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Skarn-Ore Associations and Phase Equilibria in the Yeonhwa-Kecdo
Mines, Korea

Suckew Yun

Abstract: The Yeonhwa (I, II) and Keodo mines, neighboring in the middle part of the Taebaegsan mi-
neral belt, contain three distinct classes of skarn deposits: the zinc-lead skarn at Yeonhwa (I, II), the iron
skarn at Keodo south (Jangsan orebodies), and the copper skarn at Keodo north (78 orebodies). The present
study characterizes the three classes of skarn deposits mainly in terms of skarn/ore associations examined
from chemical compositional point of view, and applies existing quantitative phase diagrams to some per-
tinent mineral assemblages in these mines.

At Yeonhwa I the Wolam I orebody shows a vertical variation in skarn minerals ranging from clinopyrox-
ene/garnet zone on the lower levels through clinopyroxene (without garnet) zone on the intermediate levels,
and finally to rhodochrosite veins on the upper levels and surface. Ore minerals, sphalerite and galena, asso-
ciate most closely with the intermediate clinopyroxene zone. At Keodo, the Jangsan iron skarn hosted in
quartz monzodiolite as a typical endoskarn, shows a skarn zoning, from center of orebody to outer side,
magnetite zone, magnetite/garnet zone, garnet clinopyroxene zone, and clinopyroxene/epidote/plagioclase
zone. The 78 copper skarn in the Hwajeol limestone indicates a zoning, from quartz porphyry side toward
limestone side, orthoclase/epidote zone, epidote/clinopyroxene zone, and clinopyroxene/ garnet zone; chal-
copyrite and other copper sulfides tend to be in clinopyroxene/garnet zone.

Mioroprobe analyses of clinopyroxenes and garnets from the various skarn zones mentioned above re-
vealed that the Yeonhwa zinc/lead skarns are characterized by johansenitic clinopyroxene (Hd 25-78, Jo
15-23) and manganoan andraditic garnet (Ad 13-97, Sp 1-24), whereas the Jangsan iron skarn at Keodo by
Mn-poor diopsidic clinopyroxene (Di 78-93, Jo 0.2-1.0) and Mn-poor grossularitic grandite (Gr 65-77,
Sp 0.5-1.0). The 78 copper skarn at Keodo is characterized by Mn-poor diopsidic-salite (Di 66-91, Jo 0.2—
1.1)and Mn-poor andraditic grandite (Ad 40-74, Sp 0.5-1.1). The compositional charateristics of iron, cop-
per, and zinc-lead skarns in the Yeonhwa-Keodo mines are in good correlations with those of the foreign
counterparts.

Compiling a T-XCO; phase diagram for the Jangsan endoskarns, a potential upper limit of temperature
of the main stage of skarn formation is estimated to be about 530°C, and a lower limit to be 400°C or below
assuming XCO2=0.05 at P total=1kb. Applying a published log fS, - log fo, diagram to the Keodo 78 and
Yeonhwa exoskarns, it is revealed that copper sulfides and zinc-lead sulfides do not co-exist stably below
log fSo=—4 and log fO,=—23 at T=400°C and XCO =1 atm.
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Fig. 1 Location map of the Keodo-Yeonhwa district
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Table 1. Major Characteristics of Iron, Copper, and Zinc-Lead Skarns!
Iron Copper Zinc-Lead
. Typical size 5-200%¢ 1-100% 0.2-3%¢
. Typical grade 40% Fe 1-2% Cu 9% Zn, 6% Pb, 5 oz/ton

. Metals associated

. Associated igneous
rocks

5. Endoskarn

S B S R

6. Exoskarn
(Composition)
7. Early minerals

8. Late minerals

9. Ore minerals

Fe, (Cu, Co, Au)

Gabbro to Syenite; mostly
diorite

Epidote-Pyroxene
Na-silicates

High in Fe; low in S. Mn

Ferrosilite (Hd 20-80),
grandite (Ad20-95)epidote,
magnetite

Amphibole, chlorite,
ilvaite

Magnetite, (Chalcopyrite,
Cobaltite, pyrrhotite)

Cu, (Mo, Zn, W)
Granodiorite to guartz
monzonite

Local: epidote-pyroxene-
garnet

High in Fe, S; low in
Al, Mn

Andradite (Ad 60-100),
diopside (Hd 5-50),
Wollastonite

Actinolite (Chlorite,
montmorillonoids)

Chalcopyrite, Pyrite,
hematite, magnetite,
(bornite, pyrrhotite

Ag Zn, Pb, Ag (Cu, W)
Plutons commonly absent;
granodiorite, granite

Local, but intense: epidote-
pyroxene-garnet

High in Fe, Mn, S, low in
Al

Manganoan hedenbergite
(Hd 30-90, Jo 10-40)
andraditic garnet (Ad20-
100) bustamite, hodonite
Mn-actinolite, ilvaite,
chlorite, dannemorite,
rhodochrosite

Sphalerite, galena, pyrrho-
tite, pyrite, magnetite,
(Chalcopyrite, arsenopyrite)

10. Pluton morphology Large to small stocks,
dikes
Oceanic island arc, Rifted

continetal margims

11. Tectonic setting

molybdenite, tennantite)

Small stocks, dikes,
breccia pipes

Continental margin, Syn-to
late orogenic

If present, stocks and dikes

Continental margin, Syn-
to late orogenic

1. Abridged from Einaudi and Burt(1982).
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Table 2. Electron Microprobe Analyses of Clinopyroxenes

from Jangsan Orebodies

E145 E150 EI153 E158 EI140

Si0 5342 5534 5480 54.86 53.95
AlxO3 0.38 1.92 1.69 0.41 1.30
FeO (total Fe)3.66 1.49 1.16 5.01 6.83
MnO 028 0.05 0.09 036 020
MgO 15.68 1627 17.12 13.50 14.35
CaO 26.04 2593 2640 2562 24.34
Total 99.46 10098 101.31 99.75 100.97
Number of cations on basis of 6 Oxygens
Si 1978 199 1957 2025 1.979
Al 0.017 0.021 0.043 0.056
(1.994) (2.000) (2.000) (2.025) (2.035)
Al 0.060 0.028 0.018
Fe 0.113 0.044 0.035 0.155 0.210
Mn 0.009 0.001 0.003 0.011 0.006
Mg 0.865 0.867 0911 0.743 0.785
Ca 1033 0994 1.013 1.013 0957

(2.020) (1.960) (1.980) (1.939) (1.957)
Mole percent end members
Diopside 87.63 89.11 93.30 89.10 7843
Hedenbergite 11.48  10.74 749 18.61 20.95
Johansenite  0.89 0.15 026 1.23 0.62

Table 3. Etectron Microprobe Analyses of Garnets from
Jangsan Orebodies
E145 E150 E153 E158
SiO, 39.40 39.89 39.55 39.95
TiO, 0.42 0.47 0,04
Al O3 17.37 14.73 12.97 16.01
Fe,O3(total Fe) 6.80 7.34 9.79 7.75
MnO 0.22 0.44 0.2x 0.43
MgO 0.36 0.06 0.21 0.07
CaO 37.11 36.40 36.32 36.24
Total 101.68 98.94 99.53  100.49
Number of cations on basis of 24 oxygens

Si 5.973 6.230 6.196 6.134
Al 0.027

(6.000) (6.230) (6.196) (6.134)
Ti 0.048 0.056 0.005
Al 3.077 2.711 2.394 2.897
Fe-+3 0.776 0.862 1.154 0.895

(3.901) (3.574) (3.604) " (3.797)
Mn 0.028 0.058 0.028 0.056
Mg 0 081 0.012 0.050 0.016
Ca 6 028 6.109 6.097 5.962

(6138) (6.179) (6.175) (6.034)

Mole percent end members

Pyorope 1.33 019 o081 0.27
Almandine '

Spessartine 0.46 0.94 0.46 0.93
Grossular 77.09 7474 6517  75.09
Andradite 21.12 2413 33.56 23.71

Table 4. Electron Microprobe Analyses of Clinopyroxenes
from 78 Orebodies

E7 E8 E23 E26 ES7.7
Si0, 53.42 53.69 54.53 53.16 52,64
Al0; 038 048 1.03 0.81 046
FeO(total Fe) 3.66 2.68 6.57 9.02 10.76
MnO 0.28 0.19 035 024 0.35
MgO 15.68 16.70 13.57 12.19 12.20
CaO 26.04 25.20 2538 25.28 24.87
Total 99.46 98.94 101.49 100.69 101.28
Namber of cations on basis of 6 oxygens
Si 1.978 1982 1993 1.984 1971
Al 0.017 0.021 0.097 0.016 0.020
(1.994) (2.003) (2.000) (2.000) (2.991)
Al 0.037 0.019
Fe 0.113 0.083 0.201 0.281 0.337
Mn 0.009 0.006 0.011 0.007 0.011
Mg 0.865 0919 0.739 0.678 0.681
Ca 1.033 0997 0.994 1.011 0.998

(2.020) (2.005) (1.979) (1.996) (2.027)
Mole percent end members

Diopside 87.63 91.20 74.86 68.77 66.17
Hedenbergite 11.48 821 24.05 3047 32.75
Johansenite 08 059 1.09 076 1.08
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Fig.5 Compositional distribution of clinopyroxenes and
garnets from Yeonhwa (I, II) mine
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Table 5. Electron Microprobe Analyses of Garnets from

78 Orebodies
E7 E8 E23 E26 E57.7
SiO, 37.78 36.48 38.16 38.26 36.70
TiO, 159 1.81 032 013 071
Al,O3 11.69 586 11.24 8.54 9.90
Fe,O3(Total Fe) 13.25 2239 15.52 19.58 18.81
MnO 025 021 035 050 042
MgO 033 012 015 0.08 0.04
CaO 3542 33.84 35.10 34.48 34.49
Total 100.29 100.71 100.84 101.57 100.54
Number of cations on basis of 24 Oxygens
Si 5.841 5918 6.0131 6.065 5.886
Al 0.159 0.082 R
(6.000) (6.000) (6.013) (6.065) (6.000)
Ti 0.313 0.221 0.038 0.016 0.021
Al 2730 1.039 2.087 1.455 1.575
Fe3+ 1.241 2734 1.840 2.335 2.222
(3.924) (3.994) (3.965) (3.946) (4.000)
Mn 0.050 0.029 0.046 0.067 0.057
Mg 0.099 0.029 0.036 0.019 0.010
Ca 5.888 5.882 5.926 5.856 5.926

(6.037) (5.940) (6.000) (5.942) (5.990)
Mole percent end members

Pyr 1.65 049 0.60 032 1.05
Sp 083 049 077 113 094
Gr 57.93 25.04 51.27 3897 41.39
Ad 39.59 73.99 47.35 59.59 56.07
o,/\?ys
./'l \\.
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Fig.6 Compositional distribution of clinopyroxenes and
garnets from Keodo Jangsan orebodies
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Epidote, Plagioclase %0 2 #3#= o] vt Bhol u]
Z0] o] 5L t}&3} 72 Univarnt curves(Gordon and
Greenwood, 1971)¢)) k3] el EHE Aol

o] A% FEL BF dxHQ A g3
Garnet 1} Clinozoicite & =}3to] H-A] 3},

(1) An+Qz+2Cc=Gr+2CO,

(2) 4Cz+Qz=5An+-Gr+2H0

(3) 2Cz+3Qz+5Cc=3Gr-+H;0+5C0,

o3 7] 4 An=Anorthite, Qz=Quartz, Cc=Calcite,

Gr=Grossular, Cz=Clinozoisite.

28 Univarient reactions o] BH#aet fHiE, FHfEH
FE2FEO) BEtkEl o Ao REQ), 3) RREE
fEfel KIE (2), (3)2 Efle= #1748 oo &t
fefgol el whebA] ol & SpHlae EEkS EhSe
¥ glo]A X COpr} EESH ] f& 4 vk
283 ol e s RE Ca-Al-Si-C-O-H =
£ Ca-Mg-Si-C-O-Hol 2 f— ENE —Edleta &
s 2{Ae] g B T-XCOz = log for-T 2] itk
2 WY s OEF A9 HA BHRELE KA
IgRIbE S whel BASH KBUEBES K4 DMK
o EHERA HEN HiFEMtold BEAG ez B
e o %ﬁﬁl DintiE: 4 O] %ﬁkﬁiﬁai T e
TEmMNgES KRB HAEY oz Xof BARE
% km LIF%_I Zeltt, o] BES BE= B2 1K
bar A2 #H = o (Lusk and Ford, 1978), ©-&2&
X CO3914] Taylor and O’Neil, (1977) ; Huang, (1976)
o k3 RG] SRR = RENE mEdte Wi
gaol X COz & Ry dobA 0.1 LTl 2 FEE
Zrto] 22t EFof A9 X COxe ol B BE oz
BpE .

Fig. 8 & sl Bk Ca-Al-Si-C-O-H %9
2FE 1 K bar FellA9 T-X CO =4 F#d 3@
2] Univarient curves 7} —Bho] Al whi}i CHBLo) X
COz = # 0.050]z |EE £ 450°C o)}, Hhlizy}
£ 4 Wollastonite 7} ZER A &S0z EES LR
(point A)-& #J 530°C o] 3, Tremolite 7/} FEHE = =] ¢
o] Clinopyroxene> Diopsidic 3}7] = 3}} Heden-
bergite 7 FF 7.5~21% HWEI=Z REY TR
400°C & THEE Aoy AJEHBMEE Izl Fik

ol A4l
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Fig.8 Isobaric T-XCO, diagram for the system Ca-Al-Si-
C-O-H at a total pressure of 1 Kb. Equilibria
related to invarient point A, B, and C are from
Gordon and Greenwood (1971): invarient point D
is from Uchida and Iiyama (1982): Potential
univarient curves for Gr 80 Ad 20 are from Taylor
and Liou (1978). For abbreviation. see text.

———— ——————— . /i T=400C
4 CusFeSy+ FeSa fco,= tatm

| CuFeSs+ FeS, ! r ! Si02 present in
i ]\ excess
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Fig.9 Log fS,-fO, diagram for the system Fe-Cu-Zn~-Pb-
Si-S-O at T=400°C and fCO,=1 atm. Adopted
from Holland (1965).
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