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Temporal Variations of Ore Mineralogy and Sulfur Isotope Data from the
Boguk Cobalt Mine, Korea: Implication for Genesis and
Geochemistry of Co-bearing Hydrothermal System

Seong-Taek Yun* and Seung-Jun Youm*

ABSTRACT : The Boguk cobalt mine is located within the Cretaceous Gyeongsang Sedimentary Basin. Major ore min-
erals including cobalt-bearing minerals (loellingite, cobaltite, and glaucodot) and Co-bearing arsenopyrite occur together
with base-metal sulfides (pyrrhotite, chalcopyrite, pyrite, sphalerite, etc.) and minor amounts of oxides (magnetite and
hematite) within fracture-filling quartz+ actinolite +carbonate veins. These veins are developed within an epicrustal mi-
crographic granite stock which intrudes the Konchonri Formation (mainly of shale). Radiometric date of the granite (85.
98 Ma) indicates a Late Cretaceous age for granite emplacement and associated cobalt mineralization. The vein min-
eralogy is relatively complex and changes with time: cobalt-bearing minerals with actinolite, carbonates, and quartz gan-
gues (stages I and II) — base-metal sulfides, gold, and Fe oxides with quartz gangues (stage II) — barren carbonates
(stages IV and V). The common occurrence of high-temperature minerals (cobalt-bearing minerals, molybdenite and ac-
tinolite) with low-temperature minerals (base-metal sulfides, gold and carbonates) in veins indicates a xenothermal con-
dition of the hydrothermal mineralization. High enrichment of Co in the granite (avg. 50.90 ppm) indicates the mag-
matic hydrothermal derivation of cobalt from this cooling granite stock, whereas higher amounts of Cu and Zn in the
Konchonri Formation shale suggest their derivations largely from shale. The decrease in temperature of hydrothermal
fluids with a concomitant increase in fugacity of oxygen with time (for cobalt deposition in stages I and I, T=560"-
390°C and log f0,=>-32.7 to -30.7 atm at 350°C; for base-metal sulfide deposition in stage III, T=380"-345"C and log
f0,=>-30.7 atm at 350°C) indicates a transition of the hydrothermal system from a magmatic-water domination toward
a less-evolved meteoric-water domination. Sulfur isotope data of stage II sulfide minerals evidence that early, Co-bear-
ing hydrothermal fluids derived originally from an igneous source with a §"Sy value near 3 to 5%. The remarkable in
crease in 8*S,5 values of hydrothermal fluids with time from cobalt deposition in stage II (3-5%) to base-metal sulfide
deposition in stage III (up to about 20% ) also indicates the change of the hydrothermal system toward the meteoric wat-
er domination, which resulted in the leaching-out and concentration of isotopically heavier sulfur (sedimentary sulfates),
base metals (Cu, Zn, etc.) and gold from surrounding sedimentary rocks during the huge, meteoric water circulation.
We suggest that without the formation of the later, meteoric water circulation extensively through surrounding sed-
imentary rocks the Boguk cobalt deposits would be simple veins only with actinolite + quartz + cobalt-bearing minerals.
Furthermore, the formation of the meteoric water circulation after the culmination of a magmatic hydrothermal system
resulted in the common occurrence of high-temperature minerals with later, lower-temperature minerals, resulting in a
xenothermal feature of the mineralization.

INTRODUCTION

The genetic theory of worldwide cobalt-bearing
deposits is not yet established. Traditionally, hy-
drothermal cobalt deposits have been viewed
as the products of deposition directly from hydro-
thermal solution of magmatic origin. Recently
however, many cobalt-bearing deposits of non-
magmatic hydrothermal origin have been discovered
(e.g., Kerrich er al., 1986; Kissin, 1988). In fact, Co
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(and Ni) is rare in minerals from ore deposits of
magmatic hydrothermal origin owing to its strong
partitioning to the magmatic phase (typically, mafic
minerals of crystallizing silicate melts) and resulting
depletion in residual hydrothermal fluids, as well as
due to very low solubility under most hydrothermal
conditions (Crerar et al., 1985; Susak, Crerar, 1985).
Halls and Stumpfl (1972) compiled the geneses
of cobalt deposits and classified them into four
genetic groups: magmatic (Badham, 1975 and 1976;
Horrall et al, 1993); metamorphic (Kerrich et al,
1986; Goodz et al., 1986); sedimentary syngenetic
(Schneider, 1972); and non-magmatic (Kissin, 1988).
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It is interesting that the Boguk cobalt deposits in this
study, located in the Gyeongsan city near Taegu,
share many features with deposits of the granite-
related magmatic hydrothermal origin.

There are few cobalt-bearing deposits in Korea,
which can be grouped as two types (Nakamura,
1942): (1) deposits associated with Cu, Zn, Au and
Ag mineralization in a genetic tie with felsic igneous
rocks; (2) deposits associated with nickel in basic
igneous rocks, where cobalt-bearing minerals occur
only as a by-product. The Boguk cobalt deposits
belong to the first group.

Only a few studies of cobalt deposits in Korea were
carried out. Nakamura (1942) briefly summarized the
geology and ore deposits of the Boguk cobalt mine.
Recently, Park (1990) described the ore mineralogy
and mineral chemistry of the cobalt mineralization
at Boguk, and suggested the xenothermal origin.
However, not only the source and physicochemical
conditions of ore mineralization but also the evolution
of hydrothermal fluids have not been understood. This
study aims to describe the nature of complex ore

mineralogy and to decipher the origin of sulfur (and
associated metals) and physicochemical conditions of
ore mineralization at the Boguk mine, based on
mineralogical and geochemical studies, in order to
provide a genetic model for the Co-bearing, magmatic
hydrothermal system.

GEOLOGIC SETTING

The Boguk cobalt mine area is located within
the northern part of the Milyang Subbasin which
occupies the southern part of the Cretaceous
Gyeongsang Sedimentary Basin. The geology is
composed of sedimentary rocks of the Hayang and
Yucheon groups and the Bulgugsa Granite (Fig. 1).
The Hayang Group rocks of the mine area belong to
the Konchonri Formation which consists mainly of
shale with minor intercalations of sandstone and
limestone. The bedding mainly strikes 320° to 355°
and dips 5° to 15° SW. The Yucheon Group rocks
extrude or intrude the Konchonri Formation and
consist mainly of andesite and andesite porphyry.
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Fig. 1. Local geologic map of the Boguk cobalt mine area.
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Table 1. Rb-Sr two-point isochron data of granite from the Boguk cobalt mine area.

Samol Descrioti g “Rb (ppm) 1S TRbS Isochron parameters Date
ample no. escription r m m JUNT r
P P (epe) P Slope (x10%)  Intercept (Ma)
BK-A Whole-rock 99.62 158.253 0.7123 4.5889
Biotite 1221 479162 08470  114.8880 122 07067 85.98
A small granite stock intrudes the Konchonri Minerals STAGE| | STAGE Il | STAGE Ill |[STAGE IV[STAGE V
Formation and hosts fracture-filling hydrothermal Chiorite -
veins of the Boguk cobalt mine (Fig. 1). Along the Kiolspar |
intrusive contacts with sedimentary rocks occurs the Quartz T+
intrusion-related prophyllitic alteration. The granite is Hagnele i
occasionally uneven in grain size, ranging from fine- Pyrte — ——— --
to medium-grained. Inward from the margin, the oot | — |1 —
grain size usually increases. The granite also shows Loalingite — —-
. " e . . Cobaltite -—-
miarolitic cavities and micrographic texture. These Glaucodot -
features imply their epicrustal emplacement and the g;m:ﬂe I e
presence of abundant volatile components in magma. Chalcopyrite' I
A Rb-Sr age of the granite (85.98 Ma; Table 1) Gaena e -1 — -
suggests a Late Cretaceous age of the granitic intrusion Electrum —
and possibly the associated ore mineralization. hatve bismuth -
Stannite ---
M it B
ORE MINERALOGY Goothte
Ankerite — —
General descriptions gﬁf,',:ﬁs = 13— i
Calcite -

The cobalt mineralization at Boguk consists of
narrow (each 0.1~0.5m thick), fracture-filling
hydrothermal ~quartz + carbonates + actinolite  veins.
These veins occur within a calc-alkaline, micrographic
granite stock which intrudes the volcanosedimentary
strata of the Cretaceous Gyeongsang Supergroup.
The ore minerals consist of cobalt-bearing minerals
(loellingite, cobaltite, and glaucodot), cobalt-rich arse-
nopyrite, molybdenite, base-metal sulfides (chalcopyrite,
sphalerite, pyrite, pyrrhotite, etc.), and rare amounts of
oxides (magnetite and hematite).

Based on careful investigation of the mineral
assemblages and textural relationships (e. g., cutting,
banding, etc.) of veins, along with microscopic study
of ore samples, the hydrothermal vein mineralization
at Boguk formed during five major mineralization
stages (Fig. 2).

During stages I and II, cobalt deposition as
loellingite, cobaltite and glaucodot occurred. These
cobalt minerals are associated intimately —with
arsenopyrite, molybdenite and minor amounts of other
sulfides (Fig. 3A). Stage I mineralization is cha-
racterized by the occurrence of green amphibole
(mainly actinolite) in an association with minor quartz
and carbonates. Ore minerals consist mainly of
loellingite and Co-bearing arsenopyrite with rare
amounts of molybdenite, cobaltite, glaucodot, pyr-
thotite, etc.; Toward the stage Il mineralization, cobalt-

Fig. 2. Generalized paragenetic sequence of hydrothermal
minerals from veins and alteration zones of the Boguk
cobalt mine.

bearing minerals are generally decreased in amounts,
whereas arsenopyrite and other sulfides increased.
Stage II mineralization is characterized by the associa-
tion of cobalt mineralization (solely as loellingite) with
clear quartz and the absence of amphibole. Cobaltite-
glaucodot solid solution minerals do not occur in this
stage. Stage Il ore mineralogy consists dominantly of
arsenopyrite and loellingite with minor amounts of fine-
grained base-metal sulfides such as chalcopyrite, pyrite,
sphalerite, pyrrhotite, etc. (Fig. 3B, C).

Stage I mineralization is represented by the
deposition of base-metal sulfides without —cobalt-
bearing minerals, and consists mineralogically of white
quartz and carbonates with relatively abundant base-
metal sulfides (arsenopyrite, chalcopyrite, sphalerite,
pyrite, pyrrhotite, bismuthinite, etc.; Fig. 3D) and
oxides (magnetite and hematite). Rare amounts of
electrum occur with bismuthinite, native bismuth, and
chalcopyrite as fracture-fillings in ore and gangue
minerals (Fig. 3E). Toward the later portions of stage
I mineralization occurs the assemblage of Fe oxides
such as magnetite and hematite (Fig. 3F). Stage IV
and V mineralizations are represented by deposition of
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Fig. 3. Reflected light microphotographs of ore mineralization at the Boguk cobalt mine. All scale bars are 0.1 mm. A)
Stage I loellingite (LO) and flaky molybdenite (MO). Gangues are quartz (QTZ) and carbonates. B) Stage 1I loellingite in-
tergrown with arsenopyrite (ASP). C) Stage II subhedral arsenopyrite including pyrrhotite (PO). D) Stage III, native bismuth
(BI) + bismuthinite (BM) + pyrrhotite (PO) assemblage in arsenopyrite. E) Stage III, electrum (EL) + bismuthinite + chal-
copyrite (CPY) assemblage infilling the fractures or grain margins of arsenopyrite. F) Late stage III, magnetite (MT) and
hematite (HM) overgrown to arsenopyrite, indicating the oxidation of hydrothermal fluids.

carbonates with rare sulfides.

The vein mineralogy of the Boguk cobalt mine is
relatively complex and tends to be changed with time
as follows: actinolite, cobalt-bearing minerals and
molybdenite (stages I and II) — base-metal sulfides
(stage III) — carbonates (stages IV and V). This
mineralogical shift from high-temperature ore minerals
(e.g., cobalt-bearing minerals and molybdenite) to low-
temperature ore minerals (e.g., base-metal sulfides and
gold) suggests the relatively shallow-depth, xenother-
mal condition of hydrothermal mineralization at
Boguk.

Occurrence of arsenopyrite

Arsenopyrite is the most abundant mineral at
Boguk and occurs throughout the mineralizations
except stage V. Typical occurrences of each stage's
arsenopyrite are summarized as follows:

(1) Stage I arsenopyrite occurs usually as discrete
grains with subhedral to anhedral forms, and is
intimately associated with cobalt-bearing minerals
(loellingite, cobaltite, and glaucodot). It also replaces
the loellingite, remaining islands of loellingite.
Occasionally it contains minute grains of pyrrhotite.

(2) Stage Il arsenopyrite occurs as coarse, euhedral

to subhedral aggregates which are intergrown with
loellingite, pyrrhotite, and clear quartz (Fig. 3B, C).
Occasionally, it shows compositional zoning in a
single grain with a variation range up to about 2
atom. % As.

(3) Stage III arsenopyrite occurs as aggregates of fine
euhedral grains (up to 0.05 mm) in the early, marginal
portions of stage III veins. It is associated with
chalcopyritt and pyrite. Characteristically, it often
contains blebs of native bismuth and bismuthinite (Fig.
3D). Compared with stage I and II arsenopyrites, it
contains lesser amounts of arsenic and cobalt.

(4) Stage IV arsenopyrite occurs as disseminations
within carbonate bands. Repeated banding of carbonates
in stage IV veins indicates a repeated, sudden change
of physicochemical depositional conditions (e.g.,
boiling or meteoric-water mixing), thus being unable to
attain an equilibrium for proper mineral assemblages.
Thus, stage IV arsenopyrite cannot be used for a good
geothermometer.

CHEMICAL COMPOSITIONS OF
ARSENOPYRITE: IMPLICATION FOR
THERMOCHEMICAL CONDITIONS

Electron microprobe analyses of arsenopyrites are
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Table 2. Electron microprobe analyses of arsenopyrite from the Boguk cobalt mine.
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stage Specimen

no.

Weight percent

Atomic percent

Fe S As Sb Co Ni  Total Fe S As Sb Co Ni
I 28 2888 1654 5063 005 430 000 10040 29.02 2895 3792 002 409 000
nl-78 2604 1640 4982 029 680 000 9935 2648 2906 3777 014 655 0.00
214 3022 1601 5010 0.5 369 000 10017 3052 2816 37.71 007 353 000
35-74 2782 1648 5001 000 532 014 9977 2811 2900 3766 000 509 013
11-76 3051 1661 5031 000 290 0.13 10046 30.57 2899 3757 000 275 012
n1-79 2994 1652 4935 000 268 020 9869 3048 2929 3745 000 259 019
b12-72 3206 1673 5017 000 166 000 10062 3200 2909 3733 000 157 000
2-88 2920 1690 4967 000 381 006 9964 2940 2964 3727 000 363 006
2-87 28.18 1677 49.05 021 442 000 9863 2868 2974 3722 010 426 000
b12-60 3108 17.18 4978 001 202 000 10007 31.07 2992 3709 000 191 000
a-37 2681 1656 4919 010 699 003 9968 2707 2913 3703 005 669 003
35-75 2738 1706 4917 008 571 000 9940 2760 2996 3695 004 545 000
ni-80 2959 1689 4947 019 411 000 10025 29.63 2946 3692 009 390 000
b12-61 3131 1691 49.15 000 199 000 9936 3153 2967 3690 000 19  0.00
bkd4-18 3312 1684 4873 034 000 016 9919 3343 2960 3666 016 000 015
b12-69 3164 1726 4904 000 176 005 9975 3165 3007 3656 000 167 005
a-38 2545 1672 4852 000 875 007 9951 2568 2939 3650 000 837 0.07
n1-77 2890 1715 4830 000 435 007 9877 2920 3019 3638 000 417 007
2L-2 3039 1738 4842 000 338 000 9957 3040 3029 3611 000 320 000
a-42 2514 1692 4767 000 892 000 9865 2550 2989 3604 000 857 000
a-41 2813 17.64 4862 001 587 000 10027 2794 3052 3600 000 553 000
2L-3 3057 1728 4884 000 429 004 10102 3021 2975 3598 000 402 0.04
2L-1 3030 1712 4824 000 417 000 9983 3029 2981 3595 000 395 000
b12-67 3232 1883 4830 030 070 004 10049 3170 3217 3531 0.3 065 004
bk2-10 3062 1817 4777 000 319 000 9975 3035 3137 3529 000 300 000
bk2-6 3115 1868 4706 000 303 010 10002 3062 3198 3448 000 28 009
bk2-4 3134 1920 4646 000 229 012 9941 3082 3289 3405 000 213 011
bk2-7 3096 1873 4593 008 3.06 009 9885 30.70 3235 3395 004 288 008
mean 2961 1720 4885 006 393 005 9970 29.67 3001 3650 003 375 0.04
M nl5-17 2720 1609 5046 000 646 029 10050 2741 2824 3790 000 617 028
b1521 2893 1671 5082 013 414 013 1008 2892 29.10 3787 006 392 012
n4-2 2977 1606 5013 000 355 039 9990 3012 2830 3780 000 340 038
n15-16 2715 1606 4902 014 567 006 9810 2794 2879 3761 007 553 006
nls23 2660 1615 4948 004 676 026 9929 2706 2862 3753 002 652 025
n15-19 2573 1676 4953 012 723 080 10017 2586 2934 3710 006 68 076
n15-31 3132 1698 4893 000 131 007 9861 31.74 2997 3696 000 126 007
n4-7 2996 1680 4953 000 396 010 10035 2996 2997 3692 000 375 0.10
n4-8 2966 1687 4942 000 3.83 030 10008 2972 2945 3691 000 364 029
n15-36 2933 1662 4852 000 412 012 9871 2979 2940 3673 000 397 012
nl1873 3124 1728 4921 018 201 0.09 10001 3121 3007 3665 008 190 009
bk9-22 3028 17.15 4826 004 278 002 9853 3065 3024 3641 002 267 002
nl5-24 2925 1735 4834 007 362 022 9885 2949 3047 3633 003 346 021
nls-14 3151 1734 4756 020 144 003 9808 31.94 3062 3594 009 138 0.03
nl8-71 31.10 1730 4822 000 3.07 000 99.69 31.07 3011 3591 000 291 000
nl8-72 3121 1773 4806 029 217 001 9947 3117 3085 3578 013 205 001
n4-1 3248 1778 4860 018 135 031 10070 3205 3056 3575 0.08 126 029
nl5-33 3048 1750 4748 000 281 005 9832 30.77 3077 3573 000 269 005
n4-9 3051 1761 4819 000 366 004 10001 3032 3049 3570 000 345 004
n15-10  29.66 1758 4758 011 341 042 9876 29.83 3080 3567 005 325 040
bk9-19 3082 1793 4826 000 307 000 10008 30.53 3094 3564 000 28 000
nl870 3256 1758 4763 014 101 000 9892 3266 3071 3561 006 09  0.00
n4-10 3052 17.82 4822 000 365 016 10037 30.18 3070 3555 0.00 342 015
bk9-31 3241 1776 4749 002 086 007 9861 3253 3105 3553 001 082 007
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Table 2. Continued.
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stage Specimen Weight percent

Atomic percent

no.

Fe S As Sb Co Ni Total Fe S As Sb Co Ni
II bk9-20 3206 1817 4817 030 144 008 10022 31.68 3128 3548 014 135 0.08
nl5-35 3190 18.04 4787 042 150 003 9976 31.69 3122 3545 019 141 003
bk9-27 3185 1770 4728 000 167 0.16 98.66 3196 3094 3536 000 159 0.5
n4-3 2964 1783 4790 000 467 017 10021 2935 3075 3535 000 438 0.16
bk9-24 3228 1795 4696 013 092 000 9824 3245 3143 3519 006 088 0.00
bk9-29 3225 1870 4776 000 142 000 100.13 31.69 3201 3498 000 132 0.00
bk9-23 3147 1815 4671 000 231 000 9864 3144 3159 3479 000 219 0.00
bk9-28  33.06 1841 4691 021 071 000 9930 3278 3179 3467 010 067 000
nl8-69 3145 1855 4641 000 167 000 9808 3147 3233 3462 000 158 0.00
ni8-68 3225 1900 4618 000 077 000 9820 3209 3293 3425 000 073 000
bk9-21 3187 1852 4621 010 247 006 9923 3155 3194 3410 005 232 006
nl8-67 3278 1959 4629 015 238 011 10130 3157 328 3323 007 217 0.10
mean 3063 1754 4816 008 289 013 9942 3063 3055 3592 004 274 012
Il n21-84 3286 1815 4847 000 037 000 9985 3255 3132 3579 000 035 0.00
7L-5 3359 1741 4722 000 000 000 9822 3389 3060 3551 000 000 0.00
n21-82 3309 1798 4774 028 0.09 008 9926 3300 3123 3548 013 009 0.08
n21-81 3288 1800 4746 000 001 015 9850 3296 3143 3546 000 001 0.14
7L-11 3368 17.57 4707 000 018 004 9854 3382 3073 3523 000 017 004
7L-11 3062 1783 4713 015 297 003 9873 3071 3115 3523 007 282 003
7L-12 3390 1807 4736 004 001 000 9938 3366 3126 3505 002 001 0.00
7L-9 3305 1831 4682 006 009 004 9837 3305 3190 3490 003 009 004
TL-6 3372 1791 4670 000 000 020 9853 3375 3122 3484 000 000 019
n21-85 3233 1886 46.64 000 066 000 9849 3215 3267 3457 000 062 000
n21-83 3424 2005 4716 000 003 006 10154 32.80 3345 3367 000 003 005
7L-8 3467 2077 4529 015 022 000 101.10 3305 3449 3219 007 020 000
7L-4 3495 2082 4355 000 000 000 9932 3371 3498 3131 000 000 0.00
mean 3335 1859 4682 005 036 005 9922 3301 3203 3456 002 034 004
shown in Table 2. Arsenopyrites from the Boguk Fe
mine show wide compositional variations in terms of [ Stage I
As content. These wide compositional ranges have OStage II
been interpreted as effects of variations in temperature AStage 1II
and/or sulfur fugacity of hydrothermal fluids (e.g., A
Lowell, Gasparini, 1982; Kalogeropoulos, 1984). Our
analytical data are plotted into a central portion in As s
the (Fe+Co)-As-3 triangle diagram (Fig. 4) and show
that arsenopyrites from Boguk typically have the
-
high-temperature, As-excess but S-deficient features. A
Equilibrium thermodynamics were applied to
estimate the changes in physicochemical conditions of
hydrothermal fluids. Experiments by Clark (1960a, b)
have shown that buffered arsenopyrite will be enriched
in arsenic with increasing temperature but enriched in As S

sulfur with increasing pressure. Kretschmar, Scott
(1976), however, proposed the minimal effect of
pressure on composition and stressed the applicability
of arsenopyrite as a geothermometer in the low-
pressure region if the content of minor elements (Co+
Ni) does not exceed 1 wt%. Most arsenopyrites
at Boguk have quite high cobalt contents (more than
1 wt.%). The cobalt content shows a systematic

414' 413 4'2 4'1 4]0 3IE S'B (;7 316 3IS 3I4 3[3 :;2 Sll
Fig. 4. Enlarged quadrangle in the Fe-As-S compositional
triangle, showing the variation of As/S atomic ratio of ar-
senopyrite from the Boguk cobalt mine.

substitutional relationship with the Fe content, and
tends to be decreased toward later mineralization
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Fig. 5. Fe content versus Co content diagram showing

the substitutional relation of arsenopyrites from the Boguk

cobalt mine. The cobalt content tends to be decreased to-

ward later mineralization stages.

stages (Fig. 5). Therefore, some arsenopyrites with the
Co content of <1 wt.% were used to estimate the
temperature, although this approach may not yield the
whole range of formation temperatures.

The temperature versus fugacity of sulfur (fS;)
diagram (Kretschmar, Scott, 1976; Fig. 6) was constructed
to trace the physicochemical conditions of the Boguk
hydrothermal fluids with time.

log fs, (atm)

Temperature (°C)

Fig. 6. Temperature versus fugaciy of sulfur diagram
(after Kretschmar, Scott, 1976) showing the probable con-
ditions of stage I, II and HII mineralizations at Boguk. The
bismuth-bismuthinite buffer curve (Barton, Skinner, 1979)
is superimposed. Abbreviations: As=native arsenic, Asp=
arsenopyrite, Bi=bismuth, Bm=bismuthinite, L=liquid, Lo=
loellingite, Po=pyrrhotite, Py=pyrite.

Stage 1 arsenopyrites (applicable range of As
content=35.31 to 36.66 atom.%) are intergrown with
loellingite and pyrhotite. This corresponds to the
temperature and log fS, values of about 560° to
450°C and -6.5 to -9.5 atm, respectively (Fig. 6).
Stage II arsenopyrites coexisting with loellingite
and pyrrhotite have the applicable arsenic content
of 34.25 to 35.53 atom.%, corresponding to the
temperatures of 475°to 390°C and the log fS, values
of -85 to -12.3 atm. Thus, the cobalt deposition
(mainly as loellingite) in stages I and II occurred at
high temperatures ranging from 390° to 560°C. This
high-temperature condition (up to 560°C) indicates
that early cobalt mineralization at Boguk formed
from cooling magmatic fluids, as also supported by
sulfur isotope and lithochemical data (see below).

Stage III arsenopyrite often contains the inclusions
of native bismuth and bismuthinite. As shown in Fig.
6, the Bi-Bi,S; sulfur-buffer univariant curve lies
within the arsenopyrite stability field and intersects
the compositional isopleths of arsenopyrite at
sufficiently high angle, constituting a potentially
useful geothermometer. Since each isopleth of
arsenopyrite is univariant at a definite pressure, their
intersections with the Bi-Bi,S; curve are invariant
and define not only the temperature but also the fS,
in spite of the absence of any coexisting Fe-S
minerals (Kretschmar, Scott, 1976). Arsenic contents
of stage Il arsenopyrites containing the blebs of
native bismuth and bismuthinite range from 31.31 to
32.19 atom.%, corresponding to temperature and log
S, values of 345° to 380°C and -9.3 to -10.5 atm,
respectively. It is noteworthy that the deposition of

‘base-metal sulfides in stage I occurred from fluids

with quite lower temperatures than earlier cobalt
mineralization, suggesting the overall cooling of the
hydrothermal system with increasing time, possibly
due to relatively increasing amounts of meteoric
water influx.

It is further possible to define chemical changes
responsible for mineral deposition by using a fugacity
of sulfur (fS,) versus fugacity of oxygen (fO,)
diagram (Fig. 7). The diagram, for convenience, has
been constructed for 350°C in order to compare the
depositional conditions between cobalt mineralization
(stages I and II) and base-metal sulfides deposition
(stage III). Actual temperature variations between
these stages result in positional changes of the
mineral equilibria but do not affect the overall
topological shape of the diagram. The occurrence of
pyrrhotite but the absences of graphite and magnetite
in stages I and II allow the permissible range of
log fO, values between >-32.7 and -30.7 atm,
whereas the assemblage pyrite + magnetite + hematite
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Fig. 7. Fugacity of sulfur versus fugacity of oxygen dia-
gram constructed at 350°C, showing stability relationships of
stage II and III mineralizations at Boguk.

+pyrrhotite in stage III yields the higher log fO,
value (=>-30.7 atm). Relatively higher fugacity of
oxygen for later, base-metal sulfide mineralization
(stage IN) also suggests the inundation of more
oxidizing, meteoric groundwaters in the hydrothermal
system.

LITHOCHEMICAL DATA: IMPLICATION
FOR METAL SOURCE

In order to elucidate the potential source(s) of metal
components in hydrothermal fluids, surrounding rocks
(granite and shale) from the Boguk cobalt mine area
were analyzed for trace metallic elements using
Inductively Coupled Plasma Mass Spectrometry
(Model VGPQLL+) at laboratory in the Korea Basic
Science Institute (Table 3).

Compared with worldwide average granite and
granodiorite (4 ppm Co; Geological Survey of
Finland, 1992) and other Korean Cretaceous granites
(13 ppm Co; Hong, 1987), the micrographic granite
stock in the Boguk mine area is quite highly
enriched in Co (25.08-112.02 ppm, avg. 50.90 ppm),
as shown in Fig. 8. The Konchonri Formation shale
contains relatively higher amounts of Co (avg. 34.30
ppm), Cu (avg. 89.67 ppm), and Zn (avg. 135.87
ppm) than average worldwide shale (Co=20 ppm, Cu
=45-50 ppm, Zn=100 ppm; Levinson, 1974;
Geological Survey of Finland, 1992).

Very high cobalt content in the granite indicates
that cobalt was probably derived largely from
cooling granite stock, whereas higher amounts of Cu
and Zn in shale suggest their derivations mainly from
shale. Thus, Cu and Zn were probably originated
through leaching-out from shale by circulating
meteoric water after the culmination of an earlier,
cobalt-depositing magmatic hydrothermal system with

temperatures up to S560°C (based on arsenopyrite
geothermometry).

SULFUR ISOTOPE DATA: IMPLICATIONS
FOR SOURCE AND EVOLUTION OF
HYDROTHERMAL FLUIDS

In order to elucidate the origin and evolution of
sulfur (and associated metals) in hydrothermal fluids,
we analyzed sulfur isotope composition of 10
sulfides from stage II and IV veins (Table 4).
Standard techniques for gas extraction and analysis
were used (Grinenko, 1962), and isotopic data are
reported in & notation relative to the Canyon Diablo
Troilite (CDT) standard. The standard error of
analysis is about+0.1%,.

Ranges of measured &S values are: sulfides from
stage II vein, 346 to 6.87% (molybdenite=3.46~
4.82%; pyrite=6.05%; arsenopyrite=6.87%); sulfides
from stage IV vein, 11.13 to 21.90%, (pyrite=17.81~
21.90%; chalcopyrite=11.13-19.87%). To our kno-
wledge, the 8™S values for stage IV sulfide minerals
(up to 21.90%) are highest among sulfides from
hydrothermal vein deposits in Korea.

Assuming appropriate  depositional temperatures
for each mineral species (based on average homo-
genization temperatures of fluid inclusions in
associated quartz and on thermochemical calculations),
the following &S values of H,S are calculated using
the sulfur isotope fractionation equations in Ohmoto
and Rye (1979): for stage II, 2.71 to 5.22%,; for stage
IV, 11.37 to 20.10%.

Within stage II, small variations of calculated
8*Su,s values at high temperatures and the
prevalences of both the Fe mineral assemblage
pyrthotite +pyrite in veins and the alteration mineral
assemblage sericite+quartz likely indicate the
predominance of H,S (and some HS) among
dissolved sulfur species in early, cobalt-depositing
fluids (Ohmoto, 1972; Ohmoto, Rye, 1979). Ohmoto
and Rye (1979) have shown that a magmatic fluid
phase in equilibrium with a hydrous granitic melt
(log fO,=-12 atm, pressure=1000 bars, temperature=
800°C, initial 8™S,., values near 0%) will have a
8*Saus value near 4%. Therefore, the calculated
8*Su,s values (about 3 to 5%) may be taken as an
approximation of the sulfur isotope composition of
entire, early hydrothermal fluids (8*Sss). It is temp-
ting to indicate that the sulfur in early hydrothermal
fluids at Boguk was derived originally from an
igneous source, likely the vein-hosting granitic stock
(Ohmoto, Rye, 1979). Abnormally high &Sy,
values (approaching 20%) for stage IV fluids rule
out the significant contribution of an igneous sulfur
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Fig. 8. Concentrations (ppm) of trace metallic elements in
granite and shale from the Boguk cobalt mine area. For com-
parison, average abundances in worldwide granite and grano-
diorite and shale (after Geological Survey of Finland, 1992)
are shown.

during the stage IV mineralization.

The apparent increase in §'Sy,s values with time
from stage II (avg. 3.73%) to stage IV (avg. 16.81%)
is noteworthy (Fig. 9). This variation can be
explained by some causes: (1) gradual addition of
sulfur from an isotopically heavy source, (2) isotopic
reequilibration in the hydrothermal fluids following
removal of isotopically lighter H,S by boiling
(reservoir effect), and (3) an original isotopically
heavy sulfur source (at least 20%,) with an increasing
H,S/sulfate ratio (reduction of sulfur). The case (3)
seems unlikely because the observed mineralogical
shift of Fe minerals from pyrrhotite +pyrite (stages I
and II) to pyrite + magnetite +hematite (stages III
and IV) suggests the progressive oxidation of
hydrothermal fluids, as discussed above. Therefore,
we prefer the cases (1) and (2).

Time
Stage Il Stage IV
I IWI
n{ (] [ iv] v v v
1 1) 1L
L ‘ T 1 L T T T | ] T 1 T T VW 1
3 4 5 6 11 12 15 16 17 20

8*S,s (%)

Fig. 9. Calculated sulfur isotope composition of H,S in hy-
drothermal fluids for the Boguk cobalt mine.

For the case (1), the amounts of introduction of
isotopically heavy sulfur (sulfates) from surrounding
rocks (possibly the Konchonri Formation sedimentary
rocks) must have increased with time from stage II
toward stage IV (Hoefs, 1987). It is probable that
isotopically heavier sulfur was leached from
sedimentary rocks and mixed with minor amounts (if
present) of more *S-depleted igneous sulfur during the
formation of a huge circulation of meteoric water after
the culmination of an earlier, magmatic hydrothermal
system. In addition to the introduction of sulfate-sulfur,
base metals such as Cu and Zn were leached out during
the meteoric water circulation through sedimentary
rocks (see the previous section).

The case (2) is also plausible at Boguk. For stage
IV mineralization, characteristic vein textures and
mineralogy (e.g., rhythmic banding with abundant
carbonates, and occurrence of chalcedonic quartz)
suggest the prevalence of boiling of hydrothermal
fluids. Drummond and Ohmoto (1985) have shown
that with only 5% boiling at 300°C occur the
dramatic changes of fluids, including the decrease of
¥H,S and the increase of pH. Through boiling, H,S

Table 4. Sulfur isotope data of vein sulfides from the Boguk cobalt mine.

Stage Sample no. Mineral 'S (%) A¥S (%) T ("Cy* T CC**  8'Sws (%)***

11 BK-B3 molybdenite 373 470 292
BK-B6 molybdenite 4.82 500 407
BK-B8 molybdenite 3.46 500 271
BK-18 arsenopyrite 6.87 - -
BK-20 pyrite 6.05 420 522

v BK-P7 pyrite 2190 197 20.09

2.03 197145

BK-P7 chalcopyrite 19.87 197 20.10
BK-P10 pyrite 18.85 180 16.90
BK-P13 pyrite 17.81 150 15.58
BK-P15 chalcopyrite 1113 180 11.37

* Based on sulfur isotope fractionation equation in Ohmoto and Rye (1979)
** Based on fluid inclusion temperatures, sulfur isotope temperatures, and paragenetic constraints
*** Calculated H.S isotope compositions based on sulfur isotope fractionations in Ohmoto and Rye (1979)
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loss (accompanying the preferential loss of *’S) and
isotopic reequilibration, isotopically heavier H,S can
be generated. However, very high enrichment of
heavy sulfur (up to 8Sy,s values of about 20%)
cannot be explained solely by the boiling. Thus, we
prefer the case (2) as an adequate explanation.

CONCLUSIONS AND DISCUSSIONS

Cobalt-bearing, hydrothermal quartz+carbonate &
actinolite vein deposits of the Boguk mine fill the
fractures in a small micrographic granite stock
(Rb-Sr age=85.98 Ma). This granite intrudes the
Konchonri Formation rocks (mainly of shale and
sandstone) and shows the features implying its
epicrustal emplacement. Chemical analyses of rocks
show that the granite stock is characteristically
highly enriched in Co (avg. 50.90 ppm). This
indicates that cobalt was derived from cooling
granitic stock. However, quite high concentrations of
Cu (avg. 89.67 ppm) and Zn (avg. 135.87 ppm) in
the Konchonri Formation shale suggest their
derivations largely from shale.

The mineralization of the Boguk cobalt mine is
divided into five stages, based on mineral assemblages
and textural relationships. The vein mineralogy is
relatively complex and changes with increasing
paragenetic time: cobalt-bearing minerals including
loellingite, cobaltite and glaucodot and molybdenite (in
stages I and IT) — base-metal sulfides and Fe oxides
(in stage I)— carbonates (in stages IV and V).
Equilibrium thermodynamic considerations of available
mineral assemblages in each stage yield the following
physicochemical conditions: (1) cobalt deposition in
stages I and II: T=560"-390°C, log £S,=-6.5 to -12.3
atm, log fO, at 350°C=>-32.7 to -30.7 atm; (2) base-
metal sulfide deposition in stage HI: T=380-345°C,
log S;=93 to -10.5 atm, log fO, at 350°C==>-30.7
atm. The progressive decrease in temperature and
apparent concomitant increase in fO, are interpreted to
indicate the progressive inundation of an early,
magmatic hydrothermal system for the cobalt
mineralization by cooler, more oxidizing meteoric
waters during the base-metal sulfide mineralization.
The chloro complexing of cobalt (CoCL”) is favored
as a transporting agent in most hydrothermal
conditions (Susak, Crerar, 1985). Precipitation of
cobalt from the complexing possibly resulted from the
boiling and associated rapid heat loss which occurred
due to the pressure drop, as the carbonates associated
with cobalt deposition at Boguk could be precipitated
in respond to the CO, loss and associated pH increase
accompanied by the boiling (Kerrich et al., 1986).

The calculated 83“8,.23 values increase with time

from stage 1T (3 to 5%) to stage IV (up to about 20%).
Combined with lithochemical data and equilibrium
thermodynamic ~ considerations, these 5‘“SH25 values
clarify the ideas that the sulfur in the early, cobalt-
depositing hydrothermal fluid was derived from an
igneous source, likely the ore-hosting micrographic
granitic stock, whereas the sulfur in later fluids for
base-metal sulfide mineralization was originated by
leaching of isotopically heavier sulfates in sedimentary
rocks (the Konchonri Formation) during the lateral
circulation of meteoric groundwater. This groundwater
circulation system formed after the culmination of the
magmatic hydrothermal system which was probably
dominated by the vertical fluid flow restrictedly within
or around the cooling granitic stock.

Based on the preceding discussions, the following
model is proposed for ore genesis at Boguk: During
the Late Cretaceous, a micrographic granite stock
intruded volcanosedimentary rocks in the Gyeongsang
Basin at near surface. Cobalt was partitioned
preferentially into a coexisting magmatic hydrothermal
fluid. In addition to the actinolite association with
cobalt-bearing minerals, sulfur isotope analyses of
sulfide minerals in the cobalt mineralization at high
temperatures (560° to 390°C) indicate an igneous
source of sulfur with a 8 Sy value near 3 to 5%.
Following cobalt deposition from a magmatic fluid, a
huge circulation of meteoric groundwaters formed to
result in cooling, dilution, and oxidation of the early
hydrothermal fluids. Base metals (Cu, Zn, etc)) and
possibly gold were leached from surrounding
sedimentary rocks (Konchonri Formation) during the
meteoric water circulation, and were concentrated to
form later hydrothermal fluids with lower temperatures
and higher 8*S values. Without the formation of later
meteoric water circulation system, the mineralization at
Boguk would be simple only with Co-bearing, stage I
and I veins.
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