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Condition of the Sangdong Tungsten Skarn Formation

Kun Joo Moon*

Abstract: Fluid inclusion and stable isotope studies on the Sangdong tungsten skarn have led

to a conclusion that the mineralizing fluids might be derived from a magma, which was inferred

within 1km below the present Sangdong ore deposit.

Mineral assemblages of the skarns appear to have formed under the equilibrium conditions as
the fluids flow outward from a central fluid column, in which the quatz-mica occurs dominantly.

A characteristic skarn showing mineralogical zonation by repeated over-prints,

The quartz-mica zone at the central part of the Sangdong skarns shows the final stage of pro-

tracted fluid evolution.

Thermodynamic conclusion based on simplified chemical compositions of major components may

express quantitatively the conditions of the skarn formation by using diagrams.

INTRODUCTION

The Sangdong tungsten skarns are products
of metasomatic replacement of the interbedded
limestones in the Myobong Slate and the lower
parts of the Pungchon Limestone Series of
.Cambro-Ordovician age. The skarns show zonal
distribution of the major skarn minerals (Fig.
1). A central quartz-mica zone is surrounded
by an amphibole-rich zone which is enveloped
by a pyroxene-garnet zone having abrupt outer
contacts with unaltered Cambrian limestone.

8'%0 values in skarn quartz(-+10.8 permil)
6%S in skarn sulphide(+3.9 to +6.1 permil)
and 6°C and 60O in skarn carbonate (—8.1
and +11.8 permil respectively) indicate deri-
vation from magmatic fluids, and the high tem-
peratures indicated by the mineralogy and fluid
inclusions(up to 600°C) suggest a magmatic
heat source(Moon, 1983). Based on these results
a possible existence of igneous pluton as a
source rock was inferred. Recent drilling has
confirmed the successful approach by intersecting
altered granite within Precambrian rocks over
500 meter below the skarns.
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The skarn assemblages at Sangdong are broa-
dly similar to those in other tungsten deposits
(e.g. King Island in Australia, Salau in France,
Pine Creek in U.S.A., MacTung in Canada).
However, in detail there are important differ-
ences, Particularly in mineral proportions, e.g.
some of the Sangdong samples are almost mono-
mineralic. As in other skarns (see, for example,
Kwak, 1978a, b:Guy, 1979: Newberry, 1982:
Dick and Hodgson, 1982), there is clear over-
printing, indicating a protracted fluid evolution,
perhaps with changing fiuid composition and
temperature. The major mineralogical zoning
pattern: (Fig. 1) mica - amphibole - pyroxene,
results from intergranular fluid flow outward
from a central fluid column. Though diffusion
must have taken place, the scale of the zones
demands “infiltration metasomatism” (Korzhinski,
1968, 1970) as the dominant mechanism. As
the hydrous skarns migrate from the feeder
column, earlier pyroxene-garnet -+ wollastonite
skarn is replaced successively by late stage pyro-
xene-garnet, and then amphibole-and mica-rich
assemblages. Petrographic evidence indicates that
the amphibole-and mica-rich zones migrate toge-
ther, more or less at “equilibrium”, and with
only minor relics of earlier assemblages within
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Fig. 1. A schematic view of the zonation in skarn
orebodies.

them. However, the amphibole “front” against
the late pyroxene-garnet zone is clearly one of
replacement and the pyroxene-garnet zone itself
is in process of patchy recrystallization with
growth of secondary garnets and pyroxenes and
localized alteration to amphibole. The dramatic
chemical changes and the tendency for metaso-
matic rocks to become almost monomineralic
(e.g. hedenbergite in the late pyroxene garnet
skarn) further supports infiltration processes
and an abundance of “mobile” components
(Rose and Burt, 1976)

The system was “open” in a chemical sense
and resulted from interaction between waves of
hot fluid and original or metamorphosed rock.
Though the fluids penetrating the lower part of
the mine succession were initially largely of

magmatic origin, secondary circulation of these
fluids as they became modified by rock inter-
action and the likely incorporation of ground
water, probably resulted in the presence of
fluids of complex origin(Moon, 1983).

In this paper, evaluation is made of the P-
T-X conditions responsible for some of the major
assemblages. All the thermodynamic data were
obtained from Robie et al(1978), and Helgeson
(1969) or calculated from data in Helgeson et
al (1978). and Barin et al (1977). Some general
trends in condition and composition are shown
in Fig. 2.

There are obvious difficulties and inaccuracies
inherent in the application of experimental and
theoretical data which deal largely with pure
compounds when the Sangdong phases are clearly
otherwise. However, the total salinity of much
of the fluid is low and there is some experimental

data on the effect on phase equilibria of chan-

ging phase composition (e.g. Burton et, al.
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Fig. 2 Trends in the change of bulk chemistry and
mineral assemblages at Sangdong skarans.
(1> Wollastonite- Andradite-Diopside
(2) Hedenbergite-Plagioclase-Garnet
(grossularite-andradite)

(3) Hedenbergite-Plagioclase-Amphibole-
Quartz Amphibole-Quartz

(4) Amphibole-Biotite-Quartz
Quartz-Biotite

(5) Muscovite-Biotite-Quartz
Quartz-Muscovite-Chlorite
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1982:Gamble, 1982). A more important question
is whether any of the assemblages can be
regarded as in equilibrium. The occurrence of
near-monomineralic rocks and of consistent
partition of elements between adjacent grains
(e.g. Mg/Fe in hedenbergite and andradite)
indicates a system at least near equilibrium. It
is suggested that the gross mineralogical zones
represent successive mineral assemblages formed
in equilibrium with a fluid that is changing in
composition as it migrates outwards from the
feed zone. As the fluid at any point changes
composition, overprinting results in coexistence
of assemblages themselves more or less in equi-
librium but in disequilibrium with hosts, and in
this respect, considerable difficulties have been
experienced in unravelling the paragenetic sequ-
ence at Sangdong, particularly in the pyroxene-
garnet skarns. Overprinting by later fluids of
different initial composition results in further
complication (Moon, 1983).

FORMATION OF EARLY SKARNS

There are mainly garnet-pyroxene-calcite rocks
with or without wollastonite is explained by
the well known reaction (Greenwood, 1967;
Gustafson, 1974; Liou, 1974; Taylor & Lioy,
1978):

CaCO;+Si0,=CaSi0;+CO, ¢y

No fluid inclusions were found in this skarn,
but the temperature of the formation of the
wollastonite skarn can be estimated from P-T-
Xco, data of Greenwood(1967), where Xco, is
the mole fraction of CO, The limited fuid
inclusion data indicate that the CO, mole frac-
tion in the Sangdong skarns and in the veins
was between 0.05 and 0.19. At Piotar=1000
bars and Xco,=0. 1, the equilibrium temperature
is about 510°C, for Xco,=0.2 the temperature
is about 560°C(Shimazaki et al., 1973; Kerrick
& Slaughter, 1976; Uchida & Iiyama, 1982).
The T, values (uncorrected) in the pyroxene-

garnet skarn near wollastonite-bearing skarn are
556°~580°C (specimens 106143 & 106149.).
To derive wollastonite skarn from limestone
requires addition of silicon and other elements.
These components were probably in part added
to the circulatory fluid as a result of reaction
between fluid and local shales. Wollastonite is
most abundant in the Pungchon ' Limestone
above the H1 skarn, where the primary fluids
must have been considerably modified by circu-
lation in the shales beneath ‘the limestone.
Where the activity of iron is high enough,
andradite and hedenbergite are stable and where
Mg becomes significant, diopside - is stable.
Potential reactions are:
3CaCO,+3Si0,+2FeCl,+2H,0+ 3 O,

=Ca;Fe;51;0;,+3C0,+4HCl @
CaCO;+2Si0,-+FeCl,+H,0
=CaFeSi,04+C0O,+2HCI 3
CaSiO;+ FeCl,+Si0,+H,0
=CaFeSi,04+2HCI (4)
CaCO;+2Si0,+MgCl,+H,0
=CaMgSi,0¢+CO,+2HCI 5)

The assemblage andradite-hedenbergite-calcite-
wollastonite can be accommodated by the follow-
ing reactions: :

2CaFeSi,04+2CaCO;+ 0,
=CaSi0;+CazFe;Si30,,+2C0, (6)
2Ca(Mg, Fe)Si,04+2CaCO;+ § O,
=CaSi0;+ Ca; (Fe, Mg) :51,0,,+2C0,
(62)

For a given fco, the reaction is dependent
on fo, and T. The early garnet(andradite)-
pyroxene skarn contains calcite but little or no
quartz and no wollastonite. This is compatible

.with the following reaction, with as;0,<1: .

-CagFe;Si30,,+Si0,+CO,
=2CaFeSi,05+CaCOsz+ % O, D
This reaction is thus dependent on both fo,
and ag;o, for a given temperature and fco,.
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FORMATION OF LATER PYROXENE-
GARNET SKARNS

In contrast to the wollastonite-bearing early
pyroxene skarms, the minerals of the later
skarns, Particularly hedenbergite, have abundant
fluid inclusions. T values range from 580°C to
320°C, and average 418°C (Moon, 1983). It
was concluded that T values>366°C required
no correction but those below 366°C should be
corrected for pressure, presumably of 800 bars.
This yields a trapping temperature range of
390° to 600°C(?) for the late pyroxenes.

There is evidence in specimen 103118(Moon
1983) of a temperature decline from early
pyroxenes to later pyroxenes adjacent to amphi-
bole-rich rock, T, varying from>580°C to
395°C., T, values also decrease away from the
apparent fluid source near the margin of the
skarn (Moon, 1983).

Reactions forming hedenbergite are important,
as this is the dominant mineral. Apart from
equation(4), in which wollastonite is replaced,
hedenbergite may form by replacement of and-
radite:

CasFe,Si;0y,+ Si0,

——2CaFeSi,0+0,+Cazt ®
or, where with calcite, as per equation (7).
Reaction (8) is dependent on ac,* for which
there is no definitive information. The equili-
brium assemblage hedenbergite-andradite-quartz-
calcite is represented by equation (7) and plotted
with respect to temperrature and fo, for Xco,
values of 0.1 and 0.2 in Fig. 3. The low value
of Xco,(0.05) in the one skarn inclusion carr-
ying CO, suggests 0. 1 as the most likely value.

The tendency to develop monomineralic he-
denbergite assemblages could result from dec-
reases in fo, and ac,>+ and/or an increase in
as;0,.

In deeper levels of the M1 pyroxene-garnet

zone, an assemblage of anorthite, grossular,
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-0k Possible stability fields

= wollastonite  skarn

e €Grly garnet—pyroxene
skarn (garnet dominant)

# late pyroxene~—garne?
skarn (hedenbergite dominant)
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Fig. 3 Stability fields of the Sangdong skarns.

(6) 2CaFeSi;0s+2CaC0O3+ 40,
= CaSi03 + CaaFezsi03012 + 2C02

(7) CaaFezsi3012+SiOz+C02
=2CaFeSi;05+CaCO3+ +0;

Curve (A) from Burton et al.(1979)

Curve (B) from Gustafson(1974)

Curve for ferropargasite from Gilbert(1966)

Curve for graphite from French(1966)

quartz, clinozoisite and hedenbergite is present,

with hedenbergite undergoing replacement. A
possible equilibrium is:
Ca;3AlSi30,,+5CaAl,Si,05+2H,0
=4Ca,AlLSi;0,, (OH) +Si0, ©)]
The plagioclase is about 0.9 mole% anothite.
Using Bird and Helgeson’s(1981) phase relations
for the CaO-FeO-Fe;0;-Al,0,-Si0,-HCI-H,0
system at 400°C, lkb and apo=1, and the
composition of two epidote samples of Xcare,si,
0::c0m=0. 13 and 0. 26 (Moon, 1983), the calcium
content of the fluid can be loosely constrained
as follws:
logac,+/ (ap+)2=5.7 to 6.6
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The sulphides in the pyroxene-garnet skarns
appear to be later than the early silicates and
later than much of the later silicates. Some
sulphides have formed at the same time as
pyroxene as seen in specimen 103166 (Moon,
1983), where pyrite, hedenbergite and quartz
appear to have grown together. It thus seems
likely that quartz, scheelite, sulphides and some
pyroxenes formed together fairly late in the
evolution of the skarn. The low T, values of
some quartz in the skarn indicate quartz depo-
sition continued to very late stages.

Pyrrhotite is the most abundant sulphide and
replaces pyroxnes but pyrite is locally present

(without pyrrhotite) and in a few specimens
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Fig. 4 Stability fields for pyrite, pyrrhotite, heden-
bergite and andradite.
Stability of hedenbergite(hd) and andradite
(ad) is based on Burton et al.(1982) and
Gamble(1982).
Average Xna=0.7, Xaip=0.26 and Xjon=
0.06 are based on
dip=diopside = joh=johannsenite
py=pyrite  po=pyrrhotite = Q=quartz

magnetite is present (no sulphides in contact).

Possible sulphidation reactions are:

2CaFeSi,04+S,+2CO,
=2FeS+4Si0,+2CaC0;+0O; (10>

CaFeSi,0¢-+S,=FeS,+25i0,+Cat 11y

CasFe,Si301+S,
=2FeS+3Si0,+30,+3Ca* 12y

The experiments of Gamble(1982) and Burton
et al.(1982) provide useful data on the influence
of varying silicate composition. Taking Sangdong
hedenbergite as having a mole fraction of diop-
side of 0.26 and of johannsenite of 0.06(Moon,
1983) indicates that pyrite could only form
below 376°C at 1kb pressure(Fig. 4). If the
application of the pressure correction to the
lower T, values in pyroxenmes is correct then
pyrite must be later (at lower temperature)
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Fig. 5 Estimate of conditions during late pyroxene-
garnet skarn and amphibole skarn formation
in terms of fo,—fs, at 400°C.

The stippled area indicates the environment:
of late pyroxene-garnet skarn mineralization.
The stability field of hedenbergite is from
eq. (6) and Burton et al(1979). The equilibr
ia are calculated from data of Robie et al.
1978)

<-stability fields of amphibole and mica
skarns formation. The stability field of fer
ropargasite is from Gilbert(1966).
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than most of the silicates. Combining this ‘with
the bulk of the petrographic evidence indicates
that the sulphides probably formed at a very
late stage in pyroxene-garnet skarn evolution
and to some extent, later than the silicates.
The abundance of pyrrhotite and relatively
scarce non-coexisting, pyrite and magnetite,
indicate fo,—fs, conditions mainly in the pyr-
thotite field at 400°C but not far removed from
pyrite and magnetite stability (Fig. 5). Coexisting
bismuth and bismuthinite provide a useful con-
straint on f,,

FORMATION OF THE BIOTITE AND
AMPHIBOLE SKARNS

These skarns appear to-ex,ist in chemical and
textural equilibrium. At the “front” of the
amphibole zone, however, there is clear evidence
of replacement, and amphibole occurs in veins,
veinlets and patches anastomosing the pyroxene-
garnet rock. Three possible reactions producing
tremolite, hastingsitic hornblende, ferroedenitic
hornblende and ferro-hornblende are shown here:

7Cas(Al, Fe),Si;0,,+2(Na, K)Cl
+82HCl=17CaCl,+9Si0,+2(Na,
K)Ca,Fe, (Al Fe)sAl,Sig0,, (OH),
+14H,0+ 20, 13)
5Ca(Mg, Fe)Si,0+3C0,+H,0=
Ca, (Mg, Fe)5Siz0,, (OH) .+ 3CaCO,
+28i0, (Kwak, 1978a) (14
8Ca (Mg, Fe)Si,04+2CaAl,Si,0,
+4H*=2Ca, (Mg, Fe),ALSi,0,,
(OH)2+6Si0,+6Ca*+20, (15)
‘These reactions release calcium to the fluid,
<causing precipitation of calcite and scheelite.
The production of oxygen may explain the
abundance of magnetite(with pyrrhotite and
pyrite), particularly at the amphibole “front”.

Chlorite is abundant in much of this skarn
replacing amphibole. Both the chlorite and am-
phibole appear to accompany fluorite, quartz,
and scheelite. The replacement ofbamphibole by

chlorite can be represented by the following
reaction:

3Cay(Mg, Fe),Al,Si;0,,(OH) , + 30,
=2(Mg, Fe) (Al;5i;0,0(OH) g+ 13Si0,
+CaAl,Si,0s+5Cat +3H,0 (16)

Again, calcium is released to the fluid, allowing
precipitation of calcite, scheelite and fluorite.

Only two specimens of amphibole have yielded
fluid inclusions and these have T} values ranging
from 287 to 307°C and indicate somewhat lower
temperatures than in the pyroxene-garnet skarn.
Uncorrected T values in coexisting scheelite
have a similar range to these in the pyroxene
garnet skarn zone suggesting a fairly constant
temperature across the boundary in later stages.
There is no evidence of boiling within the
amphibole association, so a range of trapping
temperatures for the assemblage is from a maxi-
mum of 500°C for scheelite down to about 250°C
for quartz(Moon, 1983).

Pyrrhotite and magnetite, native bismuth
and bismuthinite occur as coexisting pairs in
the amphibole skarn, associated with amphibole
and/or chlorite. These assemblages provide a
fairly tight constraint on the range of fo, and
fs, in these rocks(Fig. 5), and suggest the
sulphides (with scheelite, chlorite?) formed in
slightly higher oxidation conditions compared to
these of the late pyroxene-garnet skarn.

The fo, value is consistent with the upper
stability limit of ferropargasite determined by
Gilbert (1966), as shown in Fig. 3 and 5.

The biotite-amphibole equilibrium can be
expresssed by the following reaction:

Ca,(Mg, Fe) ,A1,Si,0,,(OH) ,+2KCl
+2H,0+2 (Mg, Fe) Cl,=2K (Mg,
Fe)3AlSi30,4(OH) ,+ 2CaCl, +Si0,
+2HCI (Eastoe, 1979) an

Two inclusions in biotite have 7T, values of
381°C and 286°C which pressure correct to
480°C and 365°C approximately. Scheelite trap-
ping temperatures for this skarn range from
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600°C to 300°C and quartz. from 460°C to
9220°C. The high T} value of scheelite inclusions
(specimen 106044)coincides with a T, in adjacent
pyroxene of 580°C.

Purtscheller and Rammimair (1982) have
empirically and qualitatively correlated the par-
titiion of Mg -and Fe between amphibole and
biotite in a metamorphic terrain. Comparable
data from specimen 103109. indicates a mini-
mum equilibration temperature a little below
400°C.

Bismuthinite and bismuth, pyrrhotite and
magnetite occurring with biotite again loosely
The

volume 95 native bismuth/bismuthinite ratio

constrain fo, and fs, conditions(Fig. 5).

increases outward from the mica skarn, roughly
confirming with a trend to lower fo, and fs, in
that direction.

Although the arrangement biotite-amphibole-
pyroxene-garnet is the usual one at all scales,
biotite in contact with pyroxene-garnet has
been observed as a quartz-mica skarn veining
the pyroxene-garnet skarn and surrounding dyke
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Fig. 6 Estimate of conditions of muscovite-rich
skarn formation in the -system Fe-O-S on
an fs,—fo, diagram at 350°C.
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Fig. 7 Estimate of formation temperature from ato-
mic % As in arsenopyrite (from Kretschmar
and :Scott, 1976).
asp=arsenopyrite
py=pyrite

lig=liquid

po=pyrrhotite

in the pyroxene-garnet skarn (at -12th level).

The reactions involved can be expressed as:

. 3Ca(Mg, Fe) Si,05+ Caz(Al, Fe) 55150,
+K++4-2H=K (Mg, Fe);AlSi;0,,(OH) ,
+6Si0,+6Cat +30,+ Fe3* as
6Ca(Mg, Fe) Si,05+ CaAl;Si, 05+ 2K+

+12H+=2K (Mg, Fe) ;AlSi;0,,(OH) ,

+85i0,+7Ca* +4H,0 Q9)

FORMATION OF THE QUARTZ-
MUSCOVITE-CHLORITE SKARN

This skarn appears to have been derived from
the biotite skarn: by alteration. It.is unusual in
containing small amounts of ‘wolframite, -hema-
tite and arsenopyrite. The arsenopyrite occurs

with pyrite. The composition of the arsenopyrite
indicates a temperature range of 370°C to 425°C
from rim to core(Fig. 7) and log {5, of -6 to
-7.4 (using data of Kretschmar and Scott,
1976).

The presence of - hematite in one specimen
(106174) with magnetite and pyrite indicates
an oxidation state too high to be compatible
-with the presence of bismutinite, pyrrhotite and
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arsenopyrite, and it may be a very late phase.
Possible chemical reactions to form this skarn
are as follows:
5K (Mg, Fe) ;A1Si;0,, (OH) ,+22HCI
=KAl,Si;0,,(OH) ;+ (Mg, Fe) ;Al,
Si3044(OH) g+ 4KCl+6FeCl,
+3MgCl,+9Si0,+11H,0+ £ O, (20)
3CaAl,Si, 0 +4H++ 2K+
=2KALAlSi;0;,(OH),+3Catt @n
3Ca;Al,Si30,,+4H*+ 2K+
=2KAl;Si50,,(OH) ,+3Si0,
+9Ca**+30, 22)
Equation (21) represents replacement of plagio-
clase in the footwall-side cherty rock by muscovite
skarn in the quartz-mica zone, and equation
(22) represents the formation of the quartz-
muscovite skarn in parts of the F. orebody.
All result in decrease of acidity in the fluid.

Development of muscovite is associated with
precipitation of scheelite and quartz. Corrected
temperatures of homogenization of scheelite
inclusions range from values compatible with
the arsenopyrite temperature down to about
300°C while quartz precipitation apparently con-
tinues to even lower temperatures.

The highest T}, values in scheelite occur in
the mica skarn in the lower mine levels and
T, values of quartz show a pronounced high in
the core of the mica skarn and a low coinciding
with the late muscovite-chlorite skarn. The
muscovite skarn thus appears to be a lower
temperature, late stage assemblage. Later activity
appears to involve hematite and quartz; in addi-
tion, calcite is seen replacing muscovite and T},
values of fluorite inclusions indicate low tem-
perature, hence late precipitation.

The wolframite in specimen (106174) has a
very low manganese content, and unlike wol-
framite in quartz veins occurs with calcite and
magnetite. Possible reactions are as follows:

3CaWO,+Fe;0,+3CO,
=3FeWO,+3CaC0;+ 1 O, 23)

- Rose and Burt(1979) explained the presence of

scheelite and ferberite by a reaction involving
fluorine:
Fey0,-+3CaWO0,+3F,0_,

=3CaF,+3FeWO,+ £ O, (24)
The common occurrence of fluorite and scheelite
in the Sangdong skarns, the close association
in the veins of wolframite and scheelite com-
monly without fluorite, and the replacement of
muscovite by calcite indicate the first reaction
seems to be more pertinent at Sangdong and
The T—fo,—Xco, depen-
dence of these reactions are plotted in Fig. 8,
using scheelite data from Robie et al(1978).
The fo, values for the likely mole % CO, in
solution are too clearly too high, indicating

that fco, is critical.

problems with the thermodynamic data.
The presence of muscovite allows a crude

«20pF
hematite

magnetits

hematite

magnetite
304

andradite + quartz 100%
' o~ nhedenbergite + calcite
-3 andradite + quariz OOOK-
hedenbergite + calcite

0.1 0.2 0.3 0.4 0.5 B3

*co,

Fig. 8 Comparison of conditions of formation bet-
ween proxene-garnet skarn and quartz-mus-
covite skarn in which ferberite, magnetite,
calcite and scheelite occur.
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estimate of pH in the fluids. Leachate analyses
of fluid inclusions in tin-tungsten deposits appa-
rently derived from granitoid magmas indicate
mg+ of about (. 1 at temperatures of 300~400°C,
e.g.

Cligga Head (Charoy, 1979)

mg+ TCO
0.1—0. 17 300—450
Renison (Patterson et al., 1981)
0.2 350

Using, say, mg+= 0.1 at 350°C indicates that
the pH was between 4.2 and 5.9 because there
is little or no kaolinite or K-felspar in this
skarn. The appropriate reactions are:

3KAISi;05+2H*

=KAl;Si;0,0(OH) . +6Si0,+ 2K+ (25)
2KAI;Si;0,, (OH) ,+2H*3H,0
=3A1,5i,05(0H) ,+ 2K+ (26)

At 350°C, neutral pH is 5.7 so the solutions
are neutral to acid.

The mineralogy and other constraints can be
used to indicate a likely value for the molality
of total sulphur. In Fig. 9 the oxidation state
is shown as 3SO,/3>"H,S where

>250,=S0%~,+HSO~,+NaSO-,

Tt~ 10_ 100 e
N S~.. hematite “~-p00

xso
log:
TH,5

" N N 2 " N
270 300 330 360
T

Fig. 9 Log(3XS0./>H,S) versus T diagram display-
ing the possible fields of formation of sulphide
minerals in the hydrous (amphibole-rich and
mica rich) skarns. mzs=2.5x107%,

Key: ----, ppm Cu (solubilty of Cu)
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Fig. 10 Log(Z SO,/ H,S) versus pH (at 350°C)
diagram. mrs=2.5x107%

+KSO~,+MgSO~,+CaSO~,
> H,S=H,S4HS +S%-
The diagram is calculated using a programme
prepared by Ripley & Ohmoto(1980) and modi-
fied by J.L. Patterson and G.R. Green at the
University of Tasmania.
The fluid is assumed to have the following
characteristics:
pH=4, mg+=0.1. mn,+=0.85, muyg++
=0. 014, mc;"=1.00, mc.=0.00
mee=107°"", mM,=10"7, mgc=0. 10.
Manipulating values of mps gives a reasonable
fit at mps=2.5%x1073. in Fig. 10, the temper-
ature is fixed at 350°C and conditions other

than pH are as for 9,

FORMATION OF CHLORITE

Walshe and Solomon(1981) have developed a
model involving substitutions in chlorite to
obtain estimates of the temperature and fo, at
which the chlorite assemblages equilibrate.

Among the common six end-members of the
chlorites, only four could be used to represent
Sangdong chlorites, viz.

Mg;AlSi;AlO,,(OH) s +5/3Fe;0,+10/3Si0,
+10/3H,0=Fe*;AlSi;Al0;, (OH) s
+5/6MgeSi 010 (OH) 5+ 5/60;

@n
for which -log K=loga,;+5/6loga, -+5/6log (fo,)
~loga, where a,(=activity) of the thermodynamic
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Table 1 Chlorite §t}'qctuljgl f_or_»r_nulae.

- Specimen ~Specimen
103120 103119
Mg*® 0. 801 1.027
Mn+? 0. 039 0. 063
Fet? 3.841 3.614
Fet® 0. 104 0.108
Al+s 1.215 1.188
Sitt 2.681 2.704
Al 1. 319 1. 296
Total 10. 000 10. 000
o} 10. 000 10. 000
OH 8. 000 8. 000
Mg/(Mg+Fe) 0. 169 0.216
Fet3/Fe*? 0.014 0.014
Mole Fraction
MgsSis010(OH)s —0. 326 —0.572
Mg,Al;Si5010(OH)s 0. 551 0.913
Fes** Al,Si5010(OH)g 0.716 0.484
Fes**Fe,* S13010(OH)s 0. 052 0.109

component MgeSi,0,0(OH),, a,(=activity) of the
thermodynamic component Mg;AlSi,AlO;o(OH),
and a;(=activity) of the thermodynamic com-
ponent Fe;?+AlSi;AlO,,(OH)4 Chlorites analyzed
by microprobe are given in Table 1 for two
samples (103120 and 103119) from the quartz-
mica skarn. The chlorite and magnetite occur
in a specimen from the quartz-muscovite-chlorite
rock but they are not quite in contact.

The fo, values obtained from the above equ-
ation are as follows;

Temperature

specimen specimen

V) 103120 103119
250 —38.72 —38.84
300 —35.31 —35.42
350 —32.37 —32.48

These results indicate the formation of chlorite
may take place at fo, condition slightly lower
than the mica assemblage at 350°C.

CONCLUSION (THE EVOLUTION
‘OF SKARNS)

Recent drillings into the Janggsan Quartzite

- and the Precambrian schist about 500m below

the 3rd level an intrusive pluton has been
encountered at Sangdong (Yoon, 1984). The
age of the deposit (Farrar et al., 1978) appears
to be about 81~84 Ma,
magmatism took place nearby and magmatic

a period in which

tungsten mineralization formed in other parts
of Korea (e.g 80 to 96 Ma at the Sannae Mine,
Thihara et al.,
alization also developed at about this time in
Japan (64 to 96 Ma, Shibata and Ishihara,
1974), at the Yukon (80 to 92 Ma, Dick and
Hodgson, 1982), at pine Creek (74 to 87 Ma,
Gray et al., 1968), and at Vostok .in Russia (84
Ma, Levarshev, 1972). Most tungsten -deposits

1981). Magmatic tungsten miner-
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Fig. 11 Diagrammatic vertical section of Sangdong
skarns showing fluid circulation.
Few q.v=very few quartz veins are deve-
loped in hangingwall slate, q.v=quartz
vein, Mo=molybdenite, Enriched quartz=
strong silicification at the bottom of the
Jangsan quartzite may be responsible for
increasing the thickness of the quartzite,
(sch) =quartz veins contains scheelite.
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Fig. 12 Generalized conditions of evolution of the Sangdong deposit.

(e.g. Pine Creek, MacTung, Ming Island, Salau)
are clearly related to granitoid plutons and a
similar situation is inferred from mineralogy
and fluid inclusions, and the oxygen-and sulphur-
isotope ratios inferred for the fluids, all point
to the presence of a substantial pluton beneath
the mine. There is no evidence of an enrichment
of tungsten in the rocks, as suggested by Kim
(1976), and the mineralization is regarded as
epigenetic. The closure of the outer skarns
when drawn in the plane of the M, orebody
and distribution of the quartz veins indicates
the location of a rising plume of hot fluid (Fig.
1D.

The fluid appears to have moved up a NE
fracture zone (Moon, 1983) that controls the
orientation of the skarn zones and the distri-
bution of T} values in the mica-amphibole zones.
Analysis of groundwater circulation during coo-
ling of plutons by Norton and Knight (1977)
indicates that it is difficult to raise ground tem-
peratures sufficiently high to form wollastonite-
bearing skarns at a distance of (.5km from a
pluton boundary in a uniformly permeable me-
dium. To achieve the required temperature

distribution and maintain temperatures 400°C
during growth of the hydrous skarn appears
to require fluld transfer in faults or zones of
highly permeable strata.

It is also clear that the rocks beneath the ore
horizon must have been chemically inert in the
sense that solution acidity was not affected, and
a fairly reduced condition was maintained.

The skarn zones are believed to evolve as fol-
lows (see Figs. 11 & 12).

1) During or immediately preceding emplace-
ment of the inferred pluton, the rocks of the
mine area are warmed by groundwater circulating
as a result of magmatic heating. This short-
lived phase seems inevitable though there is no
At King Island, Kwak
(1978b) found relatively low temperature, low

specific evidence for it.

salinity fluids in the cores of garnet crystals
that preceded the development of saline, high
temperature fluids.

2) With increased temperature a zone of
wollastonite-bearing garnet-pyroxene skarn deve-
loped, about 1.5kmx1,2kmx0.5km in extent.
The temperature probably ranged from 510°C to

560°C and reaction involvig fluid, limestone and
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slate occurred with increasing chemical mobility
of elements such as Mg, Fe, Ca and CO,.

3) Development of the early pyroxene-garnet
skarn merged to a phase involving solutions
of essentially magmatic origin.

Reaction with the early skarn resulted in the
development of the mica, amphibole, and late
pyroxene-garnet skarns by diffusion-infiltration
metasomatism. The resulting mineralogical zones
grew outward from the central area of the hot
plume, widening with time, leaving relics of
earler skarn throughout the deposit. Small scale
zonation along fractures shows a similar evolu-
tionary patten.

The later pyroxene-garnet skarns have Huid
inclusions showing evidence of boiling and T,
values range from 313°C to 580°C (average
418°C). Likely pressures for a NaCl-H,O system
are 400 bars at 400~500°C but there is insuffi-
cient data for the more complex natural system
(NaCl-KCl-CaCl, MgCl,-H,0) to determine quan-
titative pressures. A hydrostatic regime is in-
ferred for this stage, possibly brought about by
tectonic fracturing of the overburden. No evi-
dence of boiling is seen in the lower temperature
members of this assemblage, indicating a sealing
of the system and a reversion to lithostatie
pressure, tentatively estimated at 800 bars from
sphalerite compositions. Lack of gas-dominated
inclusions in the mica-and amphibole-rich skarns
and the veins indicates similar lithostatic con-
ditions in these rocks. It is concluded that the
skarns formed from boilhg solutions are slightly
earlier (and higher temperature) than the others.
The inferred hydrostatic conditions may have
given way to lithostatic possibly by sealing of
fractures due to mineral precipitation.

The data are inadequate to identify tempera-
ture gradients within the skarn but a decline
is seen close to the country rock contacts. To
maintain a sharp boundary with steep tempera-

ture and chemical gradients probably requires

double-diffusive mechanisms, such as advocated
by Eastoe (1979) for porphyry copper systems.
In this model the mass of hot, magmatic tluid is
contained within an envelope of hot groundwater
of contrasting salinity during the life of indivi-
dual surges of ore fluid. Similar (see Fig. 11)
conditions could prevail in the Sangdong aureole
with a hot, low salinity groundwater that
gradually or occasionally mixes and becomes
incorporated into the ore system. The incoming
ore fluid during this period has the following
general characteristics:
T  313°~600°C(?)
mps~2.5X 1073
pH =~ 4,0 at350°C fo,~10"2~10"%
Xco, 0.1mole(?) fs5,~107°~107*
8%Sy,s 4.5~5.3 permil
me,++<10"mole (inferred)
8¥C0y,0 6.6~8.5 permil
mg+=~10"'mole(by analogy)
5130¢0,-5. 3~0. 9 phrmil

There is a clear trend of declining tempera-
ture with time, from T°>500°C for the early
skarns to 300°C or so for the final muscovite
skarn in the core of the deposit.

The ac,++ may increase during the life of an
individual packet of fluid moving through the
skarn zones by reactions with amphibole and
pyroxene skarns, and possibly by localized recir-
culation of fluids that have reacted with car-
bonates. These factors may account for a change
from wolframite-rich veins to sceelite-bearing
skarns.

The major overall changes involved in deve-
loping the skarns are addition of FeO, MnO,
K,O, SiO,, Al,0;, WO; and H,O to the rocks
and loss of CaO.

Equilibrium with the incoming ore fluid was
approached in the development mucovite-rich
assemblage in the core of the deposit, at tem-
peratures of about 350°C or 400°C. Chloritization
of biotite are amphibole probably took place in
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these later stages of skarn growth.

Quartz-molybdenite and quartz-wolframite veins
formed in footwall rocks and around the skarn
during skarn growth. T, values of vein and
skarn are similar, and overall P-T-X conditions
for the vein appear to the skarns. The relation-
éhips between molybdenite and wolframite veins
are not clear.

4) Quartz precipitation continued to relatively
low temperatures (290° to 350°C) throughout
the skarn and in the late veins. These veins
ccut the skarn, are sulphide-rich, particularly in
«chalcopyrite, and carry sphalerite and galena.
‘The solutions generally are of similar com-
position to earlier solutions and appear to be still
largely ot magmatic origin. Some recycling of
scheelite and precipitation of low Mo-scheelite
occurred at this time.

5) Later stages of fluid circulation involved
formation of quartz and calcite, and locally
hematite, at temperature €250°C. §'3C data of
calcite from a molybdenite-bearing calcite vein
indicate the involvement of nonmagmatic fluid.
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