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Exploration and research progress of magmatic copper—nickel—cobalt sulfide
deposits in the north—eastern margin of the Qinghai—Tibetan Plateau

LIU Yuegao', ZHANG Jiangwei’, FENG Zhixing’, YANG Shunlong*, WANG Yizhong’, LI Jiqing®,
ZHAO Zhiyi®, WANG Zhian’, LI Shulei®, CHEN Zhengguo’, WANG Houfang’

(1. Institute of Deep-sea Science and Engineering, Chinese Academy of Sciences, Sanya 572000, Hainan, China; 2. Key Laboratory
for the Study of Focused Magmatism and Giant Ore Deposits, Ministry of Natural Resources, Xi'an Center of Geological Survey,
China Geological Survey, Xi’an 710054, Shaanxi, China; 3. Western Mining Group Co., Ltd., Xining 810001, Qinghai, China; 4. The
third Nonferrous Geological Exploration Institute of Qinghai Province, Xining 811601, Qinghai, China; 5. Sino Shaanxi Nuclear
Industry Group, Xi'an 710100, Shaanxi, China; 6. Qinghai Geological Survey Institute, Key Laboratory of Geological Process and
Mineral Resources in the Northern Part of Qinghai Tibet Plateau, Xining 810012, Qinghai, China; 7. The Fifth Geological and
Mineral Survey Institute of Qinghai Province, Xining 810028, Qinghai, China; 8. Xianyang 712 General Co., Ltd. of Northwest
Nonferrous Geological Prospecting Bureau, Xianyang 712000, Shaanxi, China; 9. The Third Geological Branch, Xinjiang
Geological and Mineral Bureau, Kuerle 841000, Xinjiang, China)

Abstract: This paper is the result of mineral exploration engineering.

[Objective] To improve the supply security of Cu—Ni—Co resources in China, it is necessary to sort out the mineralization regularity
and prospecting indicators of the magmatic copper—nickel—cobalt sulfide deposit in the Phanerozoic in the Eastern Kunlun orogenic
belt on the northern margin of the Qinghai—Tibet Plateau. [Methods] To establish the exploration model, this paper analyzed the
geological characteristics and genesis of representative magmatic copper-nickel sulfide deposits, and the geological, geochronology,
geochemistry, and geophysical characteristics of five stages mafic—ultramafic complexes including the Late Ordovician—Early
Silurian, the Middle Silurian—Middle Devonian, the Early Carboniferous, the Middle Permian—Early Triassic, and the Middle—Late
Triassic are summarized. [Results] There are two stages of island arc mafic or basic—ultramafic rocks in the East Kunlun during the
Phanerozoic: (1) Mafic rocks formed in the Late Ordovician—Early Silurian during the northward subduction of the Proto—Tethys
Ocean; (2) Mafic—ultramafic rocks formed due to the subduction of the Paleo—Tethys Ocean in the Middle Permian—Early Triassic.
Correspondingly, there are two stages of post—collision extensional mafic—ultramafic rocks: From Middle—Late Silurian to
Early—Middle Devonian and Middle—Late Triassic. The pyroxenite mantle may be the source of some magmatic nickel deposits in
the East Kunlun, and the plate break—off model can explain the phenomenon that the mineralization age of magmatic
copper—nickel—cobalt sulfide deposits is nearly same to the high—pressure—ultrahigh—pressure retrograde metamorphism age.
Regarding the sulfide saturation mechanism of mantle—derived magma, the types of favorable crustal contamination and harmful
crustal contamination were roughly identified, and the influence of crystal differentiation on sulfide saturation was analyzed. The
preferred location of ore bodies was proposed, and the representative differences between ore—forming and non—ore—forming rock
bodies in geological structure, rock type, mineralogy, age, alteration type, and surrounding rock types were compared. [Conclusions]
Finally, this paper established a geological-geochemical—geophysical comprehensive information exploration model for magmatic

copper—nickel—cobalt sulfide deposits in the East Kunlun orogenic belt.

Key words: magmatic copper—nickel—cobalt sulfide deposit; eclogite; ultra—high—pressure metamorphism; Proto—Tethys;
Paleo—Tethys; critical metals; mineral exploration engineering; Eastern Kunlun orogenic belt

Highlights: (1) Based on the pragmatic spirit and the perspective of directly serving the exploration front line, the geological
background and mineralization potential of multistages mafic—ultramafic intrusions in the East Kunlun orogenic belt are
summarized; (2) The representative differences between no—ore and ore—forming mafic—ultramafic intrusions are summarized,
especially the relationship between the optimal location of nickel ore bodies and lithofacies are described. And a comprehensive
information exploration model for magmatic copper—nickel—cobalt sulfide deposits is established.
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Table 1 Age of typical mafic—ultramafic complexes (excluding rock walls) in the Eastern Kunlun Orogenic Belt
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Fig.2 Geological map of the Xiarihamu area (a), the geological map of No.I intrusion (b), and longitudinal section of Xiarihamu
Ni—Co deposit (c)
(a from Li Wenyuan, 2015; b from No. 5 Geological and Mineral Survey Institute of Qinghai, 20149, Neoproterozoic age adapted from Gan Caihong,
2014 and Wang Guan, 2014, mafic—ultramafic rock age from Wang Guan, 2014; Li et al., 2015; Song et al., 2016; ¢ from Liu et al., 2018)
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BH WA B A e IR A A B o Sy =2k
(Liu et al., 2018) (P& 2¢): (1) {r THUHE A BB 14;
()L T A A AR B4 (3) AL TR A A R B
Ao A A AR A s 88 23 (Ni>0.8% ) 7EDL
ST A AU AR B AL 32 B T2l A IR, e TwT
1) e PG B A F2 B T2l ) s WA A A T i
B R TR A AR R AT E Y
(Ni>0.8%) A" A FHER A 0 L. B HIRA
1A RIA AR AT fh 30 R R A —
SN+ T RE RS 7+ PR RO S — —HE e — a3
WK (Liu et al., 2018) .

HHEAR 15 AR BA MR AREET R & it
(PGE; <4x107° Ir, <85x10° Pt, <115x10° Pd) (Song
et al., 2016), [l 16 i 7R H B0 1 S Ao i
AL B A 6™Sy cpr M 11.2%o, T A 1A H B AL 1)
'Sy cor M 2.4%0~7.7%o0, PIE A 4.5%0; HiFCHRXT 4=
FR A TTERTE 40%~60%, TMiHEA MK 25 fh o ST et
A SR BT AE 3.3%~6% (Liu et al., 2018) .

2.2 AKITIERERA R

AR YUE RO TR R I AR B, 5107
T LAl BB B H GRS RA PR 200 km, 473k
GUTE A H A B0 IR 48 3 B b B 24 ( Zhang et al.,
2019) o AkIUIEBE MR U R 2 M 1 5.
IS A S AR (8] 3a), A1 g B . %
MO MR AlMs . RO RS,
PR ARAZ N F 2K DRE VA K TR R
A BERCA T KN ARWETE I AR, INK
o ALRE MR BNCE A R R REEE 8 (K] 3a) .

[ S AR ERRFRY) 5.8 km?, MIEERR AR R A
FLUEARAZ r T IR A N, R RN 45, JL
i RE A 1.4 km?, #bR EE TR 4 UK
BRI, BRI (K 3a) o AR
FAZR, WA AR LA . BER I . MBS AR
RE, BULERr R 07, BANIER A5 A AR Y
RAS S J5 WP Ry 42— M A+ 4l — —
#4 (Zhang et al., 2018) .

A1 Sk BT B R A R OB A T, iR A
ZK4001 JEEEL 120 m (& 3b), B fif s A 0.61%,
SEXEN 0.32%. e AT DA A=A B
(8] 3b), 3 R oS o e T 0 1 — ik
Wi o B AR BCE AR R s — A5 A SHRIMP

U-Pb 4E 44 Jy (334+ 4) Ma, 1 ¥ K 4 8547 SHRIMP
U-Pb 4E1% 4 (425 + 4)Ma, i ELtE S MK A 5 T
A FETE S (Zhang et al., 2018) . 45K [R] 25 45
A Sk YUB AR VA B AR BRI T 418~424
Ma(Jia et al., 2021; Li et al., 2021), 3IXAKF T 47k bT
PR X RE B 2k . A AT DL R e AR
Z(E 3b), #EMEAARTRG T —e BEN RS . R
BR YR RAFAE T ZK4001 #eHE A i e Al
(1 3b), (HHAWAGFL AT WLACR YA 1R . Bk
PR B B | R AR Gk
YIAFAE TR A R ] sSos A p

3 N HEIERYHIAR

3.1 M E TR E R R T A KRS
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WA Bietal (2018)7E5e G4 L UM A 0, RIZR
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T1o BRIREASL, v B M A8 E A 22 5% i R —
& ZE JfiH# (Wang et al., 1989; Enami, 1990; Yang et
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Fig.3 The geological map (a) and cross—section figure (b) of the Shitoukengde mafic—ultramafic complex (a modified from Team
108 of Sichuan Bureau of Geology & Mineral Resources, 20162, age data from Zhou Wei et al., 2016; b and age data from Zhang et
al., 2018)
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Table 2 Zircon isotopic age of eclogite in the Eastern Kunlun

. T2 4 JE AR o
2 iy hmj M‘\/M ‘ ‘ﬂl PRI %’, y :/‘
(A HA JF A R/ Ma AR Ma (8 Ma g i FORLRIR
R SRR 934 SHRIMP Meng et al., 2013
TR HEURL AR 2 428 +2 LA-MC-ICP-MS Meng et al., 2013
e R 451£2 LA-ICP-MS SANESE, 2014
R *nyﬁ; 4502 LA-ICP-MS TGS, 2014
PR WA 411+2 LA-ICP-MS FRA IS, 2014
H H G ARITS TN 436 409 LA-MC-ICP-MS Tk HEAREE, 2017
B HWB KIS ARG ey 777~773 415+ 6 LA-ICP-MS IV AITK 5, 2020
5 H G ARPMAH T 1RSI A 414 +7 SIMS FRIESE, 2020
Eiw ALl e 650~520 451+ 4 LA-ICP-MS e w VA1 BT, 2016
4 i 934+ 15 440+ 13 LA-ICP-MS 5 1E%%, 2018
IRAH L3 T 43242 LA-ICP-MS FBIEMS%E, 2016
IRAH iNp= 445 415 LA-ICP-MS FH A, 2022
KK ) A 433+ 5 LA-ICP-MS Duetal., 2017
ol TR TN 07+1 410.5+2 SIMS Song et al., 2018
Y H AR WA 435+ 4 LA-ICP-MS FH%, 2020

— AL T B PU I BH B B A B e A8 (Re—
Os ZEHTER A4 (878 + 27) Ma) A B AT IR B ( 1 4
LA, 2003), A1 JLP- A R S0 A R R
YERZIZA TR — 2 &4 5 (Jiang and Zhu, 2017) .
2 ERAEMIBNERZFZE LS Ni/Cu. kK

PGE HZ# AR HIEKX

B H B ARG Y B A & Ni, Co FIHARE
PGE JU & & & (WML 7 M . T VA . A 1
Ni/Cu FAESMIA 5~14.5,3~9, 3.2~14.1, E HIE KR
Ir oo <4.1x107, Pd,,, <133.3 x107?) (Song et al., 2016;
Zhang et al., 2017; Liu et al., 2018), f& Ni/Cu {4
T 3~14.5, B RUBH S5, BHE A T & 1Y Ni/Cu
T H AN R R [ M MRS e ) v R B R 0
FPAER R Ni AT PGE & RS2 B K, (A
H & AR AE 4 v i A0 4 T8 A (UM T Hb e ARG 5
o PR R A il e A R S R A IR, SRR T AR
i RO 5 A R 8 s il ™ A 1 R B IR 0
BB, BUE H BRI EES ST REA R R IR T
WAL 5 ()3 55 il (Song et al., 2016) .

2 H AR B A Fo 78 83.9~90.7, 8 & AE
802x107°~3760x10"°, JFHF4H7E 2000%107°~3000x10°°
(Li et al., 2015; Liu et al., 2018), H& T i & 42 ks
FEB A R A KR TUA R A ok L BA
AEALL Fo R/INIIROHS A rh AR & i, i S5 oA
i A3 e A PR T A 2K S X B A 2
BB A BE A P Y NI & A 24 (Song et al.,

2016) o HE A7 5 HL W Bk I O 2 R O A g
Si0, 1 1A 52 v & 1 i) ( Sobolev et al., 2007) , 40
Sobolev et al. (2005) A A & Bl 3 X (51528 HA
BB RERRIE 0 i DR AR T R DX R A S i, T
M M 2 PR T M ROE 5 5 PR R B T
J Rl AL )& Si0, it AR B A BLVE AR
Liu et al.(2023) 18 12 =5 I 5 JE SL g A% 0 % BLAE 0.5
GPa/1045°C #1 1.5 GPa/1240°C 1 F & wifk ¥ #l
T WAL R 43 Rl ] 7= A A AL 0 PR I
MIREE S S L RITUA K, A Kk R il i
VR A A H (A TR AL T SRR A4

3.3 BIFHE AMABARBEHT KEF T B

INEERG?

T o2 F N B H iR R AR A R 2
75T IR ) — KR 2 38 5 (NiS/FeS),yn0/
(NiO/FeO) i Ni 428 B 1Y 5AR E T147 15 (Barnes
etal,, 2013) T B H A AN 75 10 SR, 26
LSS AR (Li et al., 2015) 6

BT B SR BRI A AR ) R Al A1 1 Fe®'/y Fe
W H T 0.3(Liu et al., 2018), {HE H WA K AY
R A1 1) Fe’ 'y Fe W AT T L 8Y iy 7 7 8 5k
1y (&L 4), AR T I B % B BH A% 5 90
EAREE . i SRR Bon B B G ARAFEAER
LR FAE SR (2, 2016) . B H ARG 1)
Fe¥*/y Fe WAE A Cr 5 7= il i )5 (R BR B 1 25 1L
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IR IR AL, I — AT Jz e 5 H i A T B
PREE AT e Al 5 A5

IR AR A AR SR B T S T R AR
REMM R IR (1) 59 A Fe''/Y Fe [ ) %8
10 L UE; (2) Barnes et al. (2013) By %0% & 1185
BRUE . T HAINAT Fe /Y Fe J2 Sz W ek
SEUR A i 7 5, T Barnes et al. (2013) 48 A5
AR PR TR AR SR R i D B3, 58 — s
PRI P RE T IS R o BOAR SN R T 48 56 b
P A e N MR B G (E 4245, 2012) e L 4%
L H AT BT Rl 5 R S 1 i R S A B
34 EHRT-HHENELS AR CHRE -

BEMENXER

T e R T T AL 5 R O 2R B ) ([ TR A,
2020) , B DA i AL 1 AL 5 B A
KGR . FHE AR IS AR B G L IX A i
A B T B0 IR A SRS B, i)

0.7

BT I RS A (S50

0.6 - ) \mﬁwwwwm

o T AR — (T [ AR OR ) SRR S o fig B
Huangshandong Cu-Ni ore deposit
Typical postcollisional setting in East Tianshan (China)

L SRR (L)
Poyi Cu-Ni deposit (Beishan rift)
S H R ARG KR S I CRE®)
o Xiarihamu Ni-Co ore deposit
Typical postcollisional setting in East Kunlun (China)

Pl 4 5 H IS ACE AR SR B 5 1 SIRBRTR S I 28 o A SRR 11
%t (Liu et al., 2018)

BRI H W A KT Ni-Co B RER IS AHARTIR T Liu et
al., 2018; BEIIAR Cu—Ni B FREE AR A4 i RUL, 20125 3 — Cu-Ni
WIRERR A PR S 585, 2018
Fig.4 Comparison of oxygen fugacity between typical Cu—Ni
deposit and island arc Alaskan complex (Liu et al., 2018)
Alaskan area from Liu et al., 2018; Cr—spinel of Huangshandong
Cu—Ni ore deposit from Fu Piacer, 2012; Cr—spinel of Poyi Cu—Ni
deposit from Wu Jianliang et al., 2018

Sy e BBt — L AR R | rhg A B R rp e A
Hoamth, h &R =& b =S

T BRI e B v et RO R A A R
FRMB =F WY SRR H AR
T BT By R, &t RE B e my AU AR i ) = 4 (4=
E sz, 2018; FLAF4E, 2019b; 2021); Fh—i =2
THBE B o — B 6 A B AR AR A e o 3 A il 4R
M B (BLERLE, 2015; L1445, 2017; Liu et al.,
2019) o LR EME— LM A AR A R 3 T AN
FETERL,

SR, X T v e s B4 tHE— R e At e —
FEME R R R A T e R 8 P S A ) b o
B, HATFEZA 4 P,

—rE O, i AR B R e A E H e
AR T B JREREE (Li et al., 2015; 25 % L5,
2015; FEFEAE, 2017), A Ry 2 R4 v O o )
. BB (DA ANME TR BRI
FRAE; (2) BPAREE A M K A AF % (439 Ma) B8 Ak
FIX I E AR T AR eh B B (228 LA, 2015) 6

55 R Ak B R e A S —
8 P A AT T il S A R PR R (2R 4 A,
2012; Song et al., 2016; Liu et al., 2018; Yan et al.,
2019; fL&s7:4, 2019a; Wang et al., 2020) , FEIF
WA 34 (D) REE G B B A A A AR T2
KB, ek 8 g B (428~419 Ma) Xl
CR =55, 2005; Hi TR A B, 20129) . R %
tH—rf e ZH (411.5~382.8 Ma) WF 43 4 (VAT 5t 45
2004; Xiong et al., 2014; ##I4F, 2014) | B A tH—
e 20t (419.0~391.1 Ma) A2 % 76 ki 5 (i 45
2013; H#LL, 2014; @4, 2016) o X531 5
BN SR Rl S R B = (XA AT, 20125 HOR AL,
2014; Peng et al., 2016; Song et al., 2016; Norbu et
al., 2020) . 428 Ma i fif 16 hy il i lf 2 71 flf 18 /5 2
55 B9 B4R 4 B (Meng et al., 2013; Liu et al., 2018) .
(2) I HE e R BT IR A AFIE R 409 Ma (i BEAAE,
2017), M W 5 AR B AR T DA B AR L SR R
HERR ALY IR 5 05— o R AR AR AR o A
15 (BT IR A Y ) — B4 (Liu et al., 2018) . (3)Liu
et al.(2018) BAZh 1 tH LR By BT R 3 i 7842 A {4
B2 AT AR B Fe*' /3 Fe > 0.3, T H [ (4 il 8 f fif
JEIRER AR TR AR A B I Fe*' /Y Fe <0.3, B
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H AR 54T Fe*' /Y Fe <0.3, 7 Hy At 18 5
T SmiEE SN 5

EREv L DUNSS YRRV N L S VS
TR RIS (B ) (25 SCIRAE, 2020, 2022;
Tk AR SR, 2024) o X FFOUL A A IEYE 3 B T A BR
P Y8 AL 5 AR B R A T A ik S S i LS
Ho] & H R AT 2R R E1E 2 A KA IR
FEVE A TR A, 2 T R =2 7 A it e 46
BB o 56 T 48 B2 b IX iy S H 079 14 JF O st 1
T — SR R et S E B R, sk
AR O N A AR A o R R B VR S A9 B ()
(Zhang et al., 2018), g4k A WF R Bl RR ST T
TERA BAMIFEAIT RS ( Li et al,, 2022), WEHRUNT: B
W 24 BRI A 77 L 455 P A MOIR & A AR %
(3403 + 11.6) Ma(ili THH55, 1999) . A LLp sk
AP R AR R (332.8 £ 3.1) Ma(LA-ICP-MS
B U-Pb %) (X PAE, 2011) . BRIl i)
WA ma KIS A e E L aE G2 T AE,
1998) | 5% H X LR A A 1 85 44 U-Pb [Fl v &R
AEWY R (331 + 2)Ma, 5407 LM A Q4 A 1y
AR A — 3, ULRH IR B B S T L e st
AR A IR R, BT T AR 1 A R
P, TSR b DX BE A 1T BE R T RR R PR A S B
B (Jia et al., 2018), RI7EZR B i W 24 to A7 o
PRI I8

W E N H MR R 18T 50k B A
BER)—AEEN R RS2 TS R e
WA AR BRI, U0 0 S R IR A HE R
) LA—ICP-MS %547 U-Pb 4E#% J (439.1 + 3)Ma
(AR (2% &5, 2015) F1 0 5S4 Bt e
KR O KA LA-MC-ICP-MS %547 U-Pb 4E#4
(4471 £ 1)Ma (B BB ) (F 5, 2014), 1M &0
o AH B O AR 4 ) R (411.6 + 2.4) Ma Al
(406.1 = 2.7)Ma(Li et al., 2015; Song et al., 2016),
ORIV A (R R L& 0 i S e
(FIBZH)F T 20~40 Ma, A SCIA Ky HLfR RS Jy 6 17
A AR P Al o DA DX Sslb 1 LR ok o, g B
Pl tH— R B TR SRR B e 1 AU AR b A B B,
AT R EIIUA IR A (S5 2255, 2007) FI9IUS Y HEAH
FoPE KA ((440.2 +2.4) Ma) (FFeREESE 2012) ,
M B P 4% 57 A R A A (438 Ma) AT REAR R T L

AR AR BT VR R v i I B B T SR (UM 45
2013), W H AR KRS0 1 R R A bl i
FERTE T R B 30T 3 1) AU ORF o B O 107 ) 25 K
oS F b EREE, 1M 428 Ma 2 J5 (& Bk 3
BRI JS R RARXTE A1G . 25 0, KRR O
AR BR T e gk LLAMEAE 2 W10 IS P sl
PR HEE AR (D) AR b s 5t R B
B 6 B B thE— B B A B AR () S
TH— R =B AT RR R S PR AR e i e —
BEVEAR 52X, AR B CAETE 2 IR 5 il
TR AR, 2300 rh ik Bt — R rh e 4
AT =S,

R X R 1 T AL SR R (1994) 52 i 1Y
FREEiz 5, ] LAHITE G i AR il R (2R A,
2004; ¥ #R5K, 2004) . B BB HH— R RE B T Sk
A F AR ) JU A op R S T ST R, R
TR/, BETTCH ;s g B i — 5 rhje i
e A TR S RIS, IR TR, AR
VB —Eh G, B R4 B A 54 T R e 4
TP B . Mot A 25, J| T, A
BB s th S R =S R
R T R RN o ) B L BT R
H AT TCH ks rf e = S T2 A Rl 43 5 i R 23R,
J& T I, AHET b, (HIER SRR,
I A AR TR IR R L A
W, SRRE, BT A7 1E SO L £EAE
“TETTE ST ST A KR B IR A A S
AR o
35 RN R (AEERBENEEIMERKNT

) AL RREE

45 i o3 575 M SEB TR G4 X B Ak ) b Y BT R
2B 19 70T 2 B 5 7 Cu—Ni-Co—PGE B IR 4%
W IRZEREE . Liuetal (2018)7EH A k248
FE AT T LSS BRIR Y 5 45 i A X A B R R
— A KRR B AL I IR A AR X BTk N,
% M Rhyolite—Melts ZX A4 T 5 H Mg AR BEA 0K
(% & %: MgO 8.58, FeO 6.79, Fe,0, 0.75, SiO,
52.62, AL,O, 15.06, CaO 10.48, K,O 0.39, MnO 0.19,
Na,00.28,Cr,0,0.11,P,0,0.14,Ti0,0.62,H,04.00 )7
1 kb, FMQ+1(FMQ Ay BRI A7 -+ i+ 9P Aiy
HF A0 48R B ) A9 25 14F T, #E 1300°C~1050°C Y 45
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FEA(E S) o B fb i RO 25 2 i i 75 i (SCSS)
i 52 Liuet al. (2007) £ Liand Ripley (2009) f#)
SCSS A4 B TR . A T HEA I s AR X
PN Z AT SCSS fsEma, 2524 [ A I sy, 71 R
TR BB WA, AR B — TR B A AR 2 A R
f) SCSS, 2 H 447 SCSSyo 41 EE MR T1 [
R3] 72, R EEXT SCSS 52 ASCSS, = SCSS,, —
SCCCpyo FEIEH IR 45 fh B2 v AN [ 22 2 28
53 ) B SCSSH , 2E # it 45 N SCSS, g Ho 98 5
SCSS,, Bl k52 140 %5 SCSS FIS20 , 253K Hod
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Fig.5 Model of the variation in the sulfur contents at sulfide
saturation (SCSS) during the fractional crystallization process
(Liu et al., 2018)

The SCSS in blue and in red calculated after Liu et al. (2007) and Li et
al. (2009), respectively; Ol-Olivine, Sp—Spinel, Opx—Orthopyroxene,
Cpx—Clinopyroxene
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Fig.6 Summary of preferred locations for copper—nickel ore bodies
a—Lithofacies distribution and Ni content of ZK22-7 in Poyi Cu—Ni deposit, ore body is located at the middle to lower part of the lithofacies (Liu et
al., 2017b); b—Lithofacies distribution and Ni content of ZK11E05 in Xiarihamu Ni—Co ore deposit, ore body is located at the bottom part of the
lithofacies (Liu et al., 2018); c—Lithofacies distribution and Ni content of ZK1903 in Xiarihamu Ni—Co ore deposit, ore bodies are located at the
bottom part of the lithofacies (Liu et al., 2018); d—The relationship of Fo and Ni content in ZK4001 of Shitoukengde Cu-Ni deposit, ore body is
located at the central part of the lithofacies (Zhang et al., 2018); Ol-Olivine; Chr—Chromite; Opx—Orthopyroxene; Fo—Percentage of forsterite in
olivine
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Fig.7 Malachite (a) and annabergite (b) in the Xiarihamu giant
Ni—Co ore deposit
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