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Abstract The Qixin Cu-Ni deposit, nestled within the Beishan rift belt in southeastern Xinjiang, is a newly discovered ore system
with significant potential for large-scale mineralization. Previous studies in this area have preliminarily conducted research in geology,
geochemistry, geophysics and isotope geochronology. However, scientific issues regarding the occurrence state and enrichment
mechanism of the strategic critical metal cobalt remain unexplored. This study selects cobalt-hosting rock masses from the Qixin Cu-Ni
deposit as research subjects. Based on an investigation of the geological characteristics of the deposit, automated mineralogy analysis
(TIMA) and electron probe microanalysis (EPMA) for major and trace elements were carried out to clarify the occurrence states of Co
in sulfides and iron oxides (including pentlandite, pyrrhotite, chalcopyrite, chromite, magnetite, and spinel ), as well as the
enrichment mechanism of cobalt. TIMA results reveal that Co predominantly exists in solid solution without forming independent
minerals. EPMA data indicate a sequential decrease in Co concentrations in sulfides/oxides as follows: pentlandite (1.14% ) >
pyrrhotite (0. 083% ) > magnetite (0.082% ) > chromite (0. 081% ) > spinel (0.07% ) > chalcopyrite (0.03% ). The enrichment of
Co in the Qixin Cu-Ni deposit is controlled by a multi-stage process. During the sulfide liquid immiscibility stage which occurs later
than the magmatic crystallization differentiation stage, cobalt is equally distributed between the sulfide and oxide phases, leading to the
gradual enrichment of cobalt from the magma into primary iron oxides. As the temperature decreases below 900°C , Co preferentially
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enters the monosulfide solid solution ( MSS) and subsequently becomes enriched in pentlandite through exsolution. In the late-stage
hydrothermal alteration, sulfide decomposition occurs, accompanied by the migration of sulfur (S) and nickel (Ni). This process

releases Co’ " which replaces Fe’* via isomorphic substitution with ionic radius compatibility of Co’* 0.74A vs. Fe’* 0.78A in
secondary magnetite. Consequently, this leads to Ni-Co decoupling, where the Ni/Co ratio increases from approximately 18 in sulfides
to over 50 in altered zones. Additionally, the Co content in secondary magnetite is significantly elevated, ranging from 0. 3% to 0. 6%.
Although no discrete cobalt minerals have been identified, the average grade of cobalt in the ore reaches 0.04% , which meets the
industrial mining grade requirement. Therefore, clarifying the distribution differences of cobalt in various minerals is of significant

importance for mineral resource assessment and comprehensive utilization.

Key words Coj; Occurrence state; Enrichment mechanism; Magmatic Cu-Ni sulfide deposit; Qixin; Xinjiang
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Fig. 3 Microphotographs and BSE images of ore-bearing rock mass in Qixin Cu-Ni deposit

(a) Lherzolite; (b) Kazanskite; (c) Hyperite; (d) Chalcopyrite and pentlandite embedded in pyrrhotite; (e) Chalcopyrite and pentlandite developed
along the margins of pyrrhotite; (f) Pentlandite occurring as needle-like (‘acicular) exsolutions within pyrrhotite; (g) Pentlandite occurring as needle-
like (acicular) exsolutions within pyrrhotite; (h) Chromite exsolution at the margins of chrome spinel; (i) Chrome spinel exhibiting cumulate texture,
developed within olivine fractures; (j) Chromite associated with sulfides; (k) Secondary magnetite developed along olivine parting; (1) Sideronitic
texture. Ccp-chalcopyrite ; Chr-chromite ; Cpx-clinopyroxene ; Hy-hypersthene ; Mi-magnetite ; Ol-olivine ; Pl-plagioclase ; Pn-pyrrhotite ; Po-pentlandite ;
Spl-spinel
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Fig. 4 Hand specimens of different ore types in Qixin Cu-Ni deposit
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Fig. 5 TIMA phase diagram (a) ,BSE image (b) and elemental mapping results (c-f) of plagioclase peridotite (ZK2-8-4)
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Fig. 6 TIMA phase diagram (a) ,BSE image (b) and elemental mapping results (c-f) of lherzolite (ZK0-9-16)
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BALTFHACY AR P & i, UL RE R A R BRI TR A T R R R R, Hoh BB Co &
FENBET Y ARSI SR o] DUHEBR A EERR R PR B 0.232% ~2.299% , P gl 1.142% ,Ni & &
BUREAE TR A 14.882% ~ 34.901% , -1 & i 31.349% ; Fe [y & 5

29.156% ~47. 172% ,SF-H & 32.375% (3 1 & Ta-b) ;

4.2 HEH MBI S FHE

TR ERE RV 25 Kb, TR mmky K BERIRGRD.

S M 34, 149% ~ 38.825% , V-4 4 i Yy 34.510% , ¥k
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x1 BEREETARPRUDHEENREBTRAR (W% )

Table 1~ Major and trace element composition (wt% ) of sulfides in the Qixin Cu-Ni deposit

s 7] As Cu Co Ni Zn S Fe Au Sh Ag Mn
7K1-4-B6-10 0. 029 - 2.299  34.90 - 34.58  30.79  0.162 - - -
ZKI3 +1-1-B44 0.028 0.056 0.324 34.84 - 34.21  29.99 0 - - -
ZKL3 +1-1-B4-6 - - 1.035  34.82 - 34.15  29.14  0.027 - - 0. 003
ZKL3 +1-1-B4-5 0.113  0.05 0.769 34.54 - 34.22 29.57  0.19 - - 0.019
7K0-9-16-6 - - 1.243  34.38 - 34.18  29.16 - - - -
ZK0-9-16-3 0. 043 - 1.24  34.24 - 34.41  29.27 - - 0. 006 0.014
ZKL3 +1-1-B4-2 0.019 0.059 0.615 34.20 - 34.25  30.13 - - 0.014 -
7K1-4-B6-14 wagkkys 0.069  0.049  1.341  34.05 - 3432 30.52 - - 0. 007 -
7K1-4-B6-5 - - 1.409  33.95 - 34.37  29.81 - - 0. 006 -
ZK1-4-B6-1 0.009 0.002 2.185 33.68 - 34.33  29.88  0.124 - - 0. 002
7K1-4-B6-17 - - 1.139  32.86 - 3475 30.28  0.131 - - -
ZK2-84-8 - 0.043  0.903 32.86 - 35.35 3146 0.015 - 0. 005 0.011
7K2-84-3 - - 0.948  31.67 - 35.03  31.78 - - 0. 002 0. 001
ZK2-844 0. 027 - 2.13  30.70 - 35.12 32.61 - - 0. 004 0. 001
7K2-8-4-10 - - 0.232  14.99 - 38.37  47.17  0.084 - 0.03 -
7K1-4-B6-6 - 0.006 0.462  14.88 - 38.83  46.52  0.036 - - 0. 002
7K0-9-16-9 - 0 0.151  3.259 - 39.94  55.85  0.026 - - 0. 001
ZKL3 +1-1-B4-3 0.008 0.016 0.066 0.528 0.027 40.06 58 - - - -
7K09-16-12 - 0.023  0.107 0.518 - 40.13 58.76 0.026 0.005 0.013 -
7K09-16-8 - 0 0.078  0.412 - 40.07  58.32 - - - 0.018
ZK0-9-16-2 - 0.006 0.101 0.344 0.028 39.95 58.49 0.102  0.008 - 0. 004
7K1-4-B6-3 - 0.018 0.074 0.312 0.038 39.79 58.50 0.071 0.001  0.005 -
7K1-4-B6-11 0.017 - 0.074  0.269 - 39.69 58.05  0.102 0.015 - -
7K1-4-B6-15 R - 0.008 0.034 0.254 - 39.91  59.01 0.142 - - -
ZK1-4-B6-7 0.037 0.001 0.061 0.221 - 39.86  58.69  0.03  0.015 - -
ZK09-16-5 - 0.032  0.104 0.212 0.007 40.57 57.06 - 0.014 - -
7K1-4-B6-16 0.012  0.017 0.047 0.196 - 39.88  58.55  0.02 - 0. 006 -
ZK1-4-B6-12 - 0.007 0.081 0.163 0.036 39.24 59.85 - 0.002  0.014 0.032
7K2-84-9 0. 054 - 0.07 0.096 0.025 39.78  59.02 - - 0. 021 -
7K0-9-16-11 0.128 0.084 0.068 0.085 0.014 39.97 58.84 0.005 - 0. 006 -
ZKI3 +1-1-B4-7 - 0.008 0.075 0.055 0.018 37.89  60.72 - - - 0.01
7K2-84-2 - 0.006 0.114 0.054 - 38.25 60.86 0.01 0.011 0.02 0.019
ZK14-B6-2 - 3477 0.021  0.02 0.002 36.03 29.56 - - 0.018 -
ZK0-9-16-10 - 33.71  0.035 0.018 - 35.33  30.75  0.027  0.007 - -
7K0-9-16-1 - 34.16  0.026 0.017 0.035 3559 29.53 0.016 - - -
ZKI13 +1-1-B4-8 - 34.62  0.044 0.013 0.053 36.02 29.17 - - 0.01 -
7K1-4-B6-13 - 34.50 0.01 0.012 0.032 35.63 29.33 0.016 0.008 0.031 -
7K2-84-6 - 34.62  0.035 0.006 0.044 3577 29.51 - 0.02  0.013 -
ZK0-9-16-7 BT 0.007 3474 0.036 0.002 0.052 36.16 29.50 - - 0. 039 -
ZK1-4-B6-8 - 34.15 0.038 0.001 0.044 3580 29.38 - - 0.012 -
7K1-4-B6-9 0.012  34.60 0.043 - 0.079 35.70  29.10 - - 0. 006 0.015
7K0-9-164 - 34.69  0.023 - 0.002 35.91 29.49 - 0.007  0.002 0.017
ZKL3 +1-1-B4-1 - 34.77  0.007 - 0.017 35.77 29.32 0.06 0.008 0.012 -
ZK14-B64 0.017 34.85 0.071 - 0.047 36.29 29.36 0.021  0.005 - -
7K2-84-1 0.007 35.12 0.035 - 0.04 34.07 30.44 0.057 - 0. 005 0. 002

T - RN R T R IIR

MG Co S H N 0.034% ~0.151% , P &mly  BARBRIIR(ER 1),
0.082% , Ni 4 & & 0.054% ~ 3.259% , V-3 & & N G P Co &K 0.01% ~0.07% , F¥ & & H
0.436% ; Fe [ & N 55.85% ~ 60.86% , F-3 & 1 h  0.03%;Ni 8K 0 ~0.02% , FH# &4 4 0.01% ; Cu X
58.66% ;S Fr &} 37.89% ~40.57% , V¥R 39.69% ,  33.71% ~35.12% , V-3 58 34. 56% ;Fe )& 29. 10%
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Table 2 Major and trace element composition ( x 10 ™®) of iron oxides in the Qixin Cu-Ni deposit
HilpEess VR Al Na Mg Ni Co Cr Si K Ti Fe Mn
7K2-8-4-002 13701100 - 2877000 16521 44842 16552166 6534 - 266134 34223978 339231
7ZK0-9-16-006 11548070 - 2623200 151833 83390 18610240 26135 - 748651 35505014 317545
7K2-84-003 YNy 17231646 19289 3176400 68443 89684 14158835 24735 4979 444155 31177335 249389
ZKL3 +1-1-B4-002 15148444 34869 5241000 102271 68443 18570556 8867 - 240959 26757098 252487
ZKL3 +1-1-B4-001 16373079 21515 4983600 37762 62149 18118984 22402 14107 321278 26648206 291987
ZK1-4-B6-002 20519910 31901 5292000 110925 74737 13478740 11201 - 210989 25951297 217635
ZK14-B6-004 79350 55643 67200 126659 50349 - 34536 19915 101299 73516878 51117
7K2-8-4-006 233818 35611 72000 47989 84177 266838 - - 246953 73474099 39500
7K2-84-005 211600 - 54000 22814 113285 298995 12601 - 266134 72931973 48794
7ZK1-4-B6-006 23805 58610 94800 - 48775 - 221683 25724 0 72597519 92166
7ZK14-B6-005 ARG 24334 22999 144000 38548 95977 23947 199748 19915 5994 72553184 69705
7K0-9-16-001 29095 43030 874800 7080 94404 27368 243617 - 0 72483960 130891
7ZK0-9-16-005 20102 30418 831000 71590 60576 - 313156 - 0 72321400 52666
ZKL3 +1-1-B4-003 2645 20773 271200 - 128232 32842 98007 2489 0 72091949 478641
7K2-8-4-007 640619 - 176400 128232 57429 5375075 40603 - 731867 65475982 137087
7ZK2-84-001 1899110 1484 498000 194315 23601 10898622 2334 - 1330069 58426780 233125
7ZK1-4-B6-003 1767389 - 656400 141606 67656 11116882 1867 4149 643156 58425225 278820
7K0-9-16-003 1563724 - 917400 68443 86537 10713204 19601 3319 1108291 57410974 175812
7ZK1-4-B6-001 X 2203285 2968 781800 81030 114072 12303284 8401 - 948850 56580283 302055
7ZK0-9-16-004 3378194 - 856200 114072 108565 13309743 14934 830 965034 53607532 333035
ZK14-B6-007 4416092 79383 1030800 102271 76310 14333306 52737 71363 815783 50504110 346202
7K2-84-008 3735269 7419 751200 75523 103844 14801983 23802 2489 1133465 50413885 266428
e = R R TR R

107, S35 4 1 7845 x 10 ™% ; Ni [ 2 i 684 x 10 °° ~ 1943 x

O 25%~75%
I 1.5IQRP 3
1k - P
B
« RHE

Co (%)

0.01

BT BT B WA R KRR
B8 A Co & BAHRIE

Fig. 8 Boxplot of Co content in different minerals

~30.75% , EI & R 29.57% 5 S F Hh 34.07% ~
36. 16% , -2 & &y 35. 70% , KRR T IBER (£ 1) .
BRAALY) SRR LT ST A i i fe . o Bk
Wb Fe 1Y & & 504139 x 107° ~ 584268 x 10°°, -4 & &
550527 x 107 ;Ti i & 6432 x 107 ~ 13301 x 10, SE-34 4
9921 x 10 ™% ;Cr [ & & 107132 x 10™° ~ 148020 x 10~°, -
P18 i 124967 x 107°; Mg 1y & +& 4980 x 10 °° ~ 10308 x

107° SFEI &R 1110 x 10 7° (£ 2) . Hih,Cr 55 Fe B fMISE
KFZ,Cr 5 Mg BIEMKLK R,

AR Fe [ 4 259513 x 107 ~ 355050 x 10 ¢,
SEHA B 300438 x 107 Ti 1y & & 2110 x 107° ~ 7487 x
1075 -3 & B 3720 x 107, Cr [ & & 134787 x 10 °° ~
186102 x 10 ™% | SF-24 & 2 165816 x 10 ™% ; Mg (1) 75 & 26232 x
107 ~52920 x 10 ¢, SE-H54 2 40322 x 10 ~°; Ni (&5 165 x
107° ~1518 x 10 ¢ S E 4 5 813 x 10 °(F£2) , Fe 55 Co it
BHARKR, T Fe 5 Mg BIRFAMIKICR,Cr 5 Ti 2551E
LiEES T

ARG B Fe 1Y & it 654760 x 10 °° ~ 735169 x
1076, S 40 719385 x 10 ™% Ti 198 5 60 x 107 ~ 7319 x
10 7%, 44408 1503 x 10 7% ; Cr (& 7 239 x 10 ~° ~ 53751 x
1070 SEH 4 10042 x 10 7% ; Mg 152 540 x 10 7% ~ 8748 x
107° -+ 4 5 2873 x 10 ™% Ni ) & & 71 x 107° ~ 1282 x
107° SFEH &R 633 x 10 7° (% 2) . Fe 55 Co RIEMIFKRK R,
Ti 5 Fe Mg B2 ALK R(F2),

SR UL, Co B AR B G R R K
AWK RS R T B A 8 (18] 8) , Co B & iR
W 1.14% . 0.083% .0.082% ,0.081% .0.07% .0.03% ,
BAWERE R Co(0.23% ~2.30% ) i EBHE D1, IR A1
BRE IR, B Co 1Y% iR Ao

HRAEASF A 177 2 SR T 8 & B g —
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2.5
_I_ ﬁtt ( wt% )
20 Table 3 Comparison of pentlandite content in different
. occurrence states of disseminated ores from the Qixin Cu-Ni
deposit (wt% )
S b Po ffjr4k s Ni Fe Co  Ni/Fe
% — 5 Pn 4 34.59 33.70 30.42 0.92 1. 11
.ol IE T WIE 3447 33.69  30.31 .78 112
R 36. 54 24.54 38.33 0.54 0.73
[ 125%~75%
0.5 T LsIQrAIyiEH . , -
[ | ek e 5 5 T B 0 AL
o ¥u B PRADI SR 6 (Co) LN BOMBR 1L 17
P TSy e P Bt BB AR S5 5 R (90 R E 20,2019 5 3 RIS N

K9 R @B R A R A R BT b Co & BERY
gLl
Fig. 9 Box plot of Co content in pentlandite from different

textures in the Qixin Cu-Ni deposit

2250 . IWECERIHUIR 2GR B 32 GOk 2 ARG 14
HBREEE H Co 1S BB GUB I (18 9) o BURHURE 1
(ZK1-4-B6) LB AT Co & & W i T HALKR B H" 47, Co
W& 1.34% ~2.30%, FH¥ & & 1.67%, Ni )& &
32.86% ~34.90% ,Co 5 Fe R IFAHIK R, 5 S ERMAHRK
KA, 5 Ni ERAMWH,

SRR AR AN [F] 7 AR (18T 36,18 10a-d) 24T
XL, e BRA B R AT L B ) BB Bk (1] 10a-b) Co 9 75 4
W o T S RS R I AR A BB R Co Y 5, T D
AR HBEDIRER SR h Co & iR/ (3R 3) o Hillk
PR L AR BB Fe S B35 Wt iy 1 HL 04 A O R
EERETHY i Co )5 i, Co Ni 5 Fe JUE /R i Co LR LU
RIS SE A 5y 5 9O BT AR B Bk
i Fe frefie. 28 b EHMERTORNBRERT RITLT,
Co FHXS & 4R , Bl F G o R0 I L R v, B Bk 5 o
7 JELETE B, T e Ak E AN T AR, 98 20 B B Bk ™ o 9 T
BORRE T BT KSR

5 Wie

5.1 BEZRAEFPHEHBERE

BEAEAN R B R R B TRA IR A R B 2R, AT LI
ST UM B 48 1 BSR4 B A B O B 4 A 0 L
4F,2019) R [R) 4 ( %8 v %4, 2007 5 )5 FE AF, 2021) LK
A S 2 2 A (M 45, 2024) BT U B

AR B DU RS VIO 3o 0 45 Ja, G ey - HE A S 3 374
R A E R IO SE R 2 4s HUBEH FIB AL Co™" .
HERAL AR B IxOC R BA B Rk A K0 S id

AR ,2023) o SEB AT R PE T % 4 (MORB) gL
WYX RSN FE 2, BRACHIIE IR 5 RE R R A 1] 11 75 2 43
Tie R R AE 322 5 AR A L R B (D) A T 17 ~ 114,
AL e 2 % (DY) Wk 210 ~ 1270, X AR 9% 11 22
SRR, A I F B ALY R B B0 L B Ni FERR AL
PR AR A B R T Coo J EBHERD IR Ni/Co 1L
TEEAR, LIRS Co LUK IR 4 HE ABALPI I s o, Co
F 2 37 0 LT A

RWBFFEH, Co TERKATH 4 (AN AT B W47 R A
T S AR, AR TR Rk A A T T
B WIS A A ARG B + SR + SR N R
JAEEHBE R Co LR ANAEIR S E B LI RF S WA T
AL BB, & KB WY Co Ni Fe TLE
AR  FE S B, Co 15 Fe JEAC R ML R,
TEVE TSP LI B8 Ni-Co Fil Fe-Co AH P IF A
WIS A —E B AL % ([ Ta-b) o Co Ni 15 Fe 1 fiAf]
KX F Wt Ni Co LIZR RIS B4 Fe 3k A Sk o, IR
WATREA & Co WA 1) (BRAREL D) 7 th TAR B h N/
Fe {0 0.32 ~1.20,F¥{EH M 1.01(F 1) , 5BEEZF(1995)
R S AR AL 5 PR P R SRR BBk 1 Ni/Fe LA
(0.91 ~1.27) MifF, WEEET h Ni/CofH N 4.6(F 1),k
T 1, 570NV 5 2 B - A PR TR A 4 R o R
(Co/Ni =1 ~8.3) FIHI UG-G A FR H 10 1 5
" (Co/Ni =3.25) ] R[] (BRIB Y, 1995) , i 1t W AR B L
WIB PR R R R R TS I . R Co/Ni
(B0 4.7, KF 1, JRARER X #H 0 55 LA IX ], Co 15 Fe 5
FIAAEE R, L5 E AT, Co JEE 45 LUK R W) 4 B it Fe
TERMRAE TR S50 R

BRI Co -3 75 1 I AR TAR B2k, 1 4358
B SREFHH Co W5 LTS, HLtis T H h
Co Wyt e R THALY F 1 Co Ni HoAE R TE4RELD 1
AT, Co Fl Ni S ik R BN A 6 6 R ([ 11) L 38
R Ni I Co FERR AR AT T BRLF TE B B R 5 O
TEA R R S TR Bl S5 8 N IS Co ORRAE , 2 2 A1 Cr' (.
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Fig. 10 Comparison charts of different occurrence states of pentlandite

(a) BSE image showing intergrowth of nickel pyrrhotite and magnetite; (b) AMICS identification map for Fig. 10a; (¢) BSE image showing nickel
pyrrhotite enclosed by magnetite; (d) AMICS identification map for Fig. 10c. Lab-labradorite
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Fig. 11  Correlation diagram of Ni vs. Co in chrome spinel

from the Qixin Cu-Ni deposit

MIER AR AR S PRI AR Ni 5 Co MRRAE, X ULHT THE S
Wbt B Co ISR S 7 B #i B T Ni, AT 53
EHR W Co WEFK B #iilE AR AP EE. I
Sh, TR AT Fe R E T Co, HItk, Co 5 Fe 2
JR RS H A i, Fe &5 B AR, I A RERR T i 5 Co
i, FE R TAERMAE KA B N 5 Co fli5EiE A

Befr b MAE e K AR Gk

M TIMA A& (] Sa-f [&] 6a-f) 25 TCR 73 A4S AL, FEAG 17
P HRET T R AT LI, Co 15 Fe JEAC B R OUMISCK AR,
117 Ni 5 Co £ERREHIA SN ALY P24 S IEAR G, Wi Co
ERLEB R R I S e Fe AT T 5044 MR AL
T E B TR A T Co iR T RES Ni A2 2R R Gk
VN

5.2 HHESNE

B VR ML RIS T R, 78 IR 25 182 b S A T A
FEIRTACH AT R AE . FO & 4 3% 2 d M Bk AL 2 A
il (Patten et al. ,2013;Li and Audétat,2015; Wu et al. ,2018;
Yao et al. ,2018 ;Helmy et al. ,2021 ;Liu et al. ,2025) , HA&4N
T (1) JEUIR BRI b AR R, Co MY IRAPIRZS 32 128 T Hu b o
PR IE S B NG 5 45 (2) S5 AL B B, Co TERERRER
VR S AL AR ] 9 43 EA T (DRYS) DA B ALy [ 7
PR (MSS) 55 A P 1 18] 79 0 38 T 40 22 53 ) i s T 4%
AR 5 (3) PRI 722 A U L U B 68 X A 90 R 0 15 25K
FHACHEHIE . oM, A RIS OB S e A= Ak
AR AL Co TEFTIPAGE H 19 A B 46 (Tang et al. 2023,
2024 ) , BTSSR AYES B PRIE BT R BE R BB Bk BT R Ak
R ALY A, Hoh Co SR 2 35 A BRAL I 1A R
P42 R 4 BC AR B Kd™ > 10) , H 48 9 % 0 35 I 45
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(Kd“/Kd® =5 ~10) ,30Fl 22 5 F BB P A Ni/Co (%
10 ~ 50, ¢ L2 it [6] R0 XK AE T4 B0 R 55 AL )
i

i T R B T A R v T i R 2 4 T 3L 2 R A A K
A3 5y 725 Ak ( Wendlandt, 1982 ; Lesher and Campbell,, 1993 ;
Mavrogenes and O’Neill, 1999 ; Park,2004 ; Li and Ripley,2005;
Barnes et al. ,2006; 3= PSR 95 A 5y, 2023 ), U043 55 45 S i
T M sEiR g R B U T The SR I REAR AR, 2
T BT AV AR BE T R, S B A A AR R DT A R
Jit SR R R TS A A AR A Y 20 B 45 R SE IR A Y
AT e R ECE K P aA B AR R 2 —, 1T
FUATR] 53 1 8 AR A B R A% — VR T (Xue et al. ,2019;
PRIMESE,2025) o 20 PRULBY 435 B9 2 AL SR G v 00 = B4
W = BB YA A B SR A TR R, IR
W SRR S R S 5 E R R
W BT RO A1 -3 A it A1 (B8 BT ) LA LT 5o T 3%
I AR

MG SR A1 “E SR, TE Fe-Ni-Cu-S R R p, B
M EEWIRAMET (> 950°C) BUF AL 2 AL LT,
TRALY IS PR 1 25 5 4 5 2 B 9 19 A 28 ) 4] ( Craig and
Kullerud , 1969 ; Naldrett, 1979 ; Ebel and Naldrett, 1996 ; Naldrett
et al. ,1996,1997 ; Helmy et al. ,2021) ;. (1) BIARIBEEZE
950 ~ 1000°C i, Jit 2 H B A rh s Fe 54 AL ) [ 9 1
( Monosulfide Solid Solution, MSS) 4 5y Hi | TE il PG Ak 4 31
VEIR(MSS) FIE 4 5% A iAW) 45 1K ( Residual Sulfide Liquid,
RSL) ; U, Co Ni R EA 5 w5 1 B Ak 490 428 K- 8 s K 2 e 3R
$70(2. 69 ~6. 43 ; Mungall et al. ,2005 ; Barnes et al. ,2006) ,
ek A MSS AH & 4 (Barnes et al. ,1997 ; Mungall et al. ,2005;
Patten et al. ,2013) , FERARBALYIE K B F L Co Ni Jf
FXH & £E Cu( Barnes et al. ,1997) . (2) Y48 L E KR
950 ~ 450°C B}, MSS #H ik — 2 43 fi# ( Naldrett et al. , 1996;
Patten et al. ,2013) , Az AR B4R ((Fe,Ni) oSy ) SR
(Fe, S) LA, IS it Co AT Ni PRt i A PR 85 4k
" Hp ( Etschmann et al. ,2004) , VA &1 Co WAETHEHE
PR eh AR R S BR R  Co UK. (3) IR IR ZE AR
£ 450 ~ 200°C [, 5% A4y 0 UK BE A ) B AR W i I

JA B R A GRAC ) 5 A RER AT ) BSE ] (a) 1 S Al 0 #r1E (b)
Fig. 12 BSE images (a) and TIMA images (b) of co-located sulfides and secondary magnetite minerals in the Qixin Cu-Ni deposit

(Intermediate Solid Solution,ISS) , 45 S B e S W, 76T i &
O A, T Co B4 BE 3245 T W 45 A U F 25 48 FR
i, FHCE A Co & BRI, [F I B A Ni i B
T Co BLBITERE B i FE b &£ T Ni-Co fif# 4 ( Dare et al.
2011) s [AJi}, 7 Co Ni BRE B8 84T Hh 8 LA i 1Ak B
R B KSR IR B R, (HAE 1SS 45 & W B T TR I 11 £ 2
BRATH Co 5 BERHA B (3 33 Helmy et al. ,2021; FE RIS I
TRARGY,2023) o

M- A R R G T, Co AERRALY A TR (G 15 2k
W) 5 8 AL W 15 1R (5% 9 & A -58 Bk TE] Y 43 T &R B
(DSiy0) B2 RGRIE (fo,) FIBEIREE (f,) JEFEH . 2554k
THAFARE (AFMQ = — 1 ~ +1) HERAE AN, Co fiii o] T
WS BB S AT (DS ou = 1) , FEM# Co &
AT, a3 MR TP B A B VR TS0 TR 0 25
o3 VB (VESR IS ,2025 ) , R TT LU B )5 A gh Ak 5
HEFS R Co & RILTHRAE .

WA, S8 SR IR R A B R B E A I & T
PRI AR BOEE T IR AR A 5 O AR RERR T AR O
B ARG BT BB 23 IR AR AR BBk (8] 12a-b; Dare et
al. ,2012) , S4B PR TP R AR RERRATARADL, IS 2R AR R
B BAT Ni & Co MFHE, B EMERT IRTE M Z AW
PRI BR BT S B Y S AL NI TG AL T RS Y [ I A
W& Co MIREIL, i M Co TEU A RERA™ rh A AR DLTE , 1 AR
Ni #1 Co &4 B {5 f# #% ( Williams and Vasyukova,2022; F §%
FH4,2023) o FiT A SEIREE R R W], FERI IS, Co TR F
FPLVE KGRI 3T (Pan and Susak, 1989 ; Liu et al. |
2011 ; Migdisov et al. ,2011), FEH A RIEE KT &L C
BRI, Co RYREE S WM AR 2 N 8 WRICL 5678 S 4 IR
Jii iz (Susak and Crerar, 1985) , I Ah, 2444 5 o AR 7E S Al
B, 78 200°C & 300°C (VB E N, Co FE LA G CoCl
HITEGER , MAEAR T 200°C BB 4500, W EZ DI A 2%
A% Co(HS) MIE 2 (Migdisov et al. ,2011) ;Ni JLEALE
PO A b R RE AT LA LU B W i S #, G [ NiCl
(H,0) ] [ NiCl] ™~ |NiCl, Al NiCl, % ( Tian et al. ,2012),
SR, Ni (28 G 2B LA B R e A AE IR AR BV T
Co MR EWAATER WE I 22500 I, & S AR E0E )
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Ja PR S R, Co Ni ZERGRIA R PR IE AT 2
FECENG AR EARTR P A R TTTEILE . X
R GEAEBEERRTE R WEWE P+ Ni 5 Co 19fif
PR o ot T 2 H R PR v A A 0 A T 2 T AR
A 45T SR (IR IR IS, 2025) , L Co Ni & 2 75 3¢, 78
ISS FH4S i, B Co it k.

6 &k

(1) JRA SRR RBR AL 1 07 W) 5 52 D il o Bk M 2k
0, BT BRAA ) BRI AT, RO B Bk
B UEREERE . Co E LI IR R B Fe ML RAF T
BRECERAT R, LU WA REER AT P TR BT P Co 5 A
R B SE B AL AT R R K B

(2) 3 B IR P RERREE ) & R BRAL W S B A
AR AN ], HG A RBR BT A R R Rk
B HERRET I A B A T 8 A AR 5 1 A [ 2
TGy rp BRI Co & BR U EUH BT £ — 12
JERW 17— R BT S AR A1 — FEARE™ 11 32 ik ol

(3) R BB Co SURAEBALYIR B LR,
S 1] AR A 5 BEA i AR, B AL A A
45T, Co JUEE B by HE A BT A 0y ] 3 1A o B2 45 52
1%, Co U XAE I E ADE M B 20 8k &1 4. th T3
AT R I BRAL YA B 2 T RO 0 2 AR
Co fiia T2 AN EACHA, T T BB A AL Co 1985 1 i
TREBRRA s e 2 I T PR AL A T, IR A G ek AR T
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DUYE, T Ni Al Co 228 B 2 g, S SR AR Gk v Co

75 R
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WS 18T A BOE WAL T TR S0 i s fE IR
N A |

References

Barnes SJ, Makovicky E, Makovicky M, Rose-Hansen ] and Karup-
Moller S. 1997. Partition coefficients for Ni, Cu, Pd, Pt, Rh and Ir
between monosulfide solid solution and sulfide liquid and the
formation of compositionally zoned Ni-Cu sulfide bodies by fractional
crystallization of sulfide liquid. Canadian Journal of Earth Sciences,
34(4) : 366-374

Barnes SJ, Cox RA and Zientek ML. 2006. Platinum-group element,
gold, silver and base metal distribution in compositionally zoned
sulfide droplets from the Medvezky Creek Mine, Noril’sk, Russia.

2133

Contributions to Mineralogy and Petrology, 152(2) : 187-200
Barmes SJ and Ripley EM. 2016. Highly siderophile and strongly

chalcophile elements in magmatic ore deposits.

Mineralogy and Geochemistry, 81(1) ; 725-774
Chen DF. 1995. Characteristics of main metallic minerals in some

Reviews in

copper-nickel sulfide deposits of China. Acta Petrologica et
Mineralogica, 14(4) : 345-354 (in Chinese with English abstract)

Chen Q, Song WL, Yang JK, Hu Y, Huang J, Zhang T and Zheng GS.
2021. Principle of automated mineral quantitative analysis system
and its application in petrology and mineralogy: An example from
TESCAN TIMA. Mineral Deposits, 40 (2) : 345-368 (in Chinese
with English abstract)

Craig JR and Kullerud G. 1969. Phase relations in the Cu-Fe-Ni-S system
and their application to magmatic ore deposits. In: Wilson HDB
(ed. ). Magmatic Ore Deposits. New Haven: Society of Economic
Geologists, 344-358

Dare SAS, Barnes SJ, Prichard HM and Fisher PC. 2011. Chalcophile
and platinum-group element ( PGE) concentrations in the sulfide
minerals from the McCreedy East deposit, Sudbury, Canada, and
the origin of PGE in pyrite. Mineralium Deposita, 46(4) : 381407

Dare SAS, Barnes SJ and Beaudoin G. 2012. Variation in trace element
content of magnetite crystallized from a fractionating sulfide liquid,
Sudbury, Canada: Implications for provenance discrimination.
Geochimica et Cosmochimica Acta, 88: 27-50

Deng YF, Yuan F, Hollings P, Song XY, Zhou TF, Fu B, Denyszyn S
and Zhao B. 2020. Magma generation and sulfide saturation of
Permian mafic-ultramafic intrusions from the western part of the
Northern Tianshan in NW China:
mineralization. Mineralium Deposita, 55: 515-534

Ebel DS and Naldrett AJ. 1996. Fractional crystallization of sulfide ore
liquids at high temperature. Economic Geology, 91(3) : 607-621

Etschmann B, Pring A, Putnis A, Grguric BA and Studer A. 2004. A
kinetic study of the exsolution of pentlandite ( Ni, Fe),Sg from the

Implications for Ni-Cu

monosulfide solid solution (Fe, Ni)S. American Mineralogist, 89
(1):39-50

Feng CY, Zhang DQ and Dang XY. 2004. Cobalt resources of China and
their exploitation and utilization. Mineral Deposits, 23 (1) : 93-100
(in Chinese with English abstract)

Helmy HM, Botcharnikov R, Ballhaus C, Deutsch-Zemlitskaya A, Wirth
R, Schreiber A, Buhre S and Higer T. 2021. Evolution of magmatic
sulfide liquids; How and when base metal sulfides crystallize?
Contributions to Mineralogy and Petrology, 176(12) : 107

Huang M and Liao YS. 2018. The geology features of Qixin Cu-Ni sulfide
deposit in Beishan, Xinjiang. World Nonferrous Metals, (12):
165, 167 (in Chinese with English abstract)

Huang M, Liu YX and Cai YF. 2018. Geochemical characteristics of
Qixin mafic-ultramafic pluton in Beishan, Xinjiang, and its
geological significance. Xinjiang Geology, 36 (1): 44-50 (in
Chinese with English abstract)

Jiang CY, Guo NX, Xia MZ, Ling JL, Guo FF, Deng XQ, Jiang HB and
Fan YZ. 2012. Petrogenesis of the Poyi mafic-ultramafic layered
intrusion, NE Tarim Plate. Acta Petrologica Sinica, 28 (7) : 2209-
2223 (in Chinese with English abstract)

Lesher CM and Campbell TH. 1993. Geochemical and fluid dynamic
modeling of compositional variations in Archean komatiite-hosted
nickel sulfide ores in Western Australia. Economic Geology, 88(4) :
804-816

Li C and Ripley EM. 2005. Empirical equations to predict the sulfur
content of mafic magmas at sulfide saturation and applications to
magmatic sulfide deposits. Mineralium Deposita, 40 218-230

Li Y and Audétat A. 2015. Effects of temperature, silicate melt
composition, and oxygen fugacity on the partitioning of V, Mn, Co,
Ni, Cu, Zn, As, Mo, Ag, Sn, Sb, W, Au, Pb and Bi between
sulfide phases and silicate melt. Geochimica et Cosmochimica Acta,
162 2545

Liu WH, Borg SJ, Testemale D, Etschmann B, Hazemann JL and
Brugger J. 2011. Speciation and thermodynamic properties for cobalt
chloride complexes in hydrothermal fluids at 35 ~440°C and 600bar:



2134 Acta Petrologica Sinica %54k 2026, 42(6)

An in-situ XAS study. Geochimica et Cosmochimica Acta, 75(5) :
1227-1248

Liu XF, Brzozowski MJ, Lei RX, Li WY, Muhtar MN, Xiao F and Wu
CZ. 202s.
hydrothermal processes in the Huangshandong Ni-Cu sulfide deposit,
Eastern Tianshan. Ore Geology Reviews, 176 106433

Lu YG, Tu JR, Sun K, Qin P, Wang HQ, He SF, Zhang H, Gong PH,
Guo S, Fang K and He WY. 2021. Cobalt occurrence and ore-
forming process in the Chambishi deposit in the Zambian Copperbelt
Central Africa. Earth Science Frontiers, 28 (3): 338-354 ( in
Chinese with English abstract)

Mavrogenes JA and O’Neill HSC. 1999. The relative effects of pressure,
temperature and oxygen fugacity on the solubility of sulfide in mafic
magmas. Geochimica et Cosmochimica Acta, 63(7-8): 1173-1180

Mei YJ, Hui B and Yang YH. 2024. Distribution pattern and occurrence
state of cobalt in Panxi Taihe vanadium-titanium magnetite.
Multipurpose Utilization of Mineral Resources, 45(5): 63-70, 75
(in Chinese with English abstract)

Migdisov AA, Zezin D and Williams-Jones AE. 2011. An experimental
study of Cobalt ( Il ) complexation in Cl° and H,S-bearing
hydrothermal solutions. Geochimica et Cosmochimica Acta, 75
(14) . 40654079

Mungall JE, Andrews DRA, Cabri LJ, Sylvester PJ and Tubrett M.
2005. Partitioning of Cu, Ni, Au, and platinum-group elements

Variable enrichment of Co by deformation and

between monosulfide solid solution and sulfide melt under controlled
oxygen and sulfur fugacities. Geochimica et Cosmochimica Acta, 69
(17) : 43494360

Naldrett AJ. 1979. Partitioning of Fe, Co, Ni, and Cu between sulfide
liquid and basaltic melts and the composition of Ni-Cu sulfide
deposits: Reply and further discussion. Economic Geology, 74(6) :
1520-1528

Naldrett AJ, Fedorenko VA, Asif M, Lin SS, Kunilov VE, Stekhin AI,
Lightfoot PC and Gorbachev NS. 1996. Controls on the composition
of Ni-Cu sulfide deposits as illustrated by those at Noril’sk, Siberia.
Economic Geology, 91(4) . 751-773

Naldrett AJ, Ebel DS, Asif M, Morrison G and Moore CM. 1997.
Fractional crystallization of sulfide melts as illustrated at Noril’sk and
Sudbury. European Journal of Mineralogy, 9(2) . 365-378

Naldrett AJ. 2004. Magmatic Sulfide Deposits: Geology, Geochemistry
and Exploration. Berlin: Springer, 1-612

Naldrett AJ. 2010. From the mantle to the bank: The life of a Ni-Cu-
(PGE) sulfide deposit. South African Journal of Geology, 113(1) :
1-32

Naldrett AJ. 2011. Fundamentals of magmatic sulfide deposits. In: Li CS
and Ripley EM (eds. ). Magmatic Ni-Cu and PGE Deposits;
Geology, Geochemistry, and Genesis.
Geologists, 17 1-50

Pan PJ and Susak NJ. 1989. Co( II ) -chloride and -bromide complexes in
aqueous solutions up to 5m NaX and 90°C ; Spectrophotometric study

Society of Economic

and geological implications. Geochimica et Cosmochimica Acta, 53
(2):327-341

Pang 77, Xia MZ, Wang YQ, Man Y, Xia ZD and Zhang HD. 2025.
The nature of the mantle source and exploration implications of the
Qixin intrusion, Beishan, Xinjiang: Insights from olivine
compositions. Geological Bulletin of China, 44 (10). 20032018
(in Chinese with English abstract)

Park YR. 2004. Stable Isotopic constraints on fluid-rock interaction and
Cu-PGE-S redistribution in the Sonju Lake Intrusion, Minnesota.
Economic Geology, 99(2) . 325-338

Patten C, Barnes SJ, Mathez EA and Jenner FE. 2013. Partition
coefficients of chalcophile elements between sulfide and silicate melts
and the early crystallization history of sulfide liquid: LA-ICP-MS
analysis of MORB sulfide droplets. Chemical Geology, 358 170-
188

Qin KZ, Ding KS, Xu YX, Sun H, Xu XW, Tang DM and Mao Q.
2007. Ore potential of protoliths and modes of Co-Ni occurrence in
Tulargen and Baishiquan Cu-Ni-Co deposits, East Tianshan,
Xinjiang. Mineral Deposits, 26(1) : 1-14 (in Chinese with English

http : //www. ysxb. ac. en

abstract )

Qin KZ, Su BX, Sakyi PA, Tang DM, Li XH, Sun H, Xiao QH and Liu
PP. 2011. SIMS zircon U-Pb geochronology and Sr-Nd isotopes of
Ni-Cu-bearing mafic-ultramafic intrusions in Eastern Tianshan and
Beishan in correlation with flood basalts in Tarim Basin ( NW
China) ; Constraints on a ca. 280Ma mantle plume. American
Journal of Science, 311(3) : 237260

Qin KZ, Tang DM, Su BX, Mao YJ, Xue SC, Tian Y, Sun H, San JZ,
Xiao QH and Deng G. 2012. The tectonic setting, style, basic
feature, relative erosion degree, ore-bearing evaluation sign,
potential analysis of mineralization of Cu-Ni-bearing Permian mafic-
ultramafic complexes, northem Xinjiang. Northwestern Geology, 45
(4): 83-116 (in Chinese with English abstract)

Qin KZ, Wang L, Zhu YF, Tian W, Xu B, Zhang XH, Zhao C, Pang
XY, Hui KX, Li GM, Li WB and Shen P. 2025. Composite
orogenic metallogenesis of eastern CAOB: [ . Two phases of tectonic
evolution and metallogenesis of Paleo-Asian Ocean. Mineral
Deposits, 44 (1) : 35-66 (in Chinese with English abstract)

Song XY, Xie W, Deng YF, Crawford AJ, Zheng WQ, Zhou GF, Deng
G, Chen SL and Li J. 2011. Slab break-off and the formation of
Permian mafic-ultramafic intrusions in southern margin of Central
Asian Orogenic Belt, Xinjiang, NW China. Lithos, 127:128-143

Song XY, Deng YF, Xie W, Yi JN, Fu B, Chen LM, Yu SY, Zheng
WO and Liang OL. 2021. Prolonged basaltic magmatism and short-
lived magmatic sulfide mineralization in orogenic belts. Lithos, 390-
391, 106114

Su BX, Qin KZ, Tang DM, Sakyi PA, Liu PP, Sun H and Xiao QH.
2013. Late Paleozoic mafic-ultramafic intrusions in southern Central
Asian Orogenic Belt (NW China ) : Insight into magmatic Ni-Cu
sulfide mineralization in orogenic setting. Ore Geology Reviews, 51
57-73

Su BX, Qin KZ, Lu YH, Sun H and Sakyi PA. 2015. Decoupling of
whole-rock Nd-Hf and zircon Hf-O isotopic compositions of a 284Ma
mafic-ultramafic intrusion in the Beishan Terrane, NW China.
International Journal of Earth Sciences, 104(7) . 1721-1737

Sun T and Wang DH. 2019. Geology of Mineral Resources in China;
Nickel Volume. Beijing: Geological Publishing House, 1-912 (in
Chinese)

Susak NJ and Crerar DA. 1985. Spectra and coordination changes of
transition metals in hydrothermal solutions: Implications for ore
genesis. Geochimica et Cosmochimica Acta, 49(2) : 555-564

Tang HJ, Deng Z, Zhong SH, Meng GX, Wang ZL, Yuan LL and Zhang
HQ. 2023. Geochemistry and Sr-Nd-Hf-O isotopes of ore-bearing
plutons from the Yundukala Au-Cu-Co deposit, East Junggar,
Xinjiang, Northwest China: Implications for petrogenesis and
tectonic setting. Ore Geology Reviews, 153 105274

Tang HJ, Deng Z, Zhong SH, Yan JY, Seltmann R, Wang ZL, Li H,
Xue RH and Qi G. 2024. Geochronology and geochemistry of
granites from the Longhua Ni-Co deposit, South China: Implication
for the formation of Ni-Co mineralization. Ore Geology Reviews,
170 106148

Tian Y, Etschmann B, Liu WH, Borg S, Mei Y, Testemale D, O’Neill
B, Rae N, Sherman DM, Ngothai Y, Johannessen B, Glover C and
Brugger J. 2012. Speciation of nickel ( I ) chloride complexes in
hydrothermal fluids: In situ XAS study. Chemical Geology, 334:
345 -363

Wang LY, Xue SC, Wang XM, Wang YL, Wang H, Wang P, Xin Y
and Tian HQ. 2023. Occurrence and geochemical characteristics of
cobalt of the Poyi nickel deposit in the Beishan region, Xinjiang:
Insights into cobalt mineralization. Acta Petrologica Sinica, 39(2) :
445462 (in Chinese with English abstract)

Wang Y, Zhong H, Cao Y H, Wei B and Chen C. 2020. Genetic
classification, distribution and ore genesis of major PGE, Co and Cr
deposits in China: A critical review. Chinese Science Bulletin, 65
(33) : 3825-3838 (iin Chinese with English abstract)

Wang YL, Li WY, Lin YH, Wang YC, Zhang ZW and Li DX. 2023.
Study on the occurrence state and enrichment process of cobalt in

Jinchuan giant magmatic Ni-Cu sulfide deposit. Northwestern



B BB ERART RAEGREREALE EH

Geology, 56(2): 133-150 (in Chinese with English abstract)

Wendlandt RF. 1982. Sulfide saturation of basalt and andesite melts at
high pressures and temperatures. American Mineralogist, 67 ( 9-
10) . 877-885

Williams-Jones AE and Vasyukova OV. 2022. Constraints on the genesis
of cobalt deposits; Part 1. Theoretical considerations. Economic
Geology, 117(3) : 513-528

Windley BF, Alexeiev D, Xiao W], Kroner A and Badarch G. 2007.
Tectonic models for accretion of the Central Asian Orogenic Belt.
Journal of the Geological Society, 164(1) . 3147

Wu CZ, Xie SW, Gu LX, Samson IM, Yang T, Lei RX, Zhu ZY and
Dang B. 2018. Shear zone-controlled post-magmatic ore formation in
the Huangshandong Ni-Cu sulfide deposit, NW China. Ore Geology
Reviews, 100: 545-560

Xiao WJ, Huang BC, Han CM, Sun S and Li JL. 2010. A review of the
western part of the Altaids; A key to understanding the architecture
of accretionary orogens. Gondwana Research, 18(2-3) . 253-273

Xu XY, He SP, Wang HL et al. 2009. Geological Background of Ore
Deposit in the Eastern Tianshan-Beishan Area. Beijing: Geological
Publishing House (in Chinese)

Xue CJ, Zhao XB, Zhao Y, Zhao WC, Mo XX, Xiao WJ, Ma HD, Zhu
BY, Pak N, Nurtaev B and Deng J and Hou ZQ. 2024. Early
Permian Au-Ni major metallogenic events in western Central Asian
metallogenic domain. Mineral Deposits, 43 (4 ). 749-784 ( in
Chinese with English abstract)

Xue SC, Qin KZ, Li CS, Tang DM, Mao YJ, Qi L and Ripley EM.
2016. Geochronological, petrological, and geochemical constraints
on Ni-Cu sulfide mineralization in the Poyi ultramafic-troctolitic
intrusion in the northeast rim of the Tarim craton, western China.
Economic Geology, 111(6) . 1465-1484

Xue SC, Li CS, Wang QF, Ripley EM and Yao ZS. 2019.
Geochronology , petrology and Sr-Nd-Hf-S isotope geochemistry of the
newly-discovered Qixin magmatic Ni-Cu sulfide prospect, southern
Central Asian Orogenic Belt, NW China. Ore Geology Reviews,
111: 103002

Xue SC, Wang QF, Tang DM, Mao YJ and Yao ZS. 2022.
Contamination mechanism of magmatic Ni-Cu sulfide deposits in
orogenic belts; Examples from Permian Ni-Cu deposits in Tianshan-
Beishan. Mineral Deposits, 41(1): 1-20 (in Chinese with English
abstract)

Yang HP and Wang W. 2019. Global cobalt resources status and
exploitation trends.  Conservation and Utilization of Mineral
Resources, 39(5) : 4149, 55 (in Chinese with English abstract)

Yao ZS, Qin KZ and Mungall JE. 2018. Tectonic controls on Ni and Cu
contents of primary mantle-derived magmas for the formation of
magmatic sulfide deposits. American Mineralogist, 103(10) : 1545-
1567

Yuan QH and Su BX. 2023. Distribution and controlling factors of nickel
and cobalt in the Jinchuan magmatic Cu-Ni sulfide deposit. Acta
Petrologica Sinica, 39 (4): 1030-1040 (in Chinese with English
abstract )

Zhang HR, Hou ZQ, Yang ZM, Song YC, Liu YC and Chai P. 2020. A
new division of genetic types of cobalt deposits: Implications for
Tethyan cobalt-rich belt. Mineral Deposits, 39 (3): 501-510 (in
Chinese with English abstract)

Zhang ZW, Li WY, Feng CY, Wang H, Wang YL, Wu JJ, Li DX, Li
XB, Zhu BP, Hui B and Liu HW. 2022. Study on metallogenic
regularity of Co-Ni deposits in China and its efficient exploration
techniques. Northwestern Geology, 55(2) : 14-34 (in Chinese with
English abstract)

Zhao JX, Li GM, Qin K Z and Tang DM. 2019. A review of the types
and ore mechanism of the cobalt deposits. Chinese Science Bulletin,
64(24) . 2484-2500 (in Chinese with English abstract)

Zhao Y, Yang YQ and Ke JJ. 2016. Origin of Cu-and Ni-bearing magma
and sulfide saturation mechanism: A case study of Sr-Nd-Pb-S
isotopic composition and element geochemistry on the Huangshannan
magmatic Ni-Cu sulfide deposit, Xinjiang. Acta Petrologica Sinica,
32(7):2086-2098 (in Chinese with English abstract)

2135

Bt R 325 SOk

PREZ Y. 1995, FRHE L S Ak i IR £ 24 80 W I FHE. 5
LR, 14(4) ¢ 345354

WifE , RICH:, MaEL, Wk, B4, Rk, AEI. 2021. 79 B 3)
FE T ST 2R e R AR S R AR R A Y R —— DA 5
G A H TIMA ). 57 RHLT, 40(2) : 345-368

FRA, WA, FI6E. 2004, GRS R R RS BT
RHL, 23(1) : 93-100

B, BRM. 2018, FraEduil)s SR R HUTARE. A A4
&, (12): 165, 167

WA, XNFER, 25K, 2018, Frmdtiln S v - RS R L ER
AR B BT L. s oL, 36(1) ; 44-50

S, TR, EWIR, W, SIS, XN, FIEK, R
Y. 2012, B R MR AR JU AR —BE R I - B ko S bR AR AL TR
BAHE. EAER, 28(7) : 22092223

FUEE, VRGN, AhIL, BENS, EARR, MR, SR, SR, 5
W, AR, FISCE. 2021, HrARBE W B e L A R A AT R4
FIRAEARAS S o™ M. 2Rk, 28(3) : 338-354

MEZE, BIEE, M. 2024, BEPY IRV RE 2R v BS i) 3 A B
FORAFIRES. B AR, 45(5) : 63-70, 75

PEMRME, FWIPT, AR, Wik, HEME, sKiEAR. 2025. FraEdtil
JA B R U5 XM B R AR S R SR MO A B A 1 24,
HiFOE IR, 44(10) ; 20032018

ZrE, THEE, R, IMF, BX4IE, B, B%. 2007. K1
RN ERLRAR A SRR RS BRI R s & 9k
WFFE. B IRHLTE, 26(1) ; 1-14

BRI, JEAME, AR, B, BERER, WBF, IVEF, =8k, o
PAE, BRI 2012, JbER S4B R- M EE M R IR A i
B AR FEAKEAE AR R S AN AT A R
W50, PEALHLTT, 45(4) : 83-116

ZwE, £k, Aok, WG, e, skbmg, &, 5, Bl
BE, 2206, 2R3, BIPE. 2025, b ARERAE A E LA L
VR P A A S . T RHBT, 44(1) : 35-66

IV, EALL. 2019, i EG TR - BT S dat: HUTH R
i, 1912

TREBH, BEMEME, EWRS, WA, TE, T, FW, HILK
2023. Frsdb i — B IR bl (1 R AR 2 | b 3R Ak 2 RRAE
FOXG B R 7R A AR, 39(2) : 445462

WA, 2SI, HaE, FRA, sRIBA, 44E%%. 2023, &)1#
KAV IR IR AR S 5 5 F B, WAL i, 56
(2): 133-150

Fi, sha, WEAE, B, R 2020, FREMBICEK M T
W RZSHL S0 A5 FRAE B Lkl Bl 2=3@ iz, 65 (33): 3825-
3838

W2 S, T, Fubesss. 2009, 7R KL-db b X s 1 7y 5
. dbat. HbJR AR

BERAL, BRI, B, BRI, E%, B30, SR, KINE,
Pak N, Nurtaev B, X%, fEtaif. 2024. whilf i a B pG 500 — &
A BRE R . 5 IR, 43(4) : 749-784

BERER, FPCR, M, B, Bhaigr. 2022, g LA A g



2136 Acta Petrologica Sinica % % 33k 2026, 42(6)

GALI R ETR PR —— AR -Je i — B L8R A ). o7

PSR, 41(1) : 120

WAL, Fk. 2019, ARREGHYEHBLR XOT ZATEH. 074
5FIH, 39(5) : 4149, 55

AEIRHG, FRARR). 2023, @)1 E IR AR AR BT 5 U e A B A R
RPN R. B, 39(4) £ 1030-1040

HtHs, G, SV, REM, XSG, Sel8. 2020, HiET PR
BRI T30 B H X 4 PR30 0 B R T T R M s, 39
(3): 501510

http : //www. ysxb. ac. en

SKRERAR, 2SO, ERUA, EME, WA, REN, FEY, BHY,
ARAEMG, B, X230 2022, H R R S ) £
BOR. PYALHLT, 55(2) : 14-34

R, OB, Zw T, A, 2019, WAL RBTSRE RS A
WA, Bl iy, 64(24) . 2484-2500

Bz, KR, PR, 2016, S HEUE SRR LG ApLH . LOgr
PR A SR IR Sr-Nd-Pb-S Rl 3 HITC R MRk
SFWSBI. E R, 32(7) « 2086-2098



