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Abstract: In the dynamic, multistage magmatic systems, the particularly important processes in forming mag-
matic Ni-Cu sulfide deposits are the transport and accumulation of dense sulfide liquid that is the main carrier of
chalcophile elements. However, the dynamic behaviors of sulfide liquids in magmatic systems, remain largely
empirical and poorly constrained. Even now, the well-know, ore-forming models have polarized viewpoints to-
ward the direction of sulfide vertical transfer in a dynamic magmatic system. The "Small Intrusion Forming
Large Deposits" model highlights upward transfer of sulfide-rich magmas and pulses of pure sulfide liquids,

while the downward percolation, injection and gravitational back-flow of sulfide liquids play a major role in the
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formation of "Conduit-type Deposits". In this paper, we summarize the novel methods for studying sulfide’s dy-

namic processes, systematically review the vertical migration processes and associated physical mechanisms of

sulfide droplets, compound droplets and pure sulfide liquids within multistage magmatic systems, and elaborate

on the formation processes of typical ore textures in magmatic Ni-Cu sulfide deposits, including the sulfide glob-

ules, fine disseminated, dense disseminated, leopard net-textures, patchy net-textures, massive, and sulfide ma-

trix breccia ores. This work is aimed at revealing the vertical migration and physical mechanisms of sulfides,

outlining the physical enrichment processes of ore-forming materials, and ultimately achieving efficient delin-

eation of favorable areas for mineralization and scientifically guiding the prospecting in depth and outside of

orebodies in the future.

Keywords: magmatic sulfide deposits; extreme enrichment of critical metals; vertical transfer of sulfides;

typical ore texture; ore-forming dynamics
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Fig. 1 (a) "Small Intrusion Forming Large Deposit" model and (b) "Magmatic Conduit-style Mineralization" model
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Fig. 2 (a) High resolution XRCT image of sulfide ore, (b) schematic illustration of analogue experiment, and (c¢) fluid dynamic numer-

ical modeling result of the break-up of sulfide droplet in a turbulent magma flow
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ALY AR B B % R A A R IE R AR
SRELAT ] T TR A 3, T AU Py 245 o T B AR e T L
FEE KV FE AL G R 2 800 B Ak T iR . ]
B, A5 A 14 Bl 07 2 R B (A AL ) I I A dE A o R
/b 2 B R 77 00 BELAS FIABLRE, I 2 S R0 S o
KEAM SRS A ST 2 MG, tHEE 2
FEEE MR IR VE T o DRI, Ak s A A 5 ) L i
PR e T HAE S B LAWK RGN Y s BT R
SUN
32 BN YR

T B AR 32 DU Y A, B
S50 e W) TN PN R 9 TR ST 2R B A 1.6~
2.5 um (Holzheid, 2010) . 3l Jj%Fia Bt f b, mEfR ER
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Fig. 3 Schematic diagram for the settling of sulfide droplets

and minerals in the magmatic system

(Richardson et al., 1954), % I B b 42 i 1) 1T 5 3 %
AR B Y AR (¢) 1Y 6 & A 3ROR R (Gar-
side etal., 1977):
U=U-(1-¢)" (3)

BRI, 53 B B e 2 0 A i Ak 4 e e B AR
/N AR LA B LI R (107~ 107" m/s) , i Bl 25 TR e
aob i i R I ) i DA ) Ak 48 35 T A 1 RELRE B A 0 R
DAY i ELAT AE X R R TR R

R A AT B Y 2 A T T L AR R SR
NI TR R, B AR AT ZICERKRTENEER
TR AN IR DL AR G SRR T34 25 fioh v 2 i
i 7 1 25 3% XF Wi (Huppert et al., 1982; Huppert et al.,
1984; Jaupart et al., 1984; Campbell, 1996) , # X i A3
B bR o i, Bz o i e R T
VRO (R RE X TR 2, IR 2 A IR LA S IR R,
K ZHCMRLB T AN 23 & AR 10 R ULRE, R385 9%
X o ZE BT AL WS o XU IR G A A O ek
Rl ), LT S PR R 2 0, BOAA A — IR S )22,
YRR Tb 4 R 2E A I XIS, S R
= S 1 12 i Y80 457 ¥ T K (Martin et al., 1988, 1989)
EL T8 Y AR RUR TR ININEES Sl IR b
BBk BT B A AR b Ry E AR B RS AR

0.001~0.1 m/s(Rutherford, 2008; Chavrit et al., 2012;
Chen et al., 2013) o X — 3 B X [B] 038 375 55 T R 24K
T A0 R e T e A b A R X DL R R, e Ak
W AE X Lk B, RN BE AR A K s
(Yaoetal., 2019) o PRI, & 350 B 7 A 1 R 22 K Aok
ALY I A R A B E W E ) 5, i hiE
ek R gis %, It Hibgewk L Ra R E b
B S AR RS

T Ak 0 R ] 7 6 O 3R L R TR TN Ak 4 1)
TR YL BT A] e 5 BUE K R 4o b s BURLAL B3 AL 0
T, BA TGS, HEm izt i 2 Um T
R o X SERURLBR AL YW 2 T A2 JE G s AR I B
JIT It 1 3 B4 S e T e A — o R B AR T, EE F
B2 A R (K] 4), BB A AR RN BE R e
FEAE B BRAL P R, ORI AR A 7E B PR . DR AL
YT DR T R B, B 0 5 ke R R A A ] 1) % R 2 S
2% T BRI 2 A AN BRE P, B B A28 A AR E
(Rayleigh-Taylor Instability ), fi {5 ¥ i 3% A& B, £ &
w3 — 2 R Y T 0 S 80 I 75 4K (Bond
Number, Bo), T 7~ 4 (Robertson et al., 2015):

2
_ Apgr (4
o

Ko o ML) 5 RE R ER A 1A ) 1 FRTET 5K g, 3E
4 0.21~0.24 N/m (Mungall et al., 2015) ., F 7% %
(Bo) fR 3R 7 77 71 55 A 2R 1 ik ) Z ) A, H
BN, W F K ) 5 5%, By 5 TR ER
THTME LAY IRZ, W5 TASTE e . B4 R
FEH, W A R A I PR AE %29 100 (Suckale et
al., 2010; Yao et al., 2019), X i 19 r {8 (~4 cm) Bl A i
RYIBHAAS E AR W I R B AR . AL 5 i R R 4
PR 22 1] G 2 1) o 25 T R T A R AR, RPIF R

Bo

N SRR (5
N iRkEmgEE L
W | S == = = = =
HH NN 1 92< 7% —
piag WEiaH JEE C
R I T
% UL _/6 ;o — = ——— =
& NI A
oy / 3 '¥‘ oa )
R B ({A‘Z{IJULF#:Vl -
BEE - 7~ — g, 5 OQ)
s — WA, B >
Tk L2 ok
TRAL YR R

E4 mUPEEHNFEIRSBHHE.
ERRHEENTEE
Fig.4 Schematic diagram for the dynamics of sulfide droplet in

relation to its size and the intensity of magma flow
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-2 W 28 25 S K2 € 1 (Kelvin-Helmholtz Instability ),
T A 2 32 A B 0 TG i A9 S 5000 Sk T Y TR 5
(Reynolds Number, Re) (Robertson et al., 2015) .
_ zpmeltA Ur

Momelr

K Aoy B RERRIIE RN B AU NBRALY 5
Tk PR R A R 2 B B AR K2 BE R, B4 SRR, Y
Re A 52 ~ 10 B, W 52 IR SC—2Z 086 24 AR e T
52 W 10 % A2 B 7 (Suckale et al., 2010), X W A4 i KR
A VAR A B s AR S v T R, T >4 7 B kB
JEAREEE /T 1 Pas B, W B KRR FERZE 7 mm DA
T o AN, i e A RS Y U0 D 8 2 SRR AL
Wi JE 2% 7 A TR B, S BORE R AR TE H R
T, IZ A PR R A5 AR e TR i 59 DD ) 5 R Tk )
Z I8 1Y b 18, B =E 40 %1 (Capillary Number, Ca) (Robert-
sonetal., 2015),

Re (5)

Ca=r77melt'y (6)
a

2 VR AR T R A 0 YR B T Y B B R
O A L9 PR 25 SR WY, i 5 U 5 5057 U 3
VT AR T XTI AR AR 53 iR 0.3~0.6 B
1~10 (Bentley et al., 1986; Khakhar et al., 1986), Xf i/
1) B A B Ak VT B 8 AE R I By ) 2 SRR AR e
BB . BOR A % AR E 5 3K U Y 5 )
e R AL T 58 30T P B A9 32098, T e XY 5
VIR 2 2 o PR, MUK A ) R ir 422 30 [l
I, AT e 23 R 98 SR T v (R B Y g i & A W i AR TR
BHE,
33 WmiwmikiEEE

DL BRI o B ik S8 1 FRUSURE B Ak ) W TR 22 4
HR RGN TN LR AYRE ST, (X T R ) BT Y ) 2
TR M, B S0 2 B Ak Y W A ) 2 s A
AR [FB, S S R BRI AN S A Kb
TR IS, 5 3R 1) % B FIORG BE s DUl b, R Z 23 TH AR
W2 5K Re, IR s RS o Rtk BSUR
WAL R 2l ) s B 2R B TR G T A K

(R B0, T A 0 9 A 5 o IR 2 ()R AT LR R

J& T XS o

Barnes 25 (2016) A B ALY i i 25 5 BUA
JE TV, I AR A 2 A B iy L B AR B Jy, Y
I Y8 B i I LA R 5% I, R R
JE O FlA B, Nk &5 BT IT TR 1. DU,
BRI A 55 R 0H IO T I AR X L 8 i R A 2R T

A3, V2 IIFEA K Lis B iy —3R 3 7, # il B
JE . B pr . A R W 2R | 3 U B b
T B FE AR T4 ok B2 X RIS 5 R AE A T 3K B T
W Fig#% . 0K DR R, R A A X S A
Rl BEL 3 [ 25 TH AR AR Sl AR, 7 T 52 00 5 28 00 v %
JEBAC YR 0 T 2 BE . AN B AR BT ARk
B NE KA B ) et R A TR K
JE K 3H T8 A R s A A R (RO R g ), H 5 [FLA
(1) %5 J3E 2 AR I 04 3 77 3800 A I 5 | kS o 3R 3 v s ik
AR Z R Z— o Ktk 25 DL JO8 A o
HARAR, T B ACIR SN S K BRI ) e
R, A W5 IR 7 ) FUR i BEL ) 0 8 38 P T g R 2
RIAEAZZ JEHN RSB LT, T % i K
Z e 3% A A WAL YR 17 LB R, A A
[Fi) 55 A S AR AR R RO A, ) 588 e 400 VAR ) e R AT 2
P — LB E 2% A 47 (Yao etal, 2019) . AN, # K 5
9 8 i 2x Wk 35 A e R % FORS JBE (Hui et al., 2007,
Giordano et al., 2008; Lesher et al., 2015), 39k A3 {7
()IF 71 M B fe, I8 55 H B 32 21 5 Rk T BEL TS, A
T 5 25 32 T 17 2 2R 00 Tt A W R R 1 fer 2 BB ) o Y
BT A BSER S UK AR 2 R, 2 il R 15
K0 B A A AT Y (Gonnermann et al., 2012), i3 —
SRR AR T 5 R0 R A R, e e X R A 0 R A T
HEAES) o BRI, Y FR X R BUa K & A
1 wt.%. 2 wt.%. 3 wt.% [ H,O I, X i A6 400 34k ik A
(4 e K A7 2 BE 1 0 ) L TR 9 vol.%. 17 vol.%, 31
vol.%(Yao etal.,, 2019) . [H I, 2K 75 R 50 N
R B B B S SR AR 8 5T — S e Y A ) YR Y A
PR LR R AR (K Sa) .

LRI R SRS IR B BT, 5 TS K
G R A R SRR AR TG | ok M & R S RS B S AR
2 S5 o R T S BOE IR e R PG RS (Gudmundsson,
2012; Gonnermann et al., 2015), {155 3 15 £ 5
GEAITE 3PN =R TR A7/ RRF i LM o g A @ 1 i
% Hr Noril’ sk 8 B 7 4 X K Jg T4 9 1 X 1
MR ZE A5, HL S 2k AR IR S 5 PR AP R I e O X
A A % U0 Y R I AR (Naldrett et al., 1992, 1995;
Lightfoot et al., 1994; Arndt et al., 2003; Lightfoot et al.,
2005), J2 %\ m B H ) AR 22 S I AR G N s S 1Y B
T4 . 2EH T O A BRIk 27 B FA T 2
UESE, 7 4E X N H BLAY Tuklonsky 41 75 ML 5T 4 3% 76 1R
FAIK B NADT T & W B IR L, Mk 1 e )
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s AR IR BT PR I A ) 3 1) Y B B B 9

B M E 4R, J5 28 R FLEL ) Morongovsky-
Mokulaevsky 2l Z 2 A #b 45 A A FR 25 8] 1) 8 38
WP, AT ik ~22 MPa B 5 2 #E E (Yao et al,
2021b) . X BE A A ) 5 I 15 9K 3l & Morongovsky-
Mokulaevsky 2H X & 5 76 #5415 1 8% Htti £1 Fl 1% &}
Ko Z 4, Ihaefar 2k 10% M6 AL B ) iz %
(Yao etal., 2021b) ., X —ERfb4y iz FE A5 10 RE AR 4 Hb fiff
FEE 5 1 T 5 /N 0 R ) ) i A e,
JEH IR 7 S8BT BB PR 45 R SE Noril sk A7 48 X IA™
R T E SRR, MEHEAE SN N 0 TF 0 I 58
B & 4; (Krivolutskaya et al., 2019) ,

T Ak 0 YR A TR e 3K o N Y B g 2 i R A
FE ot 08 2 25 90T A R X 1T 8 S 233 /N T X U
IR T VAR, SRk o BOE T K i Of b
Zia %, AAEHEA ST B (0 A0 O o 1 )23 B AR DL
A A 00 R A A R I e SR T ST 38 B B ) 4
T B R B I LAV 1) AR 0 I 5 Y T 1Y) A
XY 888 3 23878 K X 5 S I 1 7 B AR ), Bk
W 23 JC A SR ) 52, UL T AR DR R
IR g ST, VR AR B - X R ) 45 T A K B )R
JEE B — 2 B LA 9 AE 6 DR R e . Y B (A
(0.02~2.0) b F P 315 JC =2 [A] B, A 149 5 SR % T 23 7
473 S0 R AL A 0 YR ) - X s B S ), I HG o 2 A R
Xof L R B A X A 555 T A 25 o P USR8 1) R A
B2/ T 5 TR Ao BT BRSNS B SRR 7S
A % A TR (Patocka et al., 2022) o
34 WMAY-SEREERE

ISR SE, UL T8 K BN IR L o
AR AL P R A B, 24 TR AL ) - RETR
ER s U (B) 2 TR 5K 3 R S I, B Ak T A B B
T R A W (Mungall et al., 2015) o Z5{I4%
1, 7E H Al 52 36 £33 EDSIE (Tacono-Marziano et al., 2017;
Virtanen et al., 2021), < 0 —Fi L ¥ 1R & 0 L 9IE 52
I V2 ATE TR 2 B Noril’sk #4157 H (Le Vaillant et al.,
2017; Barnes et al., 2019a, 2019b) . i ¥ & /3 LY
2 (100~400 kg/m®) 372 /) T8 k- 85 4k BT 4 9% Al
WALy A, SO —B AL TR 5 VT I % FEE AR K 2
B LT LT R 25 2K (Yao et al., 2020), BP9
7 1 5w IR B AR iR Y T T A R S W AR R A
BA T AR EFESBIRES), #EmixT FARA KR T
E W B IR0 T2 BEIE S, LR UK &
A 3 wt.% MK, HAT7E 3.5 km VR AL R A4 K 4

W, UL (Yao et al., 2019) o #5 K il K ik 4k
SLTHE EUEI S A CO, S H B o), R iE Y
W 2t — L3, 2 wCa 5 A 3% H,0 1 4 100x
10° CO,, MR AL TELY 15 km TR Ab 7K B8 K 43 1) 1
T 3% S i (Tacono-Marziano et al., 2012), K S i -
i Ak Wy TR A W RE WS T B T IR R A 2K 5 (Yao et al.,
2020) . EC(EBA LSRR, IR A WIHEZ 12 W
IR R AT LARRUE AR, O HLHR 43 40 b T e % 38
1 AR B JUART 208 25 00 J =i 2 2k ks N
T W 78 4, F 1T S0 1] 81 ot o5 )2 L Y 3l A AR
&, IS HR S MM 2 (Yao et al,, 2020) . H AT,
AT C B BN, Bz s T AR AL )
32 # 1Y J8 5 45 B Fr (Blanks et al., 2020; Park et al.,
2021; Virtanen et al., 2021; Holwell et al., 2022; Iacono-
Marziano et al., 2022; Heinrich et al., 2022; Patten et al.,
2024; Cherdantseva et al., 2024) . MIB& WK M iz
Z3E I R ST, Y e 2R TR TR SR 2 i B
IV 72 3 B 5 B A T D) i A AR CRIE 5
TR BB T IR AE: 0.112) (Rosenfeld et al., 2011),
FEOR 2 B A VR , (0 BB 8 7 5 0 1 Y 2Rk
" (Yao etal, 2019) . I, ZYAHK RGN, KT
ST DRy ] s B AL YR 1) /N KRER T
Ak 1) DOTR B 5 3 o 5 47 2238 18 R G i1 (8] 5a),
S 26 O A Sk A O SR 28 K A P T, DA T AR K
PEim T A RO O W Bt Y 1) s B8 fE 77 (Yao et al.,
2019),
3.5 Wy R

A EKRGE T, ALY WO L AT BE TR T
BT BBk T, S Y R AL A, BN
FARBUR T A R K ALY AT . T
T A Jeis A %) 85 P 32 v T Rk R R A AR S Bl o, IR U
KRREAW T EH MaKRGENEA &
JELRE () B B AT BT 3 2 28 O 7™ A D 1z g, LB
TR ) 22 (Apgh) (& 5b), G 10 m JE 43X
(8D IO T3 298 0.2 MPa. 5 i 78 R 6 AT e £ 1Y) 1 55 1
(HL 2B T2 | B R sl M iR A 45 ), Ak 2
ST 7 A O ;7 BE 8% 5% ) v I A SRR/ R 1
e 0 B 40 R o, IS B ) N 2 ki B, B A itk
i AL W) & & (Barnes et al., 2016; Saumur et al., 2017) .
A BRAS MK 7 e 24K 45 2 3R B, BB 9 I B ok
PR LT 0.5~6 MPa Z N (Gudmundsson, 2012) ,
Rk, JEEEE R I 20~30 m ABRAL 3K A 7T e A R A
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3\ ¢ ::OQ’O 1) o . ° o o ) ooo
BN gt 573520 6,0
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R ABERT TEE(d) (& Chung et al., 2009; Mao et al., 2018 {E27)

Fig. 5 (a) Upward transport of sulfide droplets in conduit, (b) percolation of connected sulfides in crystal mush, (c) the associated ore

texture, and (d) accumulation of sulfide droplets in expansion part of magma flow

B E 7 7 2R 0 e 02 T SR e e L A
KAEEZBIE T 5 SIS R B AR
45 i TR EE AN 3 2ok T DA A D AR AR K I ] P £
FREMORE, IR TR R AE KIER B ks . A L
X2 IR T N HUR T A RS R R UL 9% AR R A
W Rk LA R 2T IE 0 s T A AR, ] R R Ak
Y SAERE ), B R IR B 0T 36 )] 150~250 m
(ing= K Voisey’s Bay #" J&K ) (Barnes et al., 2016, 2018;
Saumur et al., 2017) . L, AT HINAT R, =% i)
W RIEZ P A K RGN 5 T A 1 T 1 g (0]
Ui BRI BT 5 55 B R I

SR, “/NAEAR R A7 BEA Ry, BRER A K Dy
N B B AL R R B R R H R A e R 2
WS T . A T 2 T S R R AL K
12Tt B9 TF 7 88l ME R, F AR (2013) . g i [ 4
(2014) A R TR EHB 23K b5 Hh B AL ) 0 KR A K 4%
RO (>30%) J5, 1% 8 T AT 5 00 2 B TGH AT,
PAG T R KEhie, Nt sk EAIR R
Br, B2k TR AL W s A 5 98 e o A B AR 43 1 OF
82NN o SR N R (SN N L
) iz F (B AR AR 2009), AR Z2 A (R FL IR
et R BT R E A A AR GRAK S B AEAE, M TE
ERIE T A TE 5 R 3o 2 rh A R A FH (e i 4
2019) . WA, o I R AL R TR L
KT Y. A QAR RRE . 5T S K SR L R R
DL R A SRR A 26 55 M ER AL 2= R A 2 R B, 0 (R
BT — AN & R A K A BE H (Zhang et al.,

2013, 2017; 5K 44 45 %%, 2015; Tang et al., 2017) . {H 2,
IR HE VR AFAE A T IC R [R5k A 1) B, VAR T AL
T, e b B 5 o S ) T R A RERR R IR, T
HHHT A RGBT AL 48 1 b e 2 RE IR i 2 D15 K
o (RETRIRE 30%) , R IH X v 15 B 5 e e 2 O 42
ROTERACI T I AR 2 TR ANV i B2 LA R s
S AR AH 0 B S U 3 R ) AR BSOR , AT5 AL T S MR
BB .

WAL I AR A S FLAK S )W R RSk A T
PRE R B RE . WO AR, MR A I b AR ER
JR G Bl v B W 0 AR I K AN e IS, AT BE 23 ) IR B
P A9 P H 5 DX, AT o)l B 8 BE 2, (HIX —
A RRTEY IR bR AN TR E 1Y, W TCVE K 4R 28 (Saumur
etal,2017). UTHIAYZE LB SL BRI, HIRE A K
J H SR fik PR Ak AV A P s AR, EL I & DR %85 2 S T
O3B PRI, Rk MR ER A A b AR 14 [ I BE A R R 1
Mo IO 2 P — 5 TR BRAL 0T K, 2o e A W B L
0 17 A9 (Saumur et al., 2015) . {H &, % L 15K
IR 7 10] S22 B0 R Y, 5 HUSE LE BB S as 7% 07 1)
JEANMT . BEAh, % AR I I8 A 3K s A
i ) ) 2 AR S B R, (ELIT 301 Y A 22 0F 5 i
AR, BRI D T BRI KA S sk K,
ASUAT A Jay &8 DL 4 3 B9 /N Y X 35k (Bachmann et al.,
2016; Cashman et al., 2017; Jackson et al., 2018; Ed-
monds et al., 2019), T &5 PR AL Y 07 3 BE 5 76 7 1
Wl T R4 LR E TR A .

C A BUER L, kb =UE i 4 T # ik
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s AR IR BT PR I A ) 3 1) Y B B B 11

Py VAL B, 0 B DR T 2 [v) SR T8, e A A 47 1k 2
NG I, I — 2D B I B — R A AR
1k ¥ (&1 6) (Barnes et al., 2019a; 2019b) . {HiZ AE
BRI T — D BUEELZE R, TR H 28 5
YL . EF N NIZ IR B KA S Y B T
IR SC—22 1 28 25 A e E M (Kelvin-Helmholtz Instabili-
ty), BV 2SRH B2 il ELAS VRV 00 7 b AR ) (B4
ik 2 R s ) A7 A Y ) 3 2 R B8 ORI, AR T
AT B4 55 U T B 77 A ) AR o 2550 e A P A AR B ) J
25K T T 7™ A 00 RO A )2 B S8, 5 35 3 T
MARERBIE ., X —HHRRHARZETWER
i) %) 2 TR 5K 7L %% B LU AR . RH G R AR S8R M X
R4 1) £ 22 0 & 49 3 %1 (Shadloo et al., 2011; Fatehi et
al., 2014) .

Ri= Pmelt T Psulfide .
KO e sur fide (AU)

. ,Ome/zﬂp:m_rw%%”%ﬁ%@?ﬁ'i*ﬂﬁfh%%ﬁi i3]
W AU 5 18] B R 0 B2, & SRy ST AR AR DL Bl
M. % R RAEAE REGERFHRE S Sl RE A 1Y LU A,
B Ri<<1 I, SR YY) Iy o5 R, S B A YA
TR W L, ) b A R R A IR 2 A A & e (4] 6a,
P 6b), i F—E B, A2 — 32 0 N — LS fi,
LA IR R HERR” (& 6c) . TEULIE R,
iR 2 AT B Bo K, W 3 B SR T 7K 1 645 Wi 4
553, IR 2 W9 1A i) B T AR AR 25 5 BRI, 3 B
KPR At S — 22 51 110 (141 6d) (Fatehi etal., 2014) o
LA LI R X B, WESR ZHCA K RS

. [8 (Osutfide = Pmeir) + kZO'] D)

RERRHRA

B A 1At

WA AR R RS RE, (R PR S 09 0 3R] LR
Ty WA H 5 AR 0 ) A AU S I, R O I R
J— R IV AL o P, DAY B A G O Bl
EF NN AR R NBALY I R AR AT RE
JEXE LRSS A, TR 1) T 2 R AR A AR A Y
EARE LA KEH.

4 ALY AR T ROl A ) 25 AR

HE R M, AR ALY IR L B A Z R Al
M ik 3, T RBZH & A R s A E R H
H B ST 0T 22 3R £ T [R) 0 A 2 A8 1 b Bk Ak 27 Wi
FRRAIE, T 058 2 DG T Xof I 0 A 180 ol PR AL RO ol i 7
TR B A AR 2 i 1] T 78 VEAR RS, 2E 8 TR T AN A
B, 22X B R O JRUAE BRAG W) BB 41 SR
T A 0 0 20 1 R PR, LI RE | B DR R Y R R
Wik
4.1 TRALMIRBEREE

T T R L s T R B T R A IDIR BG
T BLAR R RURL B AW, 52 W35 AR AL 0 s 1A Y8 200 53
G, BN B ALY 7 RERR R UK Hh 45 B 10 B d ik
W], 3 H B B A ) 2R (Sulfide Globules) (Cza-
manske et al., 1977; Distler et al., 1983; Francis, 1990;
Roy-Barman et al., 1998) . J54E7E & K M BB AL W) B
PR AP e BT OMURL AR AL W) R (P 7a), IR Eh 4R 5
Y4 B0 R (R KR I 75 &8 9 Kambalda, Marriott’s

<« 1-10 m——>

E6 ZNAER RIS ET S|SB 57 kT2 352 (38 Barnes et al., 2019a, 2019b &3)

Fig. 6 Numerical modeling result for the destabilization and breakup of interface between sulfide melt pool and dynamic magma flow



12 Wodb o H R

NORTHWESTERN GEOLOGY

2025 4F

Black Swan #" J& % ; Barnes et al., 2009, 2017), & & &7
Noril’sk-Talnakh # 4 [X ( Barnes et al., 2017), 5 [& 9 {52
)11 (Wei et al., 2015) | W 43138 52 (Mao et al., 2022) , 4]
PLIRAR (X755, 2010) 55 /N A5 B Hi Bt A6 )
WIR. B2 PE I R 50 UKL AL W) iRk 2 B ] —
FEWAFRENE L TP IR C—Z MR 25 AR Tk i Ak
SYYI N A (B 4), Fe e £7 78 W0 1 e K48 )
BEZ/NT 5~7 mm (Yao et al,, 2019), [K I, K5 iR
ot 2 em YR A0 BR T R 7510 3R TR R 45 4 1 ok 19 [ AR
WAL, W AEBE o RURLR T W 7E Bk
AT 2 T 132 2 0 B V- bz 2y, 23 PR TR
A IRMIEHS, oK E B &+ 4 A B (Yao et al.,
2022), B, FAR A F AR, Y 3 S KR R A
PIwm 5 i, P IR SC—2 W 28 N B 1k S BU A ]
ST R A TR B AR A 2R (1] 6), B L s rh
HURLAR A6 W) 75 1R G o 72 h BT S O iU A6 )
TR , 0k L BRIk B 5 9K A8 RS A B IFE B8 5 i PR TR &
JIE I B 5 A (Barnes et al,, 2017) o BT LA, &4 HY
T A Py B T R ) 1 T R B s L R A R AR A
W3t (R AR ) B W B A ) [ A TR g DR, A

10 mm

s Ak Sadby

FIREAE R0 PRI 802 4 28 PR AR IR

O A W 0 8 T A Ge T B R AR R T K B
YR & B B ALE BN HARES, A BRI IE
AR LA R 5 A R R IR A, K Ty e R T BE
G503 SR B A B EE v 1] o DT, 0 £ 4 B
452 A B W 4 1, R A B8 A5 AR 4 48 7% 38 1 =X
B AL Y s AR G2 O 1) (XFF- 45, 2010) o B3I
Rz AT REIE ] TR R U AR R EEIL L e
UV R ARG T, TR R A SR TR YR K A A5 I i
A BB AL ) BRI B 8 TR 4 A BT AR AR R R, AT
RAEE R TR SPRE RS Tr o AR, X F /N
N T B AL 0 IR, 5 RV 5 i 2 A v 4k 31 1Y
A e T HE AR B HE SR A A, B A AR
A UTVEF I BRI IR S IS, B 25 4 17— ZR A HE i 5
W2 AR S HER R, I8 4 Ak ) 2R T AR ME 5 52 A OC
S T AR A OB A L KBy ) S5 R AR A5 RRE . R,
N PR R /N AR AR HE A b ST B A 2R T
B 25 B FOUF B 4 Jo2 B8 07 1) )48 /n VE FH o
42 WERFREIE

UG BRI B S AR AR AL 3

&Wﬁ 6B/ T N
St /LY Holke 4
3 ¥ ‘,,‘, ;* A _ JingE K Lynnilf

RIS, E R

2 S0
308

FABRRY £, P WiNoril’sk

E7 BRAETAYT K E B AHIE (4 15 Barnes et al., 2017 {£%)
Fig. 7 Typical ore textures from magmatic Ni-Cu sulfide deposits
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s AR IR BT PR I A ) 3 1) Y B B B 13

S)or A T HE S A, A DT 10%GE % 40T 0.5%
~2.5%) B, R R #i i i Gl R 44 1 (K] 7b) (Barnes et
al., 2017) o WA P EERRER D W 45 T B AL T
5 B 30 U R) B R A R R TR TR T TR Y
HE At AL VT 4 R R L AR /N (B 3a) o TR,
T 95 bR 3 e SRR R AR T R TP R UL
WA A, e [ 5 LV A R AR T R B LR etk
WA F . AR, PRI =4k CT 45 LM, F
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i EARBOK PR AL R, R R R X B, Jf AT
REE AH DL 1 5 JAR AU DX, E 10 A W 5 0 28 1 2
KRN, ZEBRA 4 &, 2k A DTREIL R (E 5d)
(Yao etal., 2022) . AN, ICRMGAY G K HEEHIR 5
Pog, W8 A] DLRRZE ] N 5 iSRS, 38 e X K,
AT E — 25 3 iR 25 5 AR S B U XG5 6 4 AT 2R 3%
E, T BUTE 0] S5t o 28 T8 Ak aoh A v s 2 1Y) Atk Ak
Y , # FORLAR /N T B Ak J 2 vh g ) 78 B8 B8 B
WIEATA] LR 5 28 3 i ok J2 110 28 T IS (Chung et
al., 2009) o i 55 J2 PN I 38 0B AR P A AR OB ) T 2
9, WRETS 12 B8 2 b ok IS AR, JF 5 Bl A il . Bk
b B BT DUTE 5 R AR iU HL A — 2 IR 1 A )
WK, e A B EA T TR & IR 2A 1k & BlA T
PO, B A R, B3O EIE AT A B 8
S5 CAnWr 2 . 2485 . B R 55 ) JE B JOR L ek

A, BLF B W] LYY B o SR8 1 (] 3 2 TR A

5 FEARE4E

IR BRAL Y BT R Hh O B R R T
LS R 2 K TR TE 2 2Ua KRN
F 2 ) 1 SR B I, 2 7 I AP B A1 0 4
45 T ARSI AT 3 2 LB

TESNZAS A RGE, S350 8h 4 9K 2 1A
4 2 T 5K 7 (E A, B0 1) T DOF AR E, IR
o 5% TV IR 022 W 2 ARG P 18 S 0 T A A 55 T £
RAg AT H BB, TR i — 2 81 8346 0 0
PRk, B TR0 9 B e A T B A 1) 7 300 A 2 it
WA, IR T B KR, Ja S E AN | R Al IR A i
T fih 2 o SR PR B AR IR, M LR 415 322 6 SR TR T
PRI B T BRAL I A

HEZYCA K RGN, 4R 2B A Y B A
B W B R AR RS, AR /N A R e
BRI PRAE A BR AL B 3K o BRAL P i RN A
B B9 i M- R FRE P | TP RS- R 28 R R
T 5 2 R T ) 55 0, 458 PR 4 i, S SSOH AL
SRPEERTE, TP 2 K G 2 AL I B AL 4
T o B0/ AR AR T S 0K 88 B 10 1) 0T A i TR
A R A AR G TTC R T ARG /N T AR A SRR U B
R, RAGERPE R LW Lats . KEREERLY
TR0 BRI 22 35 T i e S R RO 2, D/ e
A% 3 000, ) I 39 RORG s BEL T RO B ke . LI, 4R
AU T R A (14 L A0 R A7 i R A AR BR
IR IS A R o) o3 I R AR A SRR ARG
JEE, DA 38 56 5 3 1 AR 9 Bl i, A B CH X B Ak 4 i
M fe KT AE 1 o A oK R B IA & R A Iy
TRANTIAT Hh 3, B — P R IR A B A, T <
3 5y 5 A R i 2 SRR 5 8 P9 5 YR e
A RS B0, JFFESEH Y H AR S A SR, R OR &
B AL W, R A SRR . NI, & 65 KR
A — E A B W IR 1R 2 A K RGN K A 1)
BT, WA A AR R 4% T S BEAE I

Ja B2 5 J R e A v, R B A LS
TR G i P B R A MR B AL i 2 “ 0L A
) 5 25 L B T L HR DT T oA AR . R, HIK A B
H8 Y DA TR S I 49 Al T R H) O R KL A



55 44

s AR IR BT PR I A ) 3 1) Y B B B 15

Wi 2= il 8 25 5 O N0 A R ks 7%, AR SE 1T
R PR AR U 12 U= I AT BE R AR TR . I, A R P A
st 40k R 8 00 5 240 R L A 00 TR0 () A 2 A A
FHVE S o S, W 2 [RHBTICRE T AT M E
T A SR RE S o AL R 7 2% R JE N Y L 41
ARA, =2 RLARSE B30 1 A7 A T b ACHE 22 69 FL B
W, BANRIE T REBRER W o h TR Ak W 0 T 1
SEAE A B 3 00 e A ) T AT 6] A 8 UK BT 1 F
196 40 e ik, R0 23 15 B T AL, LR RZR A, BN
Mo BLR AR A1 o Rl X N B AL & B i T, 2=
S BB AL T AR LI T8 ORI R AT — B
PP AT, A5 LR AR ™ A — 7 A R 58 22,
T W) ST 7 A B T A TR, o A A 0 A
6] U8, FRURERIRI A (A T B ALYy IR S e
R AL ] A 1 22 [AD A A R B RE JBE 2 S, e A 5 T 4 )
FRORG B TR B £ 5 T B B 1 T B AR, A
22 LUK P 2R ) 7 AT, S S5O0 780 X 38 PAY A 6 ]
TR S TR, 70 4% DX U O B DA 1) sk T 28,
TR T LAY 2% W BRCIR A 7 P B3 B AL A £
L0k, AT REAE A R A — RE MU B B AL )
03, HAKERE B B 5 ) FIARARORS B2, REAS 2 5 3t B
UG B Bl B R B, R ] R A B 2 | LB K
Ry S5 A it S A, B 2 it R o KB R A
TR T EHUIR . BUIR A BRIR SRS £
BARCONERBORET R A S e R
X P A JICEA A B S R A A ) 3 18] ds % T ] L 9
W BN HEFEVCAPIE ATEE “ g —"
T IR — 5 AR B R AR G AN TR B B B3 B (i
JEI P o A 2R A TG BRI BO) , LB B 3 AT RETE IR
R P 21 T R AR Y A R, i T B B4 1
I Fg MV s 2, AR S AR 4 AR A B sl a8ty
Z IR A, LUBAC G 1 Lz 8 S 35 i g 3 B B
(ol PR 2 S R A i B B ), S AR R 119 8 T 9k
55, ALY 5 RERREL O W DURE T 5 SRS ER, 38 75
989 )22 A R A A SR TR I8y 0 34 1 ) B P 0 e A A,
T fiph 42 1) T 95 0BG AR, Ot ok P9 ROORE R IR, L2
TEJRFRIE BB AL P8, I e X BLA LA M ik =
SRR AL, B PR BRI RS . MR, b
TR AR 2 3 AR, T o 22 Mt FSC ™ A 4 il 5
—, M B SLAENSATA SE R SRR AR A A A
ey iz ¥ ik FE At — B TR ANRZ B, SEmiBERS
V] A A 7 R 1) 2 [ 0 A LA, A7 B T B E ™ A

FIFRAL, R C R0 R 19 B  FR A B A5 7R A 2 s
B Hik, EH AR GENILS “WE5I £,
DU RE SR R IR FUR %, e A i 5 20 A AR Ak
VI IR 0 38 56 35 R0 A 521

Hift: RiMt¥eA RN %8s RKE.
KRR IAZIE, H a7 REFR., KFEL, HHEP
IA0, BERETREER. §54Hh. THRRERL
AT E T HEARAR LTI THEAdiE N R AP
BRI HRBRBZR, ©XLFFERLT TR
oA ARG E L, A —HFEE R,

S Z 3wk (References) :

Se A, SR SE, BH L, 5F . A KA Ni-Cu-PGE i /b4 9 IR F
FEI LA AR ZE (1), 87 PR HLJST, 2005, 24(3): 325-335.
CHAI Fengmei, ZHANG Zhaochong, MAO Jingwen, et al. Discus-
sion on Some Problems Concerning Magmatic Copper-Nickel-
PGE Sulfide Deposits[J]. Mineral Deposits, 2005, 24(3):

325-335.

I T, B2, W . Mo v SC ST 7 O R IR 5 Bl
(7], Bk 4R, 2020, 65(33): 3651-3652

HOU Zengqgian, CHEN Jun, ZHAI Mingguo. Current Status and
Frontiers of Research on Critical Mineral Resources[J].
Chinese Science Bulletin, 2020, 65(33): 3651-3652.

B, RDUEE, VRN, A RS BT R M Z B Z TR S W
HLBE: 32 SRR [A) A R R WF 5 7 1] (0], v [ B2 ik 4y
2019, 33(2): 112-118.

JIANG Shaoyong, WEN Hanjie, XU Cheng, et al. Earth Sphere Cyc-
ling and Enrichment Mechanism of Critical Metals: Major Sci-
entific Issues for Future Research[J]. Bulletin of National Nat-
ural Science Foundation of China, 2019, 33(2): 112—118.

i, INEA, RKEE, % /NERBORET BIE 8 5 S —
TG AR B K I A B 0 5 M 1 e s B R LT
PEAC LR, 2012, 45(4): 185-191.

LI Shijin, SUN Fengyue, GAO Yongwang, et al. The Theoretical
Guidance and the Practice of Small Intrusions Forming Large
Deposits: The Enlightenment and Significance for Searching
Breakthrough of Cu-Ni Sulfide Deposit in Xiarithamu, East Kun
Lun, QinghailJ]. Northwestern Geology, 2012, 45(4): 185—
191.

OO, KR, RIS, S BERR-BBER BUE S5 e - s

ONEERBRT” W ——LL R A L H AR R
ST MM R AR O 1) [T Bk 5 5 R B 2 4, 2023,
45(5):1036-1048

LI Wenyuan, GAO Yongbao, ZHANG Zhaowei, et al. Comparison

of Mafic-ultramafic and Granite-pegmatite "Small Intrusion


https://doi.org/10.1360/TB-2020-1417
https://doi.org/10.1360/TB-2020-1417
https://doi.org/10.3969/j.issn.1009-6248.2012.04.017
https://doi.org/10.3969/j.issn.1009-6248.2012.04.017

16 [N A

NORTHWESTERN GEOLOGY

2025 4F

Forming Large Deposit": Taking Xiarihamu and Dahongliutan
Super-large Deposits in Kunlun Metallogenic Belt, China as Ex-
amples[J]. Journal of Earth Sciences and Environment, 2023,
45(5):1036-1048.

ZESCUN, SR BR AT, BRI D R T i B S 4R SRR
SC——LAPH b Hb DX 5 B R A R S 4 LI T
FeRl2, 2015, 17(2): 29-34.

LI Wenyuan, ZHANG Zhaowei, CHEN Bo. The Theory on Small In-
trusions Forming Large Deposits and its Exploration Signific-
ance[J]. Strategic Study of CAE, 2015, 17(2): 29-34.

XIS, 28 5 B, 95w [, A5 BT8R AR K L BT 2R AR DR A5 R
PR AL 0 Bk i AL 3 104 4 ik K HC 0 3 1 = e 9 98 7 (0]
HA M, 2010, 26(2): 523-532.

LIU Pingping, QIN Kezhang, SU Shangguo, et al. Characteristics of
Multiphase Sulfide Droplets and Their Implications for Conduit-
style Mineralization of Tulargen Cu-Ni Deposit, Eastern Tian-
shan, Xinjiang[J]. Acta Petrologica Sinica, 2010, 26(2): 523~
532.

XVFRHR, LA, B9, 4. /e B AR R 78 — 58 400 R
W AT Bl v i N LA e T T AR DX S ) (00, 74 At
2024, 57(5): 40-52.

LIU Weidong, WANG Shuo, WEI Xiang, et al. Application of Super-
imposed Mineralization of Small Intrusions in the New Round
of Prospecting Breakthrough Action: A Case Study of Mian-Lue-
Ning Ore Concentration Area[J]. Northwestern Geology, 2024,
57(5): 40-52.

BARER, XIBR, SkAFA, 4. v A K R Ni-Cu-(PGE) i /b7 IR
i1 i 2 43 A B Bl Iy 275 5[] A A1 4R, 2007, 23(10):
2561-2594.

LV Linsu, LIU Jun, ZHANG Zuoheng, et al. Temporal-spatial Distri-
bution and Geodynamic Settings of Magmatic Ni-Cu-(PGE)
Sulfide Deposits in China[J]. Acta Petrologica Sinica, 2007,
23(10): 2561-2594.

TR, PR, BRI, S A S AR AE e (M), L
B A, 2009, 1-177.

ZERLE, JHAAME, AR 8 L A R AR AL IR - B ST
JE 5 R (AL B BIE, B30, iR RS R
TR0, - M BB} 2 BT E JR M. bt B i AL, 2016,
328-361.

FILE, JEAME, AR, . i S Bk B A L R
IR AR IS8 5 A IR RL | JEACRRAE | A X 3 b 72 2 |
RV AR A R 9 g 2 A 0D, D4 A M B, 2012,
45(4): 83-116.

QIN Kezhang, TANG Dongmei, SU Benxun, et al. The Tectonic Set-
ting, Style, Basic Feature, Relative Erosion Deep, Ore-bearing
Evaluation Sign, Potential Analysis of Mineralization of Cu-Ni-
bearing Permian Mafic-ultramafic Complexes, Northern Xinji-
ang[J]. Northwestern Geology, 2012, 45(4): 83—116.

SRR . AR R TE DU B R ], 07 R
Jit, 2019, 38(4): 699-710.

SONG Xieyan. Current Research Status and Important Issue of Mag-
matic Sulfide Deposits[J]. Mineral Deposits, 2019, 38(4):
699-710.

RSA, WG 8, BRI b B SRR BRI T R M By s
Fom n 0], F a0 R 22 22 4l (A SR Bt 22), 2018, 54(2):
221-235.

SONG Xieyan, HU Ruizhong, CHEN Liemeng. Characteristics and
Inspirations of the Ni-Cu Sulfide Deposits in China[J]. Journal
of Nanjing University (Natural Science), 2018, 54(2): 221-235.

PN = W R N NN T NG TR T RN ey
B SRR 7] 2T 2%, 2019, 25(6) : 283-289.

SU Shangguo, CUI Xiaoliang, LUO Zhaohua, et al. Fluid Minerals,
Mineral Assemblages, Fluid Rocks: Significance in the Studies
of Rocks and Ore Deposits[J]. Earth Science Frontiers, 2019,
25(6):283-289.

IR, Ghar, BIRAR, S5 ARG IE T R gt D] AR,
2014, 30(11): 3120-3130.

SU Shangguo, TANG Zhongli, LUO Zhaohua, et al. Magmatic Con-
duit Metallogenic System[J]. 2014, 30(11): 3120-3130.

Vo ar . & R AL SR R R A L] AR BT, 1990, 4:
55-64.

TANG Zhongli. Minerogenetic Model of the Jinchuan Copper and
Nickel Sulfide Deposit[J]. Geoscience, 1990, 4: 55-64.

Vrhosr. i B SR AL Y TR (Y S B HLE (3], M BT,
1996, 70(3): 237-243.

TANG Zhongli. The Main Mineralization Mechanism of Magma
Sulfide Deposits in Chinal[J]. Acta Geologica Sinica, 1996,
70(3):237-243.

Vsr, SRR, FRI, &5 NER OO 9 Es A R (1.
[ TR, 2015, 17(2): 4-18.

TANG Zhongli, JIAO Jiangang, YAN Haiqing, et al. Theoretical
System for (Large) Deposit formed by Smaller Intrusion[J].
Strategic Study of CAE, 2015, 17(2): 4-18.

GhaL, 2SO W RR TR AL (40 07 R e 45 5 e 3 o
X e M. 65T U A, 1995, 1-209.

TANG Zhongli, LI Wenyuan. Metallogenic Model and Geological
Comparison of Jinchuan Copper-Nickel-(Platinum-bearing)
Sulfide Deposit [M]. Beijing: Geology Press, 1995, 1-209.

har, Bk, 220 X, 55 A ALY T R ) A RIF S i e
S/NAEWEE RG], {hpRAL 2 5B 4R, 2011, 33(1):
1-9.

TANG Zhongli, QIAN Zhuangzhi, JIANG Changyi, et al. Trends of
Research in Exploration of Magmatic Sulfide Deposits and
Small Intrusions Metallogenic System[J]. Journal of Earth Sci-
ences and Environment, 2011, 33(1): 1-9.

G SL, BRRL, LR, S AR IR R

INE RS


https://doi.org/10.3969/j.issn.1009-1742.2015.02.004
https://doi.org/10.3969/j.issn.1009-1742.2015.02.004
https://doi.org/10.3969/j.issn.1009-1742.2015.02.004
https://doi.org/10.3969/j.issn.1009-6248.2012.04.009
https://doi.org/10.3969/j.issn.1009-6248.2012.04.009
https://doi.org/10.3969/j.issn.1009-1742.2015.02.002
https://doi.org/10.3969/j.issn.1009-1742.2015.02.002
https://doi.org/10.3969/j.issn.1009-1742.2015.02.002
https://doi.org/10.3969/j.issn.1672-6561.2011.01.001
https://doi.org/10.3969/j.issn.1672-6561.2011.01.001
https://doi.org/10.3969/j.issn.1672-6561.2011.01.001
https://doi.org/10.3969/j.issn.1672-6561.2011.01.001

55 44

s AR IR BT PR I A ) 3 1) Y B B B 17

Hu TR A4 (T). Pa b 5T, 2012, 45(4): 1-16.

TANG Zhongli, XU Gang, WANG Yalei, et al. The New Explora-
tion of Magmatic Mineralization: Small Intrusion Mineraliza-
tion and Geological Prospecting Breakthrough[J]. Northwest-
ern Geology, 2012, 45(4): 1-16.

Gz, P, SR, 55 b EE SRR AT KB 2 5/
AR VE I 0], 57 IR I, 2006, 25(1): 1-9.

TANG Zhongli, YAN Haiqing, JIAO Jiangang, et al. New Classifica-
tion of Magmatic Sulfide Deposits in China and Ore-forming
Processes of Small Intrusive Bodies[J]. Mineral Deposits, 2006,
25(1): 1-9.

TAR. & HH I T R PR s AL Y 2 T HLE (D).
A A EMLUR R EE (LA, 2013, 1-41.

WANG Jun. Magmatic Conduit Metallogenic System of Jinchuan Cu-
Ni (PGE) Sulfide Deposit: Evidence from Mineralogy[D].
Beijing: China University of Geosicences (Beijing), 2013, 1-41.

FLA, 2 SCUN, ARFE I, S5 1 R R B DR A B AR
A5 E SRR ], bR, 2023, 56(2): 133-150.

WANG Yalei, LI Wenyuan, LIN Yanhai, et al. Study on the Occur-
rence State and Enrichment Process of Cobalt in Jinchuan Giant
Magmatic Ni—Cu Sulfide Deposit[J]. Northwestern Geology,
2023, 56(2): 133-150.

EHE, Bhog, E AR, G5 REMG TR | B R R
1 43 A1 R AE Ko B AL (00 BE 4% 58 4R L 2020, 65(33):
3825-3838.

WANG Yan, ZHONG Hong, CAO Yonghua, et al. Genetic Classific-
ation, Distribution and Ore Genesis of Major PGE, Co and Cr
Deposits in China: A Critical Review[J]. Chinese Science Bul-
letin, 2020, 65(33): 3825-3838.

TR, A, M, 55 A KB ) S AT 5ot e (1.
HbERFHF R, 2006, 21: 361-371.

XU Xingwang, WANG Jie, ZHANG Baolin, et al. Transport Dynam-
ics of Magma and Its Advances[J]. Advances in Earth Science,
2006, 21:361-371.

kL A%, 28 vE B, 3 LU T A SRR R AL A IR A 3t 3R Ay 2 3
B Bk | ) R (U] R PR R, 2014, 29(6):
2800—2817.

YAO Zhuosen, QIN Kezhang. Geophysical Exploration for Magmat-
ic Cu-Ni Sulfide Deposits in the Orogenic Belt: Current Status,
Problems and Vistas[J]. Progress in Geophysics, 2014, 29(6):
2800—-2817.

MERAE, B, EEAE, A A IR BN LS 5 U s (7%
)M, b3 BB kL, 2017, 253-273.

I, RAEIT, 5L, 55 M SCHES R P R 3RS
Ml (7], H ER2E L4, 2019, 33(2), 106-111.

ZHAI Mingguo, WU Fuyuan, HU Ruizhong, et al. Critical Metal
Mineral Resources: Current Research Status and Scientific Is-

sues[J]. Bulletin of National Natural Science Foundation of

China, 2019, 33(2): 106—111.

TRERAS, T DK, SO, A5 A SRR B R R i AR R
AR 09 1 F——X /N B OB R A0 IR 09 a7 00, v B R
B2, 2015, 17(2): 40-49.

ZHANG Mingjie, TANG Qingyan, LI Wenyuan, et al. The Roles of
Volatiles in Mineralizations of Magmatic Ni-Cu-PGE Sulfide
Deposits: Implications for Potential Metallogenic Mechanism of
Super-large Scale Magmatic Deposits in Small MagmalJ].
[J]. Strategic Study of CAE, 2015, 17(2): 40—49.

IR, WSCHR, MO, 55 @ IA SRS B P 0 RIS 4R
WA BARBTFY (1], VUL R, 20238, 56(6): 242-253.

ZHANG Zhaowei, TAN Wenjuan, DU Hui, et al. Study on Explora-
tion Techniques of Deep Ore Prospecting in Jinchuan Magmat-
ic Co-Ni Sulfide Deposit, Northwest China[J]. Northwestern
Geology, 2023a, 56(6): 242-253.

TR, BRILAS, EWAG, 55 eV /K AL SR i 088 K A -
BT HRAE (1], POIb R, 2023b, 56(1): 1-10.

ZHANG Zhaowei, ZHANG lJiangwei, WANG Yalei, et al. Metallo-
genic Characteristics of Yundukala Co Deposit in Northern
Margin of Junggar Metallogenic Belt, Northwest Chinal[J].
Northwestern Geology, 2023b, 56(1): 1-10.

BRI, £, AT, 4 B H M AE KA K Al
VR S 4 Ja 1) TR A8 B o3 A fL A [0 P L s, 2023,
56(6): 17-40.

ZHAO Dacheng, WANG Meile, LI Zhangzhixian, et al. The Occur-
rence and Distribution of Cobalt and Nickel Key Metals in the
Xiarihamu Magmatic Sulfide Deposit[J]. Northwestern Geo-
logy, 2023, 56(6): 17-40.

Arndt N T, Czamanske G K, Walker R J, et al. Geochemistry and
Origin of the Intrusive Hosts of the Noril’sk-Talnakh Cu-Ni-
PGE Sulfide Deposits[J]. Economic Geology, 2003, 98: 495—
515.

Bachmann O, Huber C. Silicic Magma Reservoirs in the Earth’s
Crust[J]. American Mineralogist, 2016, 101: 2377-2404.

Ballhaus C, Tredoux M, Spdth A. Phase Relations in the Fe-Ni-Cu-
PGE-S at Magmatic Temperature and Application to Massive
Sulphide Ores of the Sudbury Igneous Complex[J]. Journal of
Petrology, 2001, 42: 1911-1926.

Barnes S J, Cruden A R, Arndt N, et al. The Mineral System Ap-
proach Applied to Magmatic Ni-Cu-PGE Sulphide Deposits[J].
Ore Geology Reviews, 2016, 76: 296—316.

Barnes S J, Le Vaillant M, Godel B, et al. Droplets and Bubbles: So-
lidification of Sulphide-rich Vapour-saturated Orthocumulates
in the Norilsk-Talnakh Ni-Cu-PGE Ore-bearing Intrusions[J].
Journal of Petrology, 2019a, 60: 269—-300.

Barnes S J, Mungall J E, Le Vaillant M, et al. Sulfide-silicate Tex-
tures in Magmatic Ni-Cu-PGE Sulfide Ore Deposits: Dissemin-
ated and Net-textured Ores[J]. American Mineralogist, 2017,


https://doi.org/10.3969/j.issn.1009-6248.2012.04.002
https://doi.org/10.3969/j.issn.1009-6248.2012.04.002
https://doi.org/10.3969/j.issn.1009-6248.2012.04.002
https://doi.org/10.3969/j.issn.0258-7106.2006.01.001
https://doi.org/10.3969/j.issn.0258-7106.2006.01.001
https://doi.org/10.12401/j.nwg.2023023
https://doi.org/10.12401/j.nwg.2023023
https://doi.org/10.1360/TB-2020-0202
https://doi.org/10.1360/TB-2020-0202
https://doi.org/10.1360/TB-2020-0202
https://doi.org/10.1360/TB-2020-0202
https://doi.org/10.3321/j.issn:1001-8166.2006.04.005
https://doi.org/10.3321/j.issn:1001-8166.2006.04.005
https://doi.org/10.6038/pg20140649
https://doi.org/10.6038/pg20140649
https://doi.org/10.3969/j.issn.1009-1742.2015.02.006
https://doi.org/10.3969/j.issn.1009-1742.2015.02.006
https://doi.org/10.3969/j.issn.1009-1742.2015.02.006
https://doi.org/10.12401/j.nwg.2023168
https://doi.org/10.12401/j.nwg.2023168
https://doi.org/10.12401/j.nwg.2023168
https://doi.org/10.12401/j.nwg.2022009
https://doi.org/10.12401/j.nwg.2022009
https://doi.org/10.12401/j.nwg.2023121
https://doi.org/10.12401/j.nwg.2023121
https://doi.org/10.12401/j.nwg.2023121
https://doi.org/10.12401/j.nwg.2023121
https://doi.org/10.2138/am-2016-5675
https://doi.org/10.1093/petrology/42.10.1911
https://doi.org/10.1093/petrology/42.10.1911

18 [N A

NORTHWESTERN GEOLOGY

2025 4F

102: 473-506.

Barnes S J, Robertson J C. Time Scales and Length Scales in Magma
Flow Pathways and the Origin of Magmatic Ni-Cu-PGE Ore
Deposits [J]. Geoscience Frontiers, 2019b, 10(1): 77-87.

Barnes S J, Staude S, Le Vaillant M, et al. Sulfide-silicate Textures in
Magmatic Ni-Cu-PGE Sulfide Ore Deposits: Massive, Semi-
massive and Sulfide-matrix Breccia Ores[J]. Ore Geology Re-
views, 2018, 101: 629-651.

Barnes S J, Wells M A, Verrall M R. Effects of Magmatic Processes,
Serpentinization and Talc Carbonate Alteration on Sulfide Min-
eralogy and Ore Textures in the Black Swan Disseminated
Nickel Sulfide Deposit, Yilgarn Craton[J]. Economic Geology,
2009, 104: 539-562.

Bentley B J, Leal L G. An Experimental Investigation of Drop De-
formation and Break-up in Steady, Two-Dimensional Linear
Flows[J]. Journal of Fluid Mechanics, 1986, 167: 241-283.

Blanks D E, Holwell D A, Barnes S J, et al. Mobilization and Frac-
tionation of Magmatic Sulfide: Emplacement and Deformation
of the Munali Ni-(Cu-Platinum Group Element) Deposit, Zam-
bial[J]. Economic Geology, 2022, 117(8): 1709—1729.

Blanks D E, Holwell D A, Fiorentini M L, et al. Fluxing of Mantle
Carbon as a Physical Agent for Metallogenic Fertilization of the
Crust[J]. Nature Communications, 2020, 11: 4342.

Brenan J M, Bennett N R, Zajacz Z. Experimental Results on Frac-
tionation of the Highly Siderophile Elements (HSE) at Variable
Pressures and Temperatures during Planetary and Magmatic
Differentiation[J]. Reviews in Mineralogy and Geochemistry,
2016, 81: 1-87.

Campbell I H. Fluid Dynamic Processes in Basaltic Magma Cham-
bers[J]. Developments in Petrology, 1996, 15: 45-76.

Campbell I H, Naldrett A J. The Influence of Silicate: Sulphide Ra-
tios on the Geochemistry of Magmatic Sulphides[J]. Economic
Geology, 1979, 74: 1503—-1506.

Cashman K. Crystal Size Distribution (CSD) Analysis of Volcanic
Samples: Advances and Challenges[J]. Frontiers in Earth Sci-
ence, 2020, 8: 291.

Cashman K, Marsh B D. Crystal Size Distribution (CSD) in Rocks
and the Kinetics and Dynamics of Crystallization. II. Makaop-
uhi Lava Lake[J]. Contributions to Mineralogy and Petrology,
1988, 99(3): 292-305.

Cashman K, Sparks R S J, Blundy J D. Vertically Extensive and Un-
stable Magmatic Systems: A Unified View of Igneous Pro-
cesses[J]. Science, 2017, 355: eaag3055.

Chavrit D, Humler E, Morizet Y, et al. Influence of Magma Ascent
Rate on Carbon Dioxide Degassing at Oceanic Ridges: Mes-
sage in a Bubble[J]. Earth and Planetary Science Letters, 2012,
357-358: 376—385.

Chen Y, Provost A, Schiano P, et al. Magma Ascent Rate and Initial

Water Concentration Inferred from Diffusive Water Loss from
Olivine-hosted Melt Inclusions[J]. Contributions to Miner-
alogy and Petrology, 2013, 165: 525-541.

Cherdantseva M, Anenburg M, Fiorenini M, et al. Carbonated Mag-
matic Sulfide Systems: Still or Sparkling[J]. Science Advances,
2024, 10: eadl3127.

Chung H Y, Mungall J E. Physical Constraints on the Migration of
Immiscible Fluids Through Partially Molten Silicates, with Spe-
cial Reference to Magmatic Sulfide Ores[J]. Earth and Planet-
ary Science Letters, 2009, 286: 14—22.

Czamanske G, Moore J G. Composition and Phase Chemistry of
Sulfide Globules in Basalt from the Mid-Atlantic Ridge Rift
Valley near 37°N Lat[J]. GSA Bulletin, 1977, 88(4): 587-599.

Czamanske G, Zen’ko T E, Fedorenko V A, et al. Petrographic and
Geochemical Characterization of Ore-bearing Intrusions of the
Noril’sk Type, Siberia: With Discussion and Their Origin[J].
Resource Geology Speical Issue, 1995, 18: 1-48.

De Bremond d’Ars J, Arndt N T, Hallot E. Analog Experimental In-
sights into the Formation of Magmatic Sulfide Deposits[J].
Earth and Planetary Science Letters, 2001, 186: 371-381.

De Waal S A, Xu Z, Li C S, et al. Emplacement of Viscous Mushes
in the Jinchuan Ultramafic Intrusion, Western Chinal[J]. The
Canadian Mineralogist, 2004, 42: 371-392.

Di Giuseppe E, Funiciello F, Corbi F, et al. Gelatins as Rock Ana-
logs: A Systematic Study of Their Rheological and Physical
Properties [J]. Tectonophysics, 2013, 473: 391-403.

Ding X, Ripley E M, Shirey S B, et al. Os, Nd, O and S Isotope Con-
straints on Country Rock Contamination in the Conduit-related
Eagle Cu-Ni-(PGE) Deposit, Midcontinent Rift System, Upper
Michigan[J]. Geochimica et Cosmochimica Acta, 2012, 89:
10-30.

Distler V V, Pertsev N N, Boronikin V A. Sulfide Petrology of
Basalts from Deep Sea Drilling Project Holes 504B and
505B[J]. Initial Reports of the Deep Sear Drilling Project,
1983, 69: 607-617.

Dobson D P, Crichton W A, Vocadlo L, et al. In Situ Measurement of
Viscosity of Liquids in the Fe-FeS System at High Pressures
and Temperatures[J]. American Mineralogists, 2000, 85:
1838—-1842.

Edmonds M, Cashman K V, Holness M, et al. Architecture and Dy-
namics of Magma Reservoirs[J]. Philosophical Transactions A:
Mathematical, Physical and Engineering Sciences, 2019, 377:
20180298.

Evans-Lamswood D M, Butt D P, Jackson R S, et al. Physical Con-
trols Associated with the Distribution of Sulfides in the Voisey’s
Bay Ni-Cu-Co Deposit, Labrador[J]. Economic Geology, 2000,
95: 749-769.

Fatehi R, Shadloo M S, Manzari M E. Numerical Investigation of


https://doi.org/10.3389/feart.2020.00291
https://doi.org/10.3389/feart.2020.00291
https://doi.org/10.3389/feart.2020.00291
https://doi.org/10.1007/BF00375363
https://doi.org/10.1007/s00410-012-0821-x
https://doi.org/10.1007/s00410-012-0821-x
https://doi.org/10.1007/s00410-012-0821-x
https://doi.org/10.1130/0016-7606(1977)88<587:CAPCOS>2.0.CO;2

55 44

s AR IR BT PR I A ) 3 1) Y B B B 19

Two-Phase Secondary Kelvin-Helmholtz Instability[J]. Pro-
ceedings of the Institution of Mechanical Engineers, Part C:
Journal of Mechanical Engineering Science, 2014, 228(11):
913-924.

Francis R D. Sulfide Globules in Mid-Ocean Ridge Basalts (MORB),
and the Effect of Oxygen Abundance in Fe-S-O Liquids on the
Ability of Those Liquids to Partition Metals from MORB and
Komatiite Magmas[J]. Chemical Geology, 1990, 85(3—4):
199-213.

Galetto F, Bonaccorso A, Acocella V. Relating Dike Geometry and
Injection Rate in Analogue Flux-driven Experiments [J]. Fronti-
ers in Earth Science, 2021, 9: 665865.

Garside J, Al-Dibouni M R. Velocity-voidage Relationships for Flu-
idization and Sedimentation in Solid-liquid Systems[J]. Indus-
trial and Engineering Chemistry Process Design and Develop-
ment, 1977, 16: 206—214.

Giordano D, Russell J K, Dingwell D B. Viscosity of Magmatic Li-
quids: A Model[J]. Earth and Planetary Science Letters, 2008,
271:123-134.

Godel B M. High-resolution X-Ray Computed Tomography and Its
Application to Ore Deposits: From Data Acquisition to Quantit-
ative Three-dimensional Measurements with Case Studies from
Ni-Cu-PGE Deposits [J]. Economic Geology, 2013a, 108: 2005—
2019.

Godel B M, Barnes S J, Barnes J. Deposition Mechanisms of Mag-
matic Sulphide Liquids: Evidence from High-resolution X-Ray
Computed Tomography and Trace Element Chemistry of Ko-
matiite-hosted Disseminated Sulphides [J]. Journal of Petrology,
2013b, 54: 1455—1481.

Gonnermann H, Manga M. Dynamics of Magma Ascent in the Vol-
canic Conduit[A]. Fagents S A, Gregg T K P, Lopes R M C.
Modeling Volcanic Processes: the Physics and Mathematics of
Volcanism[M]. Cambridge University Press, 2012, 55-84.

Gonnermann H, Taisne B. Magma Transport in Dykes[A]. Sig-
urdsson H, Houghton B, Mcnutt S R, et al. The Encyclopedia of
Volcanoes, 2nd edn[M]. London, Academic Press, 2015,
215-224.

Gudmundsson A. Magma Chambers: Formation, Local Stresses, Ex-
cess Pressures, and Compartments[J]. Journal of Volcanology
and Geothermal Research, 2012, 237-238: 19—41.

Heinrich C A, Connolly J A D. Physical Transport of Magmatic Sulf-
ides Promotes Copper Enrichment in Hydrothermal Ore
Fluids[J]. Geology, 2022, 50(10): 1101-1105.

Holzheid A. Separation of Sulfide Melt Droplets in Sulfur Saturated
Silicate Liquids[J]. Chemical Geology, 2010, 274: 127—135.

Holwell D A, Fiorentini M L, Knott T R, et al. Mobilisation of Deep
Crustal Sulfide Melts as a First Order Control on Upper Litho-
spheric Metallogeny[J]. Nature Communications, 2022, 13:

573.

Houle M G, Lesher C M. Komatiite-associated Ni-Cu-(PGE) Depos-
its, Abitibi Greenstone Belt, Superior Province, Canada[J]. Re-
views in Economic Geology, 2011, 17: 89—121.

Huber C, Su'Y, Nguyen C T, et al. A New Bubble Dynamics Model
to Study Bubble Growth, Deformation, and Coalescencel[J].
Journal of Geophysical Research: Solid Earth, 2014, 119:
216-239.

Hui HJ, Zhang Y X. Toward a General Viscosity Equation for Natur-
al Anhydrous and Hydrous Silicate Melts[J]. Geochimica et
Cosmochimica Acta, 2007, 71: 403—416.

Huppert H E, Sparks R S T. Double-diffusive Convection Due to
Crystallization in Magmas[J]. Annual Review of Earth and
Planetary Sciences, 1984, 12: 11-37.

Huppert H E, Turner J S, Sparks R S J. Replenished Magma Cham-
bers: Effects of Compositional Zonation and Input Rates[J].
Earth and Planetary Science Letters, 1982, 57: 345-357.

lacono-Marziano G, Ferraina C, Gaillard F, et al. Assimilation of
Sulfate and Carbonaceous Rocks: Experimental Study, Thermo-
dynamic Modeling and Application to the Noril’sk-Talnakh Re-
gion (Russia) [J]. Ore Geology Reviews, 2017, 90: 399-413.

Tacono-Marziano G, Le Vaillant M, Godel B M, et al. The Critical
Role of Magma Degassing in Sulphide Melt Mobility and Met-
al Enrichment[J]. Nature Communications, 2022, 13: 2359.

Jackson M D, Blundy J, Sparks R S J. Chemical Differentiation, Cold
Storage and Remobilization of Magma in the Earth’s Crust[J].
Nature, 2018, 564: 405—409.

Iacono-Marziano G, Morizet Y, Le Trong E, et al. New Experiment-
al Data and Semi-empirical Parameterization of H,0-CO, Solu-
bility in Mafic Melts[J]. Geochimica et Cosmochimica Acta,
2012,97: 1-23.

Jaupart C, Brandeis G, Allégre C J. Stagnant Layers at the Bottom of
Convecting Magma Chambers[J]. Nature, 1984, 308: 535—
538.

Kavanagh J L, Engwell S L, Martin S A. A Review of Laboratory
and Numerical Modelling in Volcanology [J]. Solid Earth,
2018, 9: 531-571.

Kavanagh J L, Menand T, Sparks R. An Experimental Investigation
of Sill Formation and Propagation in Layered Elastic Media[J].
Earth and Planetary Science Letters, 2016, 245: 799—813.

Kavanagh J L, Rogers B D, Boutelier D, et al. Controls on Sill and
Dyke-sill Hybrid Geometry and Propagation in the Crust: The
Role of Fracture Toughness[J]. Tectonophysics, 2017, 698:
109-120.

Khakhar D V, Ottino J M. Deformation and Break-up of Slender
Drops in Linear Flows[J]. Journal of Fluid Mechanics, 1986,
166: 265-285.

Kiseeva K S, Wood B J. A Simple Model for Chalcophile Element


https://doi.org/10.3389/feart.2021.665865
https://doi.org/10.3389/feart.2021.665865
https://doi.org/10.1021/i260062a008
https://doi.org/10.1021/i260062a008
https://doi.org/10.1021/i260062a008
https://doi.org/10.1021/i260062a008
https://doi.org/10.2113/econgeo.108.8.2005
https://doi.org/10.1016/j.chemgeo.2010.03.005
https://doi.org/10.1016/j.oregeorev.2017.04.027
https://doi.org/10.1016/j.gca.2012.08.035
https://doi.org/10.1038/308535a0

20 [N A

NORTHWESTERN GEOLOGY

2025 4F

Partitioning Between Sulphide and Silicate Liquids with Geo-
chemical Applications[J]. Earth and Planetary Science Letters,
2013, 383: 68—81.

Kiseeva K S, Wood B J. The Effects of Composition and Temperat-
ure on Chalcophile and Lithophile Element Partitioning into
Magmatic Sulphides[J]. Earth and Planetary Science Letters,
2015, 424: 280—294.

Kress V, Greene L E, Ortiz M D, et al. Thermochemistry of Sulfide
Liquids IV: Density Measurements and the Thermodynamics of
0-S-Fe-Ni-Cu Liquids at Low to Moderate Pressures[J]. Con-
tributions to Mineralogy and Petrology, 2008, 156: 785—
797.

Krivolutskaya N A, Gongalsky B I, Kedrovskaya T B, et al. Geology
of the Western Flanks of the Oktyabr’skoe Deposit, Noril’sk
District, Russia: Evidence of a Closed Magmatic System[J].
Minerallium Deposita, 2019, 54: 611-630.

Kyle J R, Ketcham R A. Application of High Resolution X-ray Com-
puted Tomography to Mineral Deposit Origin, Evaluation, and
Processing[J]. Ore Geology Reviews, 2015, 65: 821-839.

Lesher C M, Campbell I H. Geochemical and Fluid Dynamic Model-
ing of Compositional Variations in Archean Komatiite-hosted
Nickel Sulfide Ores in Western Australia[J]. Economic Geo-
logy, 1993, 88: 804-816.

Lesher C E, Spera F J. Thermodynamic and Transport Properties of
Silicate Melts and Magma[A]. Sigurdsson H, Houghton B,
Mcnutt S R, et al. The encyclopedia of volcanoes, 2nd edn[M].
London, Academic Press, 2015, 113—142.

Le Vaillant M, Barnes S J, Mungall J M. Role of De-gassing of the
Noril’sk Nickel Deposits in the Permo-Triassic Mass Extinction
Event[J]. Proceedings of the National Academy of Sciences,
2017, 114: 2485-2490.

Li C S, Lightfoot P C, Naldrett A J. Contrasting Petrological and
Geochemical Relationships in the Voisey’s Bay and Mushuan
Intrusions, Labrador, Canada: Implications for Ore Genesis[J].
Economic Geology, 2000, 95: 771-799.

Li C S, Naldrett A J. Geology and Petrology of the Voisey’s Bay In-
trusion: Reaction of Olivine with Sulfide and Silicate
Liquids[J]. Lithos, 1999, 47: 1-31.

Li C S, Naldrett A J, Ripley E M. Critical Factors for the Formation
of a Nickel-copper Deposit in an Evolved Magma System: Les-
sons from a Comparison of the Pants Lake and Voisey’s Bay
Sulfide Occurrences in Labrador, Canadal[J]. Mineralium De-
posita, 2001, 36: 85—92.

Li C S, Ripley E M, Naldrett A J. A new Genetic Model for the Gi-
ant Ni-Cu-PGE Sulfide Deposits Associated with the Siberian
Flood Basalts[J]. Economic Geology, 2009, 104: 291-301.

Lightfoot P C, Keays R. R. Siderophile and Chalcophile Metal Vari-

ations in Flood Basalts from the Siberian Trap, Noril’sk Region:

Implications for the Origin of the Ni-Cu-PGE Sulfide Ores.
Economic Geology, 2005, 100: 439—-462.

Lightfoot P C, Naldrett A J, Gorbachev N S, et al. Chemostrati-
graphy of Siberian Trap Lavas, Noril’sk District: Implications
for the Source of Flood Basalt Magmas and Their Associated Ni-
Cu Mineralization[J]. Ontario Geological Survey Special Pub-
lication, 1994, 5: 283—312.

Maier W D, Barnes S J, De Waal S A. Exploration for Magmatic Ni-
Cu-PGE Sulphide Deposits: A Review of Recent Advances in
the Use of Geochemical Tools, and Their Application to Some
South African Ores[J]. South African Geology, 1998, 101:
237-253.

Marsh B D. Crystal Size Distribution (CSD) in Rocks and the Kinet-
ics and Dynamics of Crystallization. 1. Theory[J]. Contribu-
tions to Mineralogy and Petrology, 1988, 99(3): 277-291.

Marsh B D. On the Interpretation of Crystal Size Distributions in
Magmatic Systems[J]. Journal of Petrology, 1998, 39(4):
553-599.

Maier W D, Li C S, De Waal S A. Why Are There No Major Ni-Cu
Sulfide Deposits in Large
Intrusions [J]. The Canadian Mineralogist, 2001, 39: 547—-556.

Mao Y J, Barnes S J, Duan J. Morphology and Particle Size Distribu-

Layered Mafic-ultramafic

tion of Olivines and Sulphides in the Jinchuan Ni-Cu Sulphide
Deposits: Evidence for Sulphide Percolation in a Crystal
Mush[J]. Journal of Petrology, 2018, 59: 1701-1730.

Mao Y J, Barnes S J, Godel B, et al. Sulfide Ore Formation of the
Kalatongke Ni-Cu Deposit as Illustrated by Sulfide Textures[J].
Economic Geology, 2022, 117(8): 1761-1778.

Martin D, Nokes R. Crystal Settling in a Vigorously Convecting
Magma Chamber[J]. Nature, 1988, 332: 534-536.

Martin D, Nokes R. A Fluid-dynamical Study of Crystal Settling in
Convecting Magmas[J]. Journal of Petrology, 1989, 30:
1471-1500.

Mavrogenes J, O’Neil H S C. The Relative Effects of Pressure, Tem-
perature and Oxygen Fugacity on the Solubility of Sulfide in
Mafic Magmas[J]. Geochimica et Cosmochimica Acta, 1999,
63: 1173—1180.

Mungall J E, Brenan J M. Partitioning of Platinum-group Elements
and Au Between Sulfide Liquid and Basalt and the Origins of
Mantle-crust Fractionation of the Chalcophile Elements[J].
Geochimica et Cosmochimica Acta, 2014, 125: 265-289.

Mungall J E, Brenan J M, Godel B, et al. Transport of Metals and
Sulphur in Magmas by Flotation of Sulphide Melt on Vapour
Bubbles[J]. Nature Geoscience, 2015, 8: 216—219.

Mungall J E, Su S G. Interfacial Tension between Magmatic Sulfide
and Silicate Liquids: Constraints on Kinetics of Sulfide Liqua-
tion and Sulfide Migration Through Silicate Rocks[J]. Earth
and Planetary Science Letters, 2005, 234: 135-149.


https://doi.org/10.1007/BF00375362
https://doi.org/10.1007/BF00375362
https://doi.org/10.1093/petroj/39.4.553
https://doi.org/10.1038/332534a0
https://doi.org/10.1093/petrology/30.6.1471
https://doi.org/10.1016/S0016-7037(98)00289-0

55 44

s AR IR BT PR I A ) 3 1) Y B B B 21

Naldrett A J. Magmatic sulfide deposits: geology, geochemistry and
exploration[M]. Berlin: Springer, 2004.

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

Naldrett A J. Key Factors in the Genesis of Noril’sk, Sudbury, Jin-
chuan, Voisey’s Bay and Other World-class Ni-Cu-PGE Depos-
its: Implications for Exploration[J]. Australian Journal of Earth
Sciences, 1997, 44. 283-315.

Naldrett A J, Asif M, Krstic S. The Composition of Mineralization at
the Voisey’s Bay Ni-Cu Sulfide Deposit, with Special Refer-
ence to Platinum-group Elements[J]. Economic Geology, 2000,
95: 845-865.

Naldrett A J, Fedorenko V A, Lightfoot P C, et al. Ni-Cu-PGE De-
posits of Noril’sk Region, Siberia: Their Formation in Conduits
for Flood Basalt Volcanism[J]. Transactions of the Institution
of Mining and Metallurgy, 1995, 104: 18-36.

Naldrett A J, Lightfoot P C, Fedorenko V A, et al. Geology and Geo-
chemistry of Intrusions and Flood Basalts of the Noril’sk Re-
gion, USSR, with Implications for the Origin of the Ni-Cu Ores.
Economic Geology, 1992, 87: 975—1004.

Niu Y L, Batiza R. In Situ Densities of MORB Melts and Residual
Mantle: Implications for Buoyancy Forces Beneath Mid-Ocean
Ridges[J]. The Journal of Geology, 1991, 99(5): 767-775.

Park J W, Campbell I H, Chiaradia M, et al. Crustal Magmatic Con-
trols on the Formation of Porphyry Copper Deposits[J]. Nature
Reviews Earth and Environment, 2021, 2: 542—557.

Parmigiani A, Faroughi S, Huber C, et al. Bubble Accumulation and
Its Role in the Evolution of Magma Reservoirs in the Upper
Crust. Nature, 2016, 532: 492—495.

Patocka V, Tosi N, Calzavarini E. Residence Time of Inertial
Particles in 3D Thermal Convection: Implications for Magma
Reservoirs[J]. Earth and Planetary Science Letters, 2022, 591:
117622.

Patten C G C, Hector S, Kilias S, et al. Transfer of Sulfur and Chal-
cophile Metals via Sulfide-volatile Compound Drops in the
Christiana-Santorini-Kolumbo Volcanic Field[J]. Nature Com-
munications, 2024, 15: 4968.

Poppe S, Gilchrist J, Breard E C P, et al. Analog Experiments in Vol-
canology: Towards Multimethod, Upscaled and Integrated Mod-
els[J]. Bulletin of Volcanology, 2022, 84: 52.

Rad’ko V A. Model of the Dynamic Differentiation of Intrusive
Traps in the Northwestern Siberian Platform[J]. Geologiya I
Geofizika, 1991, 11: 19-27.

Randolph A, Beckman J, Kraljevich Z. Crystal Size Distribution Dy-
namics in a Classified Crystallizer: Part I. Experimental and
Theoretical Study of Cycling in a Potassium Chloride Crystal-
lizer[J]. AIChE Journal, 1977, 23(4): 500—510.

Richardson J F, Zaki W N. Sedimentation and Fluidisation, Part I
[J]. Transactions of the Institution of Chemical Engineers,
1954, 32: 35-53.

Ripley E M, Li C S. Sulfide Saturation in Mafic Magmas: Is External
Sulfur Required for Magmatic Ni-Cu-(PGE) Ore Genesis[J].
Economic Geology, 2013, 108: 45-58.

Robertson J C, Barnes S J, Le Vaillant M. Dynamics of Magmatic
Sulphide Droplets during Transport in Silicate Melts and Im-
plications for Magmatic Sulphide Ore Formation[J]. Journal of
Petrology, 2015, 56: 2445-2472.

Rosenfeld L, Lavrenteva O M, Spivak R, et al. Deformation of a Par-
tially Engulfed Compound Drop Slowly Moving in an Immis-
cible Viscous Fluid [J]. Physics of Fluids, 2011, 23: 023101.

Roy-Barman M, Wasserburg G J, Papanastassiou D A, Chaussidon
M. Osmium Isotopic Compositions and Re-Os Concentrations
in Sulfide Globules from Basaltic Glasses[J]. Earth and Planet-
ary Science Letters, 1998, 154(1-2): 331-347.

Rutherford M J. Magma Ascent Rates[J]. Reviews in Mineralogy
and Geochemistry, 2008, 69: 241-271.

Saumur B M, Cruden A R. Ingress of Magmatic Ni-Cu Sulphide Li-
quid into Surrounding Brittle Rocks: Physical & Structural Con-
trols [J]. Ore Geology Reviews, 2017, 90: 439-445.

Saumur B M, Cruden A R, Boutelier D. Sulfide Liquid Entrainment
by Silicate Magma: Implications for the Dynamics and Petro-
genesis of Magmatic Sulfide Deposits[J]. Journal of Petrology,
2015, 56: 2473-2490.

Shadloo M S, Yildiz M. Kelvin-Helmholtz Instability by SPH[A]. In:
Onate E, Owen D R J (Eds). International Conference on
Particle-based Methods-Fundamentals and Applications[C].
2011, 831-842.

Sili G, Urbani S, Acocella V. What Controls Sill Formation: An
Overview from Analogue Models[J]. Journal of Geophysical
Research: Solid Earth, 2019, 124: 8205—8222.

Song X Y, Daniushevsky L V, Keays R R, et al. Structural, Litholo-
gical and Geochemical Constraints on the Dynamic Magma
Plumbing System and the Jinchuan Ni-Cu Sulfide Deposit, NW
China[J]. Mineralium Deposita, 2012, 47: 277-297.

Stacey F D, Anderson O L. Electrical and Thermal Conductivities of
Fe-Ni-Si Alloy under Core Conditions[J]. Physics of the Earth
and Planetary Interiors, 2001, 124: 153—-162.

Stokes G G. On the Effect of the Internal Friction of Fluids on the
Motion of Pendulums[J]. Transactions of the Cambridge Philo-
sophical Society, 1981, 9: 8—106.

Suckale J, Hager B H, Elkins-Tanton L, et al. It Takes Three to
Tango: 2. Bubble Dynamics in Basaltic Volcanoes and Ramific-
ations for Modelling Normal Strombolian Activity[J]. Journal
of Geophysical Research, 2010, 115: B07410.

Tang Q Y, Zhang M J, Wang Y K, et al. The Origin of the Zhubu


https://doi.org/10.2113/gssajg.113.1-1
https://doi.org/10.1080/08120099708728314
https://doi.org/10.1080/08120099708728314
https://doi.org/10.1016/j.epsl.2022.117622
https://doi.org/10.1002/aic.690230415
https://doi.org/10.2138/rmg.2008.69.7
https://doi.org/10.2138/rmg.2008.69.7
https://doi.org/10.1029/2018JB017005
https://doi.org/10.1029/2018JB017005

22 o4t o# R

NORTHWESTERN GEOLOGY

2025 4F

Mafic-ultramafic Intrusion of the Emeishan Large Igneous
Province, SW China: Insights from Volatile Compositions and
C-Hf-Sr-Nd Isotopes [J]. Chemical Geology, 2017, 469: 47-59.

Terasaki H, Kato T, Urakawa S, et al. The Effect of Temperature,
Pressure, and Sulfur Content on Viscosity of the Fe-FeS
Melt[J]. Earth and Planetary Science Letters, 2001, 190:
93-101.

Urbani S, Acocella V, Rivalta E. What Drives the Lateral Versus
Vertical Propagation of Dikes? Insights from Analogue
Models[J]. Journal of Geophysical Research: Solid Earth, 2018,
123:3680-3697.

Virtanen V J, Heinonen J S, Molnar F, et al. Fluids as Primary Carri-
ers of Sulphur and Copper in Magmatic Assimilation[J]. Nature
Communications, 2021, 12: 6609.

Vukmanovic Z, Fiorentini M L, Reddy S M, et al. Microstructural
Constraints on Magma Emplacement and Sulfide Transport
Mechanisms[J]. Lithosphere, 2019, 11: 73-90.

Wang WY, Li Y. Redox Control of the Partitioning of Platinum and
Palladium into Magmatic Sulfide Liquids[J]. Communications
Earth and Environment, 2024, 5: 190.

Wei B, Wang C Y, Arndt N T, et al. Textural Relationship of Sulfide
Ores, PGE, and Sr-Nd-Os Isotope Compositions of the Triassic
Piaohechuan Ni-Cu Sulfide Deposit in NE China[J]. Economic
Geology, 2015, 110: 2041-2062.

Williams K M, Kavanagh J L, Dennis D J C. Focused Flow during
the Formation and Propagation of Sills: Insights from Analogue
Experiments[J]. Earth and Planetary Science Letters, 2022,
584:117492.

Xu X W, Peters S G, Liang G H, et al. Elastic Stress Transmission
and Transformation (ESTT) by Confined Liquid: A New Mech-
anics for Fracture in Elastic Lithosphere of the Earth[J]. Tec-
tonophysics, 2016, 672—673: 129—-138.

Xue S C, Deng J, Wang Q F, et al. The Redox Conditions and C Iso-
topes of Magmatic Ni-Cu Sulfide Deposits in Convergent Tec-
tonic Settings: The Role of Reduction Process in Ore Genesis.
Geochimica et Cosmochimica Acta, 2021, 306: 210—225.

Yao Z S, Mungall J E. Flotation Mechanism of Sulphide Melt on Va-
pour Bubbles in Partially Molten Magmatic Systems[J]. Earth
and Planetary Science Letters, 2020, 542: 116298.

Yao Z S, Mungall J E. Transport and Deposition of Immiscible Sulf-
ide Liquid during Lateral Magma Flow[J] Earth-Science Re-
views, 2022, 227: 103964.

Yao Z S, Mungall J E. Kinetic Controls on the Sulfide Mineraliza-
tion of Komatiite-associated Ni-Cu-(PGE) Deposits[J].
Geochimica et Cosmochimica Acta, 2021a, 305: 185-211.

Yao Z S, Mungall J E. Linking the Siberian Flood Basalts and Giant
Ni-Cu-PGE Sulfide Deposits at Norilsk[J]. Journal of Geophys-
ical Research: Solid Earth, 2021b, 126: €2020JB020823.

Yao Z S, Mungall J E, Qin K Z. A Preliminary Model for the Migra-
tion of Sulfide Droplets in a Magmatic Conduit and the Signific-
ance of Volatiles[J]. Journal of Petrology, 2019, 60:
2281-2316.

Yao Z S, Qin K Z, Mungall J. E. Tectonic Controls on Ni and Cu
Contents of Primary Mantle-derived Magma for the Formation
of Magmatic Sulfide Deposits[J]. American Mineralogist,
2018, 103: 1545-1567.

Zhang M D, Li Y. Breaking of Henry’s Law for Sulfide Liquid-
basaltic Melt Partitioning of Pt and Pd[J]. Nature Comunica-
tions, 2021, 12: 5994.

Zhang M J, Tang Q Y, Cao C H, et al. The Origin of Permian Pobei
Ultramafic Complex in the Northeastern Tarim Craton, Western
China: Evidences from Chemical and C-He-Ne-Ar Isotopic
Compositions of Volatiles[J]. Chemical Geology, 2017, 469:
85-96.

Zhang M J, Tang Q Y, Hu P Q, et al. Noble Gas Isotopic Constraints
on the Origin and Evolution of the Jinchuan Ni-Cu-(PGE) Sulf-
ide Ore-bearing Ultramafic Intrusion, Western China
[J]. Chemical Geology, 2013, 339: 301-312.

Zhang Y X. Toward a Quantitative Model for the Formation of Grav-
itational Magmatic Sulfide Deposits[J]. Chemical Geology,
2015, 391: 56-73.


https://doi.org/10.1016/S0012-821X(01)00374-0
https://doi.org/10.1029/2017JB015376
https://doi.org/10.1016/j.chemgeo.2014.10.025

	1 现有模型与认识
	2 硫化物动力学过程的新兴研究手段
	3 硫化物在多级岩浆系统内垂向运移的物理机制
	3.1 硫化物的物理属性
	3.2 单颗粒硫化物液滴
	3.3 硫化物液滴群
	3.4 硫化物–气泡混合液滴
	3.5 硫化物熔体矿浆

	4 硫化物矿石构造及成因的初步认识
	4.1 硫化物珠滴状构造
	4.2 稀疏浸染状构造
	4.3 稠密浸染状、网脉状构造
	4.4 半块状、块状、角砾状、脉状构造

	5 模型总结
	参考文献

