Tracing from photos taken with ultraviolet light of the two specimens
studied. The white specks in the garnet skarn, amphibole skarn, and wollastonite rock
are scheelite.

G = garnet P = pyroxene GS = garnet skarn AS = amphibole skarn
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latter is approximately tremoliteg; hornblende,;. Na appears to decrease
toward the edge of the hornblende crystals (0.570 to 0.313 mol fraction).
Within the amphibole hornfels and at its contact with the pyroxene zone,
a continuous layer of pyrite exists.

The pyroxene zone is essentially a mozaic intergrowth of 100 per-
cent diopside;, ; hedenbergite,s ; pyroxene (app 1, no. 11). The garnet
zone consists of grossularite,; s andradite,, ; garnet (app 1, no. 5) while
vesuvianite (app 1, no. 27) is similar in composition to other contact
metamorphic vesuvianite analyses (Deer, Howie, and Zussman, 1966,
v. 1, p. 117, nos. 7 and 8) in having a significant Fe content (the Fe/Mg
mol ratio is 0.47). While vesuvianite shows internal color zoning, only
very minor variations in Ti, Fe, and Mg were analyzed. The pyroxene
in the garnet zone and these two minerals in the vesuvianite zone are
similar in composition to the respective analyses cited. The wollastonite
in the wollastonite zone (app 1, no. 24) is very pure having only 0.009
mols of Fe and 0.006 mols of Mg. Again the minerals of the previous
zone occur and are of a composition similar to the ones cited. The spacial
relationships of the two skarn samples studied are shown in figure 2 and
discussed in Kwak (1978); the analyses of constituent minerals are given
in the appendix to this paper.

B. Sample I.—Sample I marble consists essentially of calcite with
minor amounts of pyroxene, garnet, and an epidote mineral. The calcite
(app L, no. 17) is very pure (Cagg 50, Mg1 165 F'€5.001 M1y g01). No dolomite
was found using the electron microprobe, and the low MgO value of the
calcite suggests none exists. The garnet (app 1, no. 4) is grossularite, .
andradite,, , pyrope,, s which is quite different from the garnet zone-
garnets described. The epidote mineral was not analyzed but texturally
appears to have formed at the expense of garnet and optically is epidote
proper. Pyroxene is diopside;, ; hedenbergite,, , johannsenite, .

Sample T garnet skarn minerals are compositionally in sharp contrast
to the ones so far described. The mineralogy is green pyroxene, brown
garnet, scheelite, calcite, quartz, sphene, zircon, pyrite, pyrrhotite, pyrite,
and molybdenite. The pyroxene (fig. 2; app 1, nos. 7 and 8) is primarily
hedenbergite at the edge (hedenbergite,;, diopside,;, johannsenite; ;)
and diopside at the core (hedenbergite,, , diopsides; , johannsenite;,).
The change in composition is very abrupt corresponding to distinct dif-
ferences in the optical properties, such as birefringence. The heden-
bergite—diopside contact is highly irregular (fig. 2) suggesting the diop-
side core was corroded prior to the hedenbergite crystallization. The core
pyroxene is similar to that in the marble, and the former may well be a
pre-exoskarn relict. The internal chemical variation in the skarn garnet
is similar to the pyroxene in showing abrupt increases in Fe toward
the edge (fig. 2; app 1, nos. 1 and 2), although the corresponding de-
crease is by Al,O, and not MgO. The Fe is presumed to be mainly
Fe,O,, because if Fe is calculated in this way, the totals best approach
100 wt percent. Like many of the King Island garnet skarns, the indi-
vidual garnet crystals have a central unzoned core terminated by a layer
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of minute fibrous crystals (which in sample II has been analyzed to be
wollastonite) followed by a “growth-zoned” edge (pl. 2). At other locali-
ties than where sample I and II were collected, layers of wollastonite
crystals occur in the outer growth-zoned edge of the garnets, and these
occurrences are particularly common near known faults (Tan T. Hing,
personal commun., 1976). The central core composition is approximately
grossularite,, 5 andraditey, s, while that at the edge is grossularite;,,
andraditeg; ¢ (fig. 2 and app 1, nos. 1 and 2). The Mn increases toward
the edge of the garnet (0.124 to 0.155 mols) while Ti decreases (0.53 to
0.29 mols). These values are different from those of the garnets found
in the marble and show the core of the garnets in the garnet skarns are
not relict. Small inclusions of pyroxene, quartz, calcite. sphene, and
scheelite occur throughout the garnet crystals with the exception that
quartz inclusions are not found near the wollastonite fibers already
mentioned.

The scheelite (app 1, no. 18) contains only 4.7 mol percent powellite
with few other impxlrities. The calcite (app 1, no. 14) has the composition
Cagg s25 Mgo.00s Mng 54, Feg 7, which is in sharp contrast to the calcite in
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Fig. 2. Compositional variations across representative mineral grains from speci-
men I (8-1) and II (S$-2). The term “garnet zone” and “actino zone” refer to the
terms ‘“garnet skarn” and “amphibole skarn” respectively in the text. The ordinates
are in wt percent while the absissae are grain width in millimeters.



PLATE 2
Tluid inclusions in King Island skarn minerals

A. Large zoned garnet in specimen II garnet skarn, the chemical composition pro-
file of which occurs in figure 1. Note the clear inner zone and layered outer zone. The
garnet is anomalously birefringent and sector extinguishing (lower part of garnet)
which is typical for andradite—grossularite garnets (~—50X).

B. Multiphase primary fluid inclusion which has formed at the intersection of
two growth lavers. Garnet in specimen 11 garnet skarn. The daughter crystals are
halite (H) with possible anhydrite (F) and sylvite (S). The inclusion gave a filling
temperature of 450°C (125X).

C. The inclusion in (B) under polarized light showing the anisotropy of the
tabular crystals (anhydrite?). The arrow shows a secondary train of fluid inclusions
cutting the growth layers (125X).

D. The contact between the inner and outer zone of the garnet in (A) showing
the fibrous wollastonite layer (Fi) at the contact and the randomly oriented fluid in-
clusion trails in the inner zone (25X).

E. The position of the fluid inclusion of (B) relative to the edge of the garnet.
Note the fracture set (black line) which has been the loci for the formation of later
secondary fluid inclusions.

F. Fluid inclusions within scheelite inclusions at the corc of inner zone of a garnet
in the same section as garnet (A). The inclusion gave a homogenization temperature
of 330°C and an apparent salinity of about 5 wt percent cquivalent NaCl (500X).

G. Fluid inclusion in vesuvianite from the wollastonite rock, specimen I. Note the
halite (H) and mineral “C”. This mincral was tentatively identified optically as a
carbonate (500X).

H. Primary(?) fluid inclusion in specimen I pyroxenc in unreacted marble. This
possibly represents the country rock fluid, although the filling temperature would be
very low (500X).

I. Primary(?) multiphase fluid inclusion in quartz in granite from ncarest contact
to the specimens. It contains little gas suggesting the fluid was undersaturated with
respect to CO.. H = halite, O = an olive colored, unknown, tabular mineral. It gave
an apparent filling temperature of 160°C (500X).

J. A primary multiphase fluid inclusion in quartz from a quartz-scheelite-molyb-
denite (—feldspar) vein which cuts the previously formed garnet skarn approx 80 m
from where specimens I and 11 were collected. The inclusion consists of gas (G), halite
(H), and molybdenite (M). The latter is most likely an accidental crystal. Filling
temperature = 330°C (200X).
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the marble. The garnet skarn calcite has reequilibrated to the new
chemical conditions. The garnet skarn pyrite (app 1, no. 30) is very pure
having only 0.010 mols of Mn (versus 1.020 mols of Fe) as a minor con-
taminant. Small amounts of amphibole and epidote have formed at the
expense of pyroxene and garnet respectively. These have not been anal-
yzed using the electron microprobe, but optically they are similar to
those in the sample II amphibole skarn (to be described later).

Between the garnet skarn and the wollastonite rock is a thin zone
of coarse grained calcite (app 1, no. 15) which is intermediate in com-
position to the calcites in the marble and the garnet skarn (Cagg.094 Mgo.000
Mny 405 Fego0s). The wollastonite rock consists mainly of white wollas-
tonite and brown vesuvianite with minor amounts of brownish garnet,
pale green pyroxene, calcite, scheelite, pyrite, and rare molybdenite. The
wollastonite (app 1, no. 23) is very pure having only 0.005 mols of calcu-
lated Fe+2 (versus 0.009 in the wollastonite of the wollastonite zone
endoskarn mentioned) and significantly more Mn (0.010 in the wollas-
tonite rock versus 0.002 in the endoskarn). The vesuvianite (app 1, nos.
25 and 26) is very uniform in composition and similar to the endoskarn
vesuvianite (Fe/Mg = 0.49 for the former and 0.47 for the latter). The
garnet (app 1, no. 2) is similar to that in the marble, but the pyroxene
(app 1, no. 9) is diopside (hedenbergite,, ¢ diopsideg; ; johannsenite, ).
It is possible, however, that the modal abundance and Fe/Mg ratios of
the pyroxenes in both the wollastonite rock and the marble are very
dependent upon the composition of the particular interbed within the
original limestone and that these varied. The pyroxene and garnet in
the wollastonite rock are chemically much more similar to those in the
marble than those in the garnet skarn described. The scheelite, molyb-
denite, and pyrite were not analyzed. The calcite is identical to this in
the marble in FeO and MnO but lower in MgO (app 1, no. 16). The
MgO decrease could, perhaps, explain the high MgO values in the
pyroxene or the existence of the vesuvianite.

Spacially, the relation of the pyroxene rock to the hornfels is essen-
tially the same as that of the garnet to the marble. Similarly, where the
garnet skarn has an intermediate wollastonite rock between it and the
marble, the pyroxene rock has an amphibolite hornfels between it and
the hornfels proper. The pyroxene rock consists of greater than 98 per-
cent pyroxene with very minor minute included grains most of which are
quartz. The composition of the pyroxene is hedenbergite,, diopsides, g
johannsenite; , which is intermediate in composition between the edge
and the core pyroxene compositions in the garnet skarn pyroxene (app 1,
nos. 7 and 8) in Fe and Mg but enriched in Mn. The Mg composition
of the pyroxene is most likely related to the relative immobility of Mg
as has been shown in the accompanying study (Kwak, 1978). The Na,O
values are also relatively high (0.5 percent jadeite) which is similar to the
values in the garnet skarn. The pyroxene analysis near the pyroxene rock-
garnet skarn contact (app 1, no. 12) is very similar to that well within the
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pyroxene rock but quite different from that in the endoskarn pyroxene
zone described in sample I. The spacial relations imply that the reactions
producing the endoskarn zonation continued before, during, and after
the exoskarn forming episode. The continuity of the garnet zone, dividing
the garnet skarn zone from the pyroxene rock is clearly shown. Analysis
12 was taken where the corresponding pyroxene zone (endoskarn) should
have extended; however, the pyroxene composition here (hendenber-
gite,, , diopside;,; ; johannsenite, ) is different from that in the pyroxene
zone (hedenbergite,s , diopside;, , johannsenite, ;). This shows the pyrox-
ene zone-pyroxenes equilibrate in composition to the new exoskarn con-
ditions. This is not true in the case of the garnet zone (endoskarn) and
very different from that in the garnet skarn (app 1, nos. 1 and 2).

C. Exoskarn — sample II.—Sample 11 (fig. 1) is similar to sample I
except that (A) an intermediate amphibole skarn exists between the
marble and the garnet skarn instead of a wollastonite rock, and (B)
the hornfels has been almost entirely consumed.

The garnet skarn contains a proportionally greater amount of calcite
and pyroxene with a smaller amount of garnet to that in the sample I
garnet skarn (for modal abundances, see Kwak, 1978). The degree of
alteration of pyroxene and garnet by amphibole and epidote (+ calcite)
is also greater. The chemical composition of garnet (fig. 2; app 1, nos.
31, 82, and 33) vary from andradite,, , grossularite;, , spessartite; , at the
edge to andraditeg, o grossularite, , spessartite, ; at the core. The zoning
here is thus inverse to that in sample I. The inverse relationship of Mn
to the interpreted Fe+3 may be due to a different valence state of Mn
or simply that it varies directly with Fe+t? which increases toward the
edge. The latter case cannot be resolved with the instruments at hand.

The pyrope component of these garnets is negligible (=0.3 percent).
The internal physical features of sample Il garnets are similar to sample
I garnets in there being a clear core, a layer of fibrous wollastonite in the
garnet, and an outer complexly color-zoned area. The wollastonite fibers
(app 1, analysis 49) have the composition wollastonite,s , hedenbergite, 4
johannsenite, ;, which is well within the range of wollastonite composi-
tions. The fibers are very small in diameter, 20 to 30 mu (see pl. 2-D),
making it possible the electronmicroprobe beam was not entirely on the
wollastonite but partly on the garnet as well. This possibility can be
ruled out, because the Al values in the wollastonite are very low (0.012),
while those in the accompanying garnet are relatively high (0.800 mols).
Small inclusions of quartz, scheelite, and pyroxene occur throughout the
garnet crystals in sample Il with the exception that quartz does not
occur where the wollastonite does, as in sample 1.

The coexisting pyroxene is similar to that in sample I showing a
gradual zonation from hedenbergites, o diopside,, , johannsenite; , at the
core to hedenbergite,, , diopside, ; johannsenite,, at the edge (app 1,
nos. 35 and 36; also fig. 2). The lower MgO is probably related to the
fact that volumetrically there is less hornfels present in sample II than
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in sample I. The accompanying study has shown that nearly all the Mg
is hornfels-derived. Occasionally growth zones are observed within crys-
tals, but nothing as abrupt as in the sample I pyroxenes was observed.
The scheelite in the garnet skarn is most commonly chemically zoned
(pl. 3) with a powellite rich core {for example, 29.8 mol percent) drop-
ping off abruptly to nearly pure scheelite at the edge (0.3 mol percent
powellite). Other impurities are very minor in amount (app 1, nos. 43
and 44). Calcite in the garnet skarn is similar to the sample garnet
skarn (app 1, no. 42). In addition, sample II garnet skarn contains
sphene, zircon, quartz, pyrite, pyrrhotite with amphibole, and epidote

PLATE 3
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Textures used to justify the use of various reactions in the garnet skarn.
A. A scheelite crystal showing a molybdenum-rich core and molybdenum-poor
edge. The photo is taken with total backscatter (electron microprobe) with a Mo
radiation photo superimposed. Numbers 42 and 43 refer to analyses in appendix I.
The grain is approx 100 microns wide.
B. A pyrite rim around pyrrhotite in reflected light suggesting the increase of fg,
near the end of the skarn forming episode. The pyrrhotite is approx 500 microns wide.
C. A garnet pseudomorph retaining a garnet rim but internally having been
replaced by calcite + epidote. The pseudomorph is approx 300 microns in its longest
dimension.
D. Hedenbergite partly replaced and rimmed by ferrohastingsite and epidote. The
grain is approx 300 microns in its longest dimension.
Cc = calcite  Sch = scheelite Ep = cpidote G = garnet = pyroxene
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forming at the expense of pyroxene and garnet respectively. The molyb-
denite is generally in and near the powellite-poor scheelite, never in the
powellite-rich scheelite. The pyrite occurs as single grains and as a rim
around pyrrhotite.

The amphibole skarn is an altered garnet skarn, where the garnet is
almost entirely reacted to epidote + calcite = pyrite (pl. 3) and the
pyroxene to amphibole = quartz as has been shown in the bulk chemical
analysis study (Kwak, 1978). The textures are identical to those shown
by Morgan (1975, p. 128). The garnet relicts are variable in composition,
and, because it is a later alteration rather than related to the main skarn
forming episode, one would expect the relicts to be grossular-rich, andra-
dite-poor. In some cases, this has not been found to be true, where
analyses were essentially of andradite (app 1, no. 84) with very little
grossularite. The reason for this is unknown except that these could
represent an adraditerich zone developed during the growth of the
garnet which somehow has persisted. The garnet commonly forms an
atoll texture with the center being mainly calcite = epidote. The
pyroxene generally has been less altered than the garnet.

The pyroxene composition and internal chemical zoning (app 1, nos.
37 and 38; fig. 1) is very similar to that in the garnet skarn. The mineral
alters to amphibole = quartz & Fe sulphides. The yellow-green epidote
in the amphibole skarn forms both as irregular masses pseudomorphic
after garnet or as large zoned crystals. The large crystals have light and
darker green growth zones which show significant differences in bire-
fringence; however, no systematic change in bulk chemistry was observed
(app 1, nos. 45 and 46; fig. 1) related to these differences. ‘170, increases
from 0.006 to 0.013 mols toward the center of the grains, while other
elements are highly variable. The epidote group mineral has the com-
position of epidote proper.

The amphibole forms long fibrous crystals with diamond-shaped
cross sections. It is found as an alteration product of pyroxene (pl. 3-D)
but not garnet. In composition (app 1, no. 47) it is close to the composi-
tion of hornblende (using Deer, Howie and Zussman, 1966, p. 1681), and
it is distinct from the tremolite and hornblende present in the amphi-
bole hornfels. Pyrite forms a rim about pyrrhotite as it does in the
garnet skarn (pl. 3). The compositions of the two minerals (app 1, nos.
50 and bl1) are relatively pure, Mn and Cu being only minor impurities.
The formula for the pyrrhotite is approximately Fe, oS at the pyrite-
pyrrhotite interface. Calcite (app 1, no. 40) having the general composi-
tion Cay; o Fe, 3 Mn, ; Mg, , is higher in Mn to that in the garnet skarn
(Mn = 0.8) but lower in Fe (Fe = 1.1). In contrast, the epidote appears
to contain less Mn than the garnet it replaces (0.18 versus 0.23 wt per-
cent) and the amphibole much less Mn than the pyroxene it replaces
(0.86 versus 1.53 wt percent). The excess Mn so released could account
for the slight increase of Mn in the calcite and would suggest the calcite
has reequilibrated to the new conditions that produced the amphibole.
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The calcite in the coarse grained calcite layer intermediate between
the marble and the amphibole skarn (app 1, no. 41) has the composition
Cage 4s Fey .9 Mng.o Mgo . This composition is intermediate between
that in the marble (Cagy oo Fey 1) and in the amphibole skarn. In addi-
tion, the marble contains grossular garnet and diopsidic pyroxene very
similar in composition and form to that found in sample I marble.

FLUID INCLUSTON DATA

The fluid inclusion data were determined using the equipment at
the C.S.I.R.O. laboratories at North Ryde (New South Wales) and with
Chaixmeca gear at La Trobe University. The assumptions and extra-
polations using fluid inclusion data are many, particularly when dealing
with very saline fluids as discussed by Roedder (1967). In the present
study, temperatures were corrected for salinity extrapolating from the
results of Sourirajan and Kennedy (1962). The precision of the tempera-
ture data is probably in the range of *+20°C, although the possible error
may well be less.

A homogenization pressure of 0.6 kb was assumed, partly on strati-
graphic evidence and partly on the basis of chemical evidence to be dis-
cussed below. All the skarn minerals contain fluid inclusions of various
types; however, because of the excellent optical and chemical zoning
present in the garnets and also, the mineral’s known refractory nature, it
has received the most attention. The main problem with using garnet
fluid inclusions is the mineral’s high refractive index and the subsequent
contact effects at edge of the fluid inclusion. These sections had to be
ground thin and polished on bhoth sides. As mineral inclusions of scheelite,
quartz, and pyroxene occur throughout, the garnet is coexisted with these
minerals during the entire history of the skarn formation, thus making it
ideal for monitoring conditions during the process. All garnets in the
garnet skarn have a clear central “inner zone” (pl. 2-A) and distinctive
color zoned outer zone. Usable fluid inclusions are uncommon enough in
a single garnet crystal, so that the inclusions in different garnets were
analyzed relating each to the common internal features. The inner zone
invariably contains trains of two-phase fluid inclusions which are ran-
domly oriented and undoubtedly represent fluid-filled, partly healed,
fractures. The lack of any distinct orientation of the trains suggests the
fracturing occurred due to circumferential tension. A mechanically iso-
tropic material such as garnet can be expected to fail in this way due
to a sudden increase in temperature or decrease in pressure. These
fractures extend to the inner zone-outer zone boundary, where they stop
near a concentric layer of garnet containing numerous minute fibrous
wollastonite crystals (pl. 2-D).

Evidence for the primary (that is, co-crystallization fluid) nature of
fluid inclusions in the inner zone is difficult to find, because of the lack
of color (growth) zoning, but this is much easier to show in the outer
zone. Plate 2-F shows multiphase inclusions aligned parallel to the inter-
section of two such series of color zones related to the garnet morphology.
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Cutting across the color zoning are trains of two phase inclusions which
were undoubtedly formed in fractures caused by shear failure which
occurred after the garnet had ceased growing. These now partly healed
fractures do extend beyond the edge of the garnet and partly across
coexisting pyroxene in some places.

Primary inclusions in the core of the garnets are rare, but fluid
inclusions in scheelite mineral inclusions are more common. Plate 2-F
shows such inclusions in sample II garnet skarn. An average homogeni-
zation temperature of 330°C was found with an apparent salinity of
approx 5 wt percent equivalent NaCl. The salinity measurement is tenta-
tive because of the small size of the fluid inclusions, but the low value
is consistent with the observation that no “primary-appearing” fluid in-
clusions in the garnet inner zones contained NaCl crystals. Fluid in-
clusions in the outer zone of the garnet but near the inner-outer zone
contact yielded average homogenization temperature of 338°C with high
salinities (=30 wt percent equivalent NaCl).

The multiphase fluid inclusions pictured in plate 2-A, -B, and -C
yielded average homogenization temperatures of 450°C, while ones
slightly farther from the garnet edge slightly lower 443°C. Both consisted
of a liquid phase, gas, halite, possibly anhydrite, and possibly sylvite. The
anhydrite identification is on the basis of the apparently strong bire-
fringence, moderate to strong relief, tabular crystal form, and the exist-
ence of two cleavages approximately at right angles. This does not exclude
other materials such as FeCl,»2H,O or Fe,(SO,),*6H,O (leusenite), al-
though it is questionable if the solution could be concentrated enough
to precipitate these. The primary inclusions occurring near the garnet
edge contain approx 30 to 35 wt percent NaCl. Primary fluid inclusions
in pyroxene, quartz, and scheelite coexisting with the garnet were rare.
Correcting for salinity, the probable temperatures during garnet crystal-
lization were 350° =+ 20°C at the cores, §70° = 20°C where the wollas-
tonite fibers occur, and 510° = 20°C near the edge while 505° = 20°C
closest to the edge.

Fluid inclusions in garnets in sample I garnet skarn had homogeni-
zation temperature of near 328°C at their cores often with the high bire-
fringent mineral (anhydrite?) but no observed NaCl. No measurable
fluid inclusions were found in the rims which is, in part, due to the
much finer grain size of the garnet in that specimen. In both the skarns,
secondary fluid inclusions homogenized in the range 150° to 180°C.

That the wollastonite rock in sample I formed associated with the
primary fluid found in the garnet skarn is supported not only by the
occurrence of scheelite in the latter rock type but also by the high salini-
ties of the inclusions in wollastonite and vesuvianite (pl. 2-G). Liquid,
gas, halite, and a high birefringent mineral tentatively identified as a
carbonate but possibly anhydrite occur. The high salinities suggest the
fluids are primary in origin. These fluid inclusions are distinetly different
from those found within the accompanying marble in sample I in that
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the latter rock type contains scarce diopsidic pyroxene containing ran-
domly scattered, cubic fluid inclusions (pl. 2-H). The primary nature of
the latter fluid inclusions is inconclusive but may well represent the
original country-rock fluid.

Two phase gas-liquid fluid inclusions in calcite and actinolite in the
sample II amphibole skarn gave homogenization temperatures near 184°
and 210° respectively, although it could not be proved conclusively that
these are primary. The temperatures are near those occurring as definite
secondary origin in the garnets in the garnet skarn.

The skarns locally contain quartz—scheelite-molybdenite—feldspar
veins which have formed normal to the layering in the skarns. These
usually contain numerous multi-phase fluid inclusions in both the schee-
lite and quartz. Plate 2-J shows an inclusion containing liquid, gas halite,
and a hexagonal platey, metallic mineral that is almost certainly molyb-
denite. Assuming the molybdenite is fairly thick, no data exist that would
suggest this molybdenite can be concentrated to a high enough amount
in such a saline fluid to precipitate the large crystal observed, and it must
be concluded the molybdenite is not a daughter crystal but rather repre-
sents a crystal accidently included. These molybdenite erystals are, how-
ever, relatively common in the quartz fluid inclusions. The average
homogenization temperature was 330°C, whereas freezing point was at
+4.2°C suggesting a phase such as CO,*534 H,O was present (see Roed-
der, 1963). No positively identified immiscible CO, fluid was observed in
any of the fluid inclusions at any temperature in this study.

THE CONDITIONS OF FORMATION OF THE SKARN

The conditions under which the skarn formed can be calculated, if
(A) reactions can be written based on either textural data (pl. 3) or if
both the mineral products and the reactants of a writable reaction are
present in the skarn and (B) pertinent thermochemical data are available.
Much data of the calcium silicates found in skarns at 25°C and 1 kb are
available, but to determine the conditions at the elevated temperatures
and pressures indicated by the fluid inclusion data, extrapolations must
be made. As a consequence, it must be understood that the following
results are only semiquantitative.

To do the calculations, it is necessary to suggest first a model
for the skarn producing process on the basis of the mineralogical,
chemical, and fluid inclusion data presented. The justification for
some of the statements will be discussed in the last section. The
process began at 360° = 30° at a pressure of 400 to 600 bars produc-
ing andradite garnet, hedenbergite pyroxene, powellite-rich scheelite,
pyrrhotite, quartz, calcite, and sphene. These conditions persisted until
the garnets attained roughly two-thirds their final diameters after which
a sudden release of CO, pressure occurred. This was perhaps due to over-
pressure caused by increasing Pgq, evolved from the calc-silicate produc-
ing reactions and the subsequent pressure release of a CO, rich fluid
phase due to faulting. The result was the tensional failure by fracturing
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of the garnet with the deposition of a thin concentric layer of garnet
containing fibrous wollastonite. No quartz inclusions occur in the garnet
at this level, the decreased CO, pressure now favoring the stability of
wollastonite over quartz -+ calcite. The garnet composition changes
gradually from this point with many perturbations to a more grossular
composition at the edge of sample II. Here sample II garnet data are
used mainly because from a volumetric point of view, this sample best
represents the major part of the deposit. The pyrrhotite composition at
the pyrrhotite-pyrite contact of the sulphide bodies described suggests
a temperature near 310°C and an sz of near 10—°1 bars, which is near
the 360° = 30°C described above. The abrupt change from powellite-
rich scheelite to powellite-poor scheelite + molybdenite probably refers
to this event. Pyroxene is less changeable but generally tends toward a
more hedenbergite rich, johannsenite-poor, and diopside-poor composi-
tion.

The variability of composition mentioned could be due to periodic
pressure release and/or a greater mixing of {luids from the newly formed
fracture zones. Increased fs, produces (A) pyrite in preference to pyrrho-
tite, (B) molybdenite + near pure scheelite to powellite-rich scheelite,
and (C) indirectly, grossular to andradite.

As a greater and greater proportion of the marble becomes skarn
the permeability decreases and the circulation of fluids become more and
more restricted. Crystal growth decreases, although temperatures rise to
near 510° + 20°C. A slight drop of temperature occurs at the edge of
the garnet to about 505° + 20°C just before crystallization of the pri-
mary scheelite skarn is terminated.

Continuously, reaction between the hornfels and the marble during
the entire period persists, however, when permeabilities for the skarn
producing fluid drop due to the completion of crystallization of the
scheelite skarn assemblage, Poogs Pryos Psys ags and ay,- increase locally
in the still relatively permeable and fine grained marble. These are a
product of the hornfels—marble reactions and react with the skarn to alter
it to a mixture of amphibole, epidote, quartz, calcite, and pyrite. Condi-
tions may have been as low as 150°C, and the fluid was again relatively
dilute.

The combination of the mineral analyses with the fluid inclusion
data and relevant thermochemical and experimental data allow the cal-
culation of large numbers of possible reactions. Unfortunately, thermo-
chemical data on the behavior of species such as Al+++, Fet+ Tet++,
and Mg++ at elevated pressure and temperature are unknown, so that
only a model for the evolution of the skarn in fg,, fo,, foo, T, and total
P space has been attempted.

The following relations were used

Ca,Fe,8i,0,, + CO, + SiO, = 2CaFeSi,O; + CaCO, + 1/20,
andradite quartz hedenbergite  calcite (1)
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CawoO, + S, + CO, = WS, + CaCO, + 8/20,

scheelite tungstenite calcite (2)
CaMoO, + S, + GO, = MosS, + CaCoO, + 3/20,
powellite molybdenite calcite (3)

CaCO;, + Si0, = CaSiO, + CO,
calcite quartz wollastonite 4)
FeS + 1/2 S, = FeS,
pyrrhotite pyrite (5)

The data to allow the calculations of eq (1) were derived from Schearer
(ms), Gustafson (1974), Robie and Waldbaum (1967), and Kennedy
(1954). Schearer’s andradite enthalpy data (of formation from the oxides)
at 965°K was extrapolated to 573, 673, 773, and 873°K by use of the ACp
data of Kelly (1960). The calculation assumed that ACp is constant over
the temperature interval considered. AS data, necessary for the free
energy calculation, were approximated by subtracting the AS of AlLO,
from the AS of grossularite (in Robie and Waldbaum, 1967) and adding
the AS of Fe,O,. Entropy values for andradite at 1000°C are given by
Schearer as 201.6 cal/deg from his data, 214.43 from the sum of the
entropies (25°,4q.) of the constituent oxides, and 205.95 by Fyfe’s ap-
proximation. Similarly the values for grossularite are 182.0, 197.07, and
183.40. The entropies of Al,O; and Fe,O; at 1000°C (as in Robie and
Waldbaum) are 60.44 and 43.08 respectively. Taking Schearer’s, the
25°xiaes» and Fyfe’s approximation values the differences of entropy be-
tween grossularite and andradite are 19.60, 17.36, and 22.55 cal/deg
respectively. These compare very well with the entropy difference be-
tween entropies of Al,O; and Fe,O, of 17.36 and make the approxima-
tion quite reasonable. The ACp variations of Al,O, and Fe,O; over the
interval 573 to 873 (Kelley, 1960) are essentially linear.

Free energy data for hedenbergite were calculated using Gustafson’s
experimental results for the reaction

8CaFe,$i,0,. + 9Si0, + Fe,0, = 9CaFcS$i,0, + 20,

The previously derived AG,,quqaire plus thermochemical data for the
other species from Robie and Waldbaum were used to give free energy
values of —602.48, —586.23, —569.18, and —552.22 kcal for the tempera-
tures above. These again compare favorably when considering known
AG values for the comparable pyroxene, diopside. AG values for CO,
were determined using Kennedy’s (1954) P-V-T data, calculating the
compressibility factor o and graphically intergrating the values in a-P
space for different values of temperature to determine fugacities and
finally AG values at total pressures of 300, 600, 900, and 1200 bars.
These pressure intervals and values were used because the fluid inclusion
data imply varying pressure values during crystallization within this
interval.
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The values for reaction (1) at different total pressures and tempera-
tures in log fo,-log fco, and log fo,-log fs, space are shown in figure 3.
The curves would move to lower log fo, values by perhaps half a log
unit, if the free energy data for CO, is too low by the value Burnham
and Wall’s (personal commun.) data suggest. The effect of having solid
solutions of andradite and hedenbergite with grossularite and diopside
respectively would also move the curves to lower log f,, values by a
fraction of a log unit assuming the solid solutions behave ideally. Con-
sidering the assumptions used, the figure must, however, clearly be
viewed semi-quantitatively.

For reactions (2) and (3), the free energy values for CaWO,,
CaMoO,, WS, and MoS, were determined by extrapolating Robie and
Waldbaum’s data to higher temperatures assuming ACp = constant and
VAP = 0 for the solid phases. The previously determined AGcp, values
were used. The plot of this reaction on the log feo,-log f, (fig. 3) was
done using, for reference, the fugacity sulphur values on the pyrite-
pyrrhotite curve of T'oulmin and Barton (1964) at the appropriate values
of temperature. It must be borne in mind that this is, strictly speaking,
not valid, as conditions near the end of the primary crystallization of the
skarn were in the pyrite field. Ideal mixing of CaWO, and CaMoO,
is assumed in the diagrams.

The AG values for the solid phases in reaction (4) were mainly
derived from Robie and Waldbaum (1967), while the CO, values were
those previously discussed. The values at the pressures calculated were
very close to related ones determined by Greenwood (1967) at 1 and 2 kb.
The NaCl content of the fluid, however, greatly decreases the possible CO,
content of an aqueous solution (Takenouchi and Kennedy, 1965). The
effect of this would be to increase the stability of wollastonite and move
the points in figure 3 up perhaps by as much as a log unit for the
salinities mentioned in this study.

The data for reaction (5) were taken from Toulmin and Barton
(1964). It must be borne in mind that the total pressure for the experi-
ments from which the data were determined is low, although the authors
believe the pressure effect is small. If mineralogical and chemical changes
mentioned were to occur, namely the powellite-rich to the powellite-
poor scheelites, andradite-rich to grossular garnet and pyrrhotite to py-
rite zonation change during crystallization of the deposit, curves for
eq (1), (2), (8), (4), and (5) should cross at the same point. These should
relate to an approximate temperature of 370° = 20°C and a pressure of
400 to 600 bars. The pyrrhotite composition gives a temperature near
310°C with an accompanying fg, of 10=° It is equally most reasonable
to propose that the powellite-rich scheelite assemblage gave way to a
powellite-poor scheelite + molybdenite assemblage, when the fg, was
suthciently high to form pyrite in preference to pyrrhotite. However, it
would be extremely fortuitous, if these curves were to cross at the same
point considering the assumptions made in the calculations. Points A,
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B, and C in figure 3 show the two values where curves related to eqs
() + @), 2 +3) + 4, and 1 + (2 + 3) cross. The most reliable curves
in the author’s estimation are those not involving the sulphur species
and the scheelite because of the greater assumptions in both the calcula-
tions and the original experimental work, thus, the intersection points
of curves 1 and 4 are taken with the clear implication that conditions
were near the wollastonite-quartz + calcite boundary.

The measured solid solution of garnet and hedenbergite would
move curves 1 back up to half a log unit. Assuming larger values for
feo, as suggested by Burnham and Wall's data would also shift the
curves 1 to lower fg, values and curves 4 to higher f¢o, values. The shift
of curves 1 would be to bring point C up closer to A and B. The fact
that the three points do occur in close proximity to each other supports
the view that the zonations observed occurred more-or-less at the same
time.

In the amphibole skarn of sample 1I garnet and hedenbergite break-
down in two or all of the following ways

VoNa+ + 16K+ + 5Ca(FeMg)Si,0, + 4CO, + H,0 =

hedenbergite
(NaK)Ca(MgFe);Si;0,,(OH), + 25i0, + 4CaCO,
amphibole quartz  calcite (6)
or
IsNat + 1K+ + 6Ca(FeMg)Si,O; + S, + 5CO, + H.O =
hedenbergite
(NaK)Ca(MgFe),5i;0,,(OH), + FeS, + 5CaCO, + 4510,
amphibole calcite  quartz (7
and
3Ca(AlFe),5i,0,, + CO, + H,O + O, = 2Ca(AlFe),Si,0,,(OH)
garnet epidote
+ 6810, 4+ CaCO,
quartz  calcite (8)
or

4Ca(AlFe),S1,0,, + CO, + S, + H,0 = 2Ca(AlFe),Si;0,,(OH)
garnet epidote
)
+ FeS, + 2CaCO; + 10Si0, + 140,
pyrite  calcite quartz

Stability relations were not determined for these reactions because of the
lack of reliable thermochemical or experimental data for the amphibole
(ferro-hastingsite—ferro-tschermakite) and epidote under the conditions
present.
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DISCUSSION

The general model proposed for the sequence of events by which the
King Island scheelite deposit was formed is as follows

I. Deposition in late Precambrian-early Cambrian times of basal
sandstone and siltstone followed by basic volcanics and interbedded lime-
stone and calcic shale with a final basic volcanism.

2. Tilting of the sequence in the area of the deposit to the south-
west at dips of 40° to 60°.

3. Intrusion of a Devonian hornblende-bearing granodiorite with
accompanying aplitic and pegmatitic phases at a fairly high level in the
crust (1-2 km depth).

4. At already relatively low temperatures (150°C?) recrystallization
of the stratigraphic sequence occurred yielding marble with varying
amounts of diopside pyroxene and grossularite garnet from limestone
and hornfels from the calcic shale. The hornfels consists of albite, quartz,
tremolite, biotite, epidote, chlorite, pyrite, chalcopyrite, sphene, and
zircon. In addition, these two chemically dissimilar rock types reacted at
their mutual borders. Going from the hornfels to the marble the prod-
ucts are (A) growth of hornblende in the hornfels, (B) an abrupt contact
after which a diopsidic pyroxene zone occurs, (C) a successive grossular-
ite garnet zone, (D) a vesuvianite zone, (E) wollastonite zone, and (F)
locally scapolite zone. The zonation developed to varying degrees of com-
pletion depending upon permeability and bulk rock composition to pro-
duce in extreme cases grossularite -+ diopside, if a thin marble bed in a
volumetrically greater amount of hornfels is entirely consumed, or vesu-
vianite + wollastonite and/or grossularite garnet, if a thin hornfelsic bed
is entirely consumed. The process is viewed as having been initiated be-
fore, during, and after the skarn producing episode, until temperatures
returned to the 150° to 200°C level after the solidification of the grano-
diorite. This temperature is reasonable when one considers that calcula-
tions of Helgeson (1969) show both grossular and diopside are possible
phases at 25°C. The kinetics at these conditions may create a difficulty
for the phases to crystallize, but this is not seen as a problem at 150° to
200°C.

5. At 350° = 20°C the skarn producing process begins with the
crystallization of an assemblage consisting of andradite garnet, heden-
bergite pyroxene, powellite-rich scheelite, pyrrhotite, sphene, quartz, and
calcite. The accompanying fluid is relatively dilute, salinities are near
5 wt percent equivalent NaCl, fg, = 10—, f, = 10=%2, and {¢,, = 1095,

6. Because of the calc-silicate producing reactions during the skarn
production, large amounts of CO, are liberated keeping fgo, values
within the quartz + calcite and not the wollastonite field. The loss of
CO, by way of the interconnected passages from which the fluid came is
important (Shoji, 1975). It is suggested in the present model that permea-
bility in the skarn decreased in a similar fashion to the decrease of per-
meability with time due to crystallization in drilled hydrothermal sys-
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tems (A. S. Ellis, personal commun., 1973). The C, over-pressure devel-
oped which eventually reached values greater than the rock cover could
withstand, and these fractures released the CO,. Faults of both pre-, syn-,
and post-skarn origin occur in the mine. The pressure release changed
the confining pressure of the system from lithologic = CO, over-pressure
to simply hydrostatic. These fractures may well have opened periodically
to allow the loss of CO, pressure. The temperatures were near 370° =
20°C, and the P-T conditions of the hydrothermal fluid reached a two
phase area, releasing relatively large amounts of the volatile CO, and
H,0.

The area over which a vapor + liquid field existed may for a time
not have extended to the surface, as this would have involved the loss of
large amounts of heat. Possibly a vapor pocket existed which may or
may not have extended to the surlace, thus, a supercritical fluid could
have occurred nearest the granodiorite, followed by a vapor pocket, and
finally, a sub-critical fluid. The supercritical fluid becomes relatively
more saline (25-30 wt percent NaCl), as more and more fluid is circulated
through the system. This is either directly to the surface, if the two
phase area extends to the surface terminating in a fumerole or by CO,
and H,O being transferred to the subcritical fluid by way of the vapor
pocket terminating in hot springs. The sudden release of the CO, pres-
sure caused the circumferential tensional fractures in the garnet, and
because the CO, pressure is now relatively low, the assemblage quartz
+ calcite is unstable relative to wollastonite. After this event fg, in-
creases so that pyrite is stable relative to pyrrhotite and powellite-poor
scheelite + molybdenite relative to powellite-rich scheelite. The garnet
shows greater variability in composition and color zoning after the sug-
gested pressure-release event with a general tendency for Al to increase
over Fe. This could be due to the increased salinity facilitating greater
Al solubility or to mixing with fluids from other environments. The per-
meability has decreased, and it is possible a greater proportion of the
skarn chemistry is derived from interchange with the hornfels as the
accompanying study suggests. The following conditions prevailed dur-
ing pressurerelease event fs, = 10=%5, f, = 10=%, and fgo, == 10-5
with total pressure near 400 to 600 bars (fig. 3).

7. The crystallization of the skarn continued. Reaction between the
fluids, hornfels, and marble produced the skarn and the pyroxene rock.
As the process proceeds, permeability now decreases sharply with growth
in spite of the fact that temperatures are now higher (510° = 20°C).
The crystallization of the primary skarn most likely terminated near
the peak of the metamorphic event. Conditions have changed gradually
to fg, = 1033, fo, = 10=2, and foo, = 10+1-2. Salinities have remained
at high levels. Pyroxene in all cases analyzed increases in FeO and possi-
bly AlL,O, while dropping in MgO and MnO. Garnet becomes more
grossular-rich in sample II, but in sample I it takes a sudden increase
in FeO near the edge with an accompanying drop in ALO,. The differ-
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Fig. 3. Interpreted conditions of formation of the King Island Scheelite deposit
in log feo,log fo, and log fo,-log fs, space. The equations used are: (1)
Ca,Fe, 81,0, + CO, + 8iO, &2 2CaFeSi,0, + CaCO, + 1/20,, () = CaWO, + S, +
CO, 2 WS, + CaCO, + 3/2 0, (3) CaMoO, + S, + CO, & MoS, + CaCO, + 3/2 O.,
(4) CaCO,; + SiO, = CaSiO; + CO,, and (5) FeS + 1/2 S, =2 FoS,. In (A) points “e”
and “d” indicate the intersection of curves for eqs 1 and 2-3, and 2-3 and 4 respec-
tively at 370°C. These points assume the garnet-derived temperature of 370°C is
coincidental with the abrupt decrease of powellite in scheelite and the beginning of
the pyrite overgrowth or reaction with pyrrhotite. The trend indicated by “c” is on
the basis of the intersection of curves I and 4 and assumes conditions were on or
near the quartz + calcite-wollastonite cquilibrium curve. Point “e” in (A) is the
same as “e” in (B). The trend in (B) assumes the conditions were ncar the pyrite-

e
pyrrhotite equilibrium curve and, as such, is highly interpretive, The phase areas
other than the pyrite-pyrrhotite ones in (B) are those for 300° after Helgeson (1969).

ence between the two samples is probably due to the marble-hornfels
relations mentioned as will be discussed. Scheelite remains fairly con-
stant in composition with only 0.2 to 1.0 wt percent powellite. The
process is terminated while the hydrothermal fluid is still possibly super-
critical. Conditions can alternate to produce quartz + calcite or wollas-
tonite in this outer zone of the garnet, which is manifested by other
concentric zones of wollastonite fibers occurring at different levels in the
garnet, marking specific times of CO, release. The equilibria terminates
in the quartz + calcite field.

8. Reactions between the hornfels and marble locally but away
from the skarn have persisted evolving CO,, H,O, S.,, K+, and Na+
continuously. With the decrease permeabilities envisioned and meta-
morphic minerals perhaps healing the fractures previously developed
(an observed phenomena in the skarn) the fugacities and activities of
these volatile constituents increase to relatively high levels. These con-
stituents react with the previously formed skarn minerals to produce the
assemblage epidote—ferrohastingsite—quartz—calcite-pyrite. The degree of
alteration depends very much on local conditions related to both the
quantity of hornfels + marble reacted (see fig. 1, sample I and 1I; fig.
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2) and the ease with which the volatiles can escape in different layers.
The solution of CO, (and S, SO*=, Cat+, et cetera) into the 5 wt percent
NaCl solutions would thus drop the critical point at 370°C significantly.
Unfortunately, the experimental data in the entire system H,0-CO,~
NaCl is insufficient to delineate exact values, but the data does suggest
rather low pressures. No high-gas phase fluid inclusions were observed
in the garnet near the wollastonite fibers; however, this is not an in-
surmountable problem. It is possible only one of the phases is trapped
(for example, Roedder, 1967, p. 566), and fluid inclusions in the garnet
are not abundant.

The statement that the pressure was equivalent to 1 to 2 km of
rock (400-600 bars) is substantiated by the following evidence:

A. Lack of CO, liquid phase observed in any of the fluid inclusions.
The formation of two liquids is greatly enhanced by moderate salinities
but is, in part, a phenomenon of higher pressures (Takenouchi and
Kennedy, 1965).

B. Two phase phenomena. If the hypothesis involving the two phase
phenomena is sufficiently justified from the evidence presented, this deli-
neates the pressure and temperature conditions. A solution of pure water
with 5 wt percent dissolved NaCl boils at approx 450° and 350 bars total
pressure (Sourirajan and Kennedy, 1962). A pure H,O-CO, solution at
its critical point at 370° gave a value of about 300 bars total pressure
with a CO, content of about 10 mol percent (Takenouchi and Kennedy,
1964).

C. Crushing experiments on the fluid inclusions done at La Trobe
and North Ryde yielded semiquantitative values of 450 to 500 bars for
the temperatures suggested.

D. Low pressures seem most reasonable if calculations of the maxi-
mum possible stratigraphic thickness are done. Unfortunately, the out-
crop in the general area is poor except along the coast, but thicknesses
greater than 3 km are most unlikely with the probable depth being 1
to 2 km.

In addition, there is some evidence to support a model that frac
turing and, presumably, pressure release is generally common in other
skarn deposits. Price and Fenne (1972) describe scheelite grains from
the Pine Creek District, Calif., where pure scheelite rims surround Mo-
enriched scheelite cores which are fractured. The fractures are flled
with rim-type scheelite, and the authors believe a period of fracturing
preceded the deposition of the outer rim. It seems most probable that
with increasing amounts of CO, evolved from the calc—silicate produc-
ing reactions, eventually pressure release by fracturing must occur with
a subsequent change in the character of the products.

The moderate to high salinities observed in the fluid inclusions of
the deposit can be explained in one of three ways, namely:

A. by a highly saline solution derived solely or largely from the mag-

matic source,
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B. by a process of ultra filtration,

C. by boiling of dilute solutions, possibly involving a vapor pocket.
Explanation (A) in unlikely but still possible. Isotopic evidence usually
suggests that hydrothermal oxygen and sulphur generally are of meteoric
origin, but from a quantitative point of view, enough fluid could possi-
bly be derived from the granodiorite to produce a significant amount of
skarn. The deciding factor would be the concentration of W in the fluid
phase. It is most likely too low, so that fluids besides the plutonic ones
are necessary. Explanation (B) is clearly a possibility. Hanshaw and
Cohen (1973) have convincingly shown both from experimental and field
studies that shales can behave as semi-permeable membranes allowing
uncharged species like H,O through but retaining charged ions like
Cl— and Na+. The only other requirement is a hydraulic head difference
on both sides of the shale membrane. The method has been used to ex-
plain the extreme salinities observed in oil field brines (Bredehoeft and
others, 1963; Hitchon, Billings, and Kloran, 1971), especially where no
evaporite horizons exist to increase potentially the salinities to values
beyond those of marine water. The process has not been tested at
elevated temperatures and pressures but seems a distinctly possible
method to produce high salinities at the King Island situation, because
the beds dip toward the pluton, thus facilitating movement of surface
water down dip or, more ideally, marine water, as well as there being
many semi-permeable shale layers (now hornfels) which are continuous
over long distances. Whether the process is operational when true micas
such as biotite are present is not known, but the ultra filiration could
occur up dip in particular strata outside the influence of the pluton.
The process would best explain why small scale skarn interbeds between
hornfels interbeds are of varying compositions. In some, a wollastonite
zone occurs intermediate between the skarn and the marble, while in
others this does not occur. The NaCl content of a solution very much
affects the possible CO, content (Takenouchi and Kennedy, 1965) which,
in turn, would very much affect whether calcite + quartz or wollas-
tonite (+ CO,) are stable. Clearly, at high salinities and low relative
values of CO,, wollastonite would be stable while at the same tempera-
ture and total pressure, but at lower salinities, quartz + calcite would
be stable.

During the growth of the garnet described from sample 11, a point
was reached where salinity values increased and wollastonite was stable
in preference to quartz + calcite. The reason quartz 4 calcite became
stable later in the garnet’s growth by this model would be due to a
decrease in the efficiency of the ultra filtration process caused by the
destruction of the phyllosilicates in the hornfels during increased meta-
morphism and possible flushing out of the high salinity water by more
dilute fluids at the end of the garnet producing episode. Salinities at
the edge of the garnet are still rather high, however. If this process
were indeed present to a major degree, then the localization of the
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skarn is dependent in part upon the orientation of the bedding, a poten-
tially important ore control.

Explanation (C) is most reasonable, because it best explains the in-
crease in salinity with the related fracturing and wollastonite crystalliza-
tion in the garnet. The solution needs to reach its critical point, where
the two phase area exists. The one fluid (vapor?) area would rise form-
ing a vapor pocket up dip from the aqueous phase which may or may
not reach the surface. Circulation of fluids in response to the heat
anomaly (granite) would arrive at the stratigraphic position, where the
conditions of the critical point occur. Here a NaCl rich aqueous fluid
could occur with a CO,~H,O rich vapor phase. The vapor pocket could
form rapidly during the fracturing period mentioned. Circulation of
fluids due to the heat source supplied by the cooling pluton would at-
tain the high salinity values or even increase them.

The reason the chemical zoning in garnet in samples I and II is
different is problematical. Pyroxene in both cases shows a general in-
crease in FeO with decreases in MgO, SiO,, and MnO. The difference
between the two samples may well be due to the amount of hornfels with
its attendant mineral zonation already described. The accompanying
study (Kwak, 1978) shows that the amount of Al,O; to be removed from
both systems is necessarily small. For a 10 cc volume exchange between
each of the rock types in both specimens (1-2 mols per 10 cc of rock),
these values are probably within analytical error. Presumably, the avail-
able Al+3? in sample I is depleted as the termination of garnet growth
proceeds, and only significant amounts of Fe+? are added. The grossu-
larite present as a zone between the hornfels and marble in the case
of both samples has persisted in spite of the reaction of the marble to
skarn which occurred later. This grossularite could have behaved essen-
tially as an Al,O, sink for the marble-hornfels reactions. In the case
of sample I, the previous grossularite zone appears to have been largely
unaffected by the skarn producing episode, while in the case of sample
II, only remnants of the once continuous grossularite garnet zone re-
main. The model must be invoked that although the supply of Al+3 to
sample I skarn garnet was originally high (near 8 percent AL,O, in the
garnet) due to the most abundant hornfels bordering that skarn, with
increasing growth the supply was largely exhausted, and conditions were
not able to react with the remnant grossularite zone and supply Al+s
to the growing skarn garnet. In the case of sample II, the initial supply
was low (near 2 wt percent AL,O, in the garnet), but conditions changed
so that the grossularite zone reacted with the skarnforming fluid re-
leasing necessary Al+3. This is substantiated by the ragged grossular
et cetera relicts in sample II but not in sample I. The differences could
be due to the high salinities in the outer zone of sample II garnets and
not, apparently, of sample I garnets.

The fluid inclusion data suggest the skarn minerals nucleated at
low temperatures, until scheelite-producing skarn genesis stopped. This
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suggests that the skarn was not produced by the advance of zones with
complete crystallization away from the granite but rather as increasing
temperature zones of partial crystallization advanced. Sample 1 would
represent a skarn of nearly complete crystallization with the almost com-
plete reaction of calcite (4.0 mol percent), whereas sample 1I is still not
a completely crystallized layer (16.5 mol percent calcite). If zones of com-
plete crystallization extend outward, permeability would most likely
sharply decrease, and skarn crystallization would cease.

The identification of anhydrite in the fluid inclusions (pl. 2) is prob-
lematical because the solid phases, which originally crystallized from this
fluid, contain sulphide not sulphate. To produce sulphate from sulphide
involves the liberation of H+ and, as some authors suggest, the loss of
hydrogen out of the fluid inclusion by diffusion. Whether a model in-
volving the loss of H+ from the fluid inclusion is necessary depends on
the quantities involved. If we take the following equilibria at 300°C
(1 bar pressure) from Helgeson (1969)

S.(g) + 2H, 0 = 2H,5(aq) + O.(g), log Kypo = —27.21 (A)
and
H,S + 20, = SO,= + 2H+ (B)

and if we use the values suggested for the fluids at 300°C as follows
S=10-1to 10-12 mols, O, = 10— to 10—, H,O = I mol (23,0 = 1)

for eq (A) then the concentration of H,S(aq) = 10—* This assumes
activity = concentration which is reasonable at these concentrations.
For every mol of H.S(aq), two mols of H+ are produced (eq B) or 2 X
10—+ mols H+. If we consider that neutrality of water at 300° is pH =
5.5, then the effect of reducing sulphide to sulphate would be to change
the pH of the fluid by only about one pH unit. The consequences of
this are that a measurement of the pH of sulphate bearing fluid in-
clusions cannot be directly used.
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APPENDIX
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APPENDIX (cont.)
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APPENDIX (cont.)
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Sample I:
L. El()ige of garnet in garnet skarn, 2, Center of garnet in garnet skarn, 3. Garnet in
wollastonite rock, 4. Garnet in marble, 5. Garnet in garnet zonc at marble-hornfels
contact, 6. Garnet at pyroxene rock-garnet skarn contact, 7. Edge of pyroxene in garnet
skarn near analyzed garnet, 8. Center of pyroxcne in garnet skarn near analyzed garnet,
9. Pyroxenc in wollastonite rock, 10. Pyroxene in marble, 11. Pyroxene in pyroxene
zone at marble-hornfels contact, 12. Pyroxene near garnet zone at pyroxene rock-garnet
skarn contact, 13. Pyroxene well within (2 cm) pyroxene rock, 14. Calcite in garnet skarn
near analyzed garnet, 15. Calcite in coarse grained calcite zone between wollastonite
rock and garnet skarm,. 16. Calcite in wollastonite zone, 17. Calcite in marble, 18.
Scheelite in hornfels, 19. Sphene in hornfels, 20. Amphibole in hornfels, 21. Edge of
amphibole in amphibole hornfels, 22. Center of amphibole in amphibole hornfels,
23. Wollastonite in wollastonite rock, 24, Wollastonite in wollastonite zone at the
marble-hornfels contact, 25. Edge of vesuvianite in wollastonite rock, 26. Center of
vesuvianite in wollastonite rock, 27. Vesuvianite in vesuvianite zone at marble-hornfels
contact, 28. Plagioclase in hornfels, 29. Biotite in hornfels, 30. Pyrite in garnet skarn.
31. Edge of garnet, garnet skarn; 32. Composition of garnet where wollastonite fibers
occur, 33. Center of garnct, garnet skarn, 34. Remnant of garnet, amphibole skarn,
35, Edge of pyroxene, garnet skarn, 36. Center of pyroxene, garnet skarn, 37. Edge of
pyroxene, ammphibole skarn, 38. Center of pyroxene, amphibole skarn, 39. Calcite,
garnet skarn, 40. Calcite, amphibolite skarn, 41. Calcite, coarse grained calcite zone
at amphibole skarn-marble boundary, 42. Calcite, marble, 43. Edge of scheelite, garnet
skarn, 44. Center of scheclite, garnet skarn, 45. Edge of epidote, amphibole skarn,
46. Center of epidote, amphibole skarn, 47. Amphibole, amphibole skarn, 48. Sphene,
amphibole skarn, 49. Wollastonite fibers in garnet, garnect skarn, 50. Pyrrhotite core,
garnet skarn, 51. Pyrite rim, garnet skarn.

The garnets modal proportions are on the basis of 24 oxygen atoms; pyroxene, 6;
wollastonite, 6; calcite, 6; scheelite, 17; sphene, 20; amphibolite, 23; vesuvianite, 72;
epidote, 12; biotite, 22; plagioclase, 32; and pyrite, 2 sulphur atoms.
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