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Abstract: As a type of magmatic-hydrothermal deposit, porphyry copper deposits are closely related to the migra-
tion of Cu from melts to fluids. Many pieces of research have shown that chlorine plays a crucial role in this
process, thereby the chlorine content directly determines the fertility of magma. The chlorine required for the min-
eralization of porphyry copper deposits in arc settings mainly comes from the subducting oceanic crust. But such an
end-member is absent during the formation of a collisional porphyry copper deposit, the origin of chlorine in colli-
sional settings is still uncertain. To further advance the research on the above scientific issues, this review summa-
rizes the mineral characteristics of chlorine-containing magmatic minerals; estimates the chlorine content of fertile
magma in collisional settings via apatite; calculates the exchange coefficient of amphibole in juvenile lower crust;

discusses the chlorine source for porphyry copper deposit in collisional settings. The results show that: (D the CI
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content in apatite, amphibole and biotite can be used to indicate the Cl content in melt or fluid; @ Fertile magma
from collisional settings have lower Cl content than its counterpart from arc settings, but the barren magma from arc
environment have higher Cl content than its counterpart from collisional settings; ) The juvenile lower crust in
Gangdese belt are the products of arc magma, and the consequent high Cl content can be inherited by the amphi-
bole; @ The ultrapotassic magma formed by partial melting of mantle wedge during subduction of Indian continental
crust may have high Cl content. And the CI content of the residual melt will be further increased by the crystalliza-
tion of amphibole, which is promoted by the addition of water-riched ultrapotassic magma.
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W A A R R P R U T IR A
A (Hou et al., 2015, 2017; Yang et al. , 2015,
2016) AEAE R I8 BUBE 5 ™ e i S5 11 A Jo—— S Y
He Ui Bz 295

PG TE L — A BE A AR5 22 CL 1Y S S 4
B4 120 %5 A B9 60 1% ( Chelle-Michou and Chiaradia,
2017) . SHBHEE WA HIE R Cu S L2,
A Cl B E i, I T 8 RS 0
JFAR I CL 2k 3 Tl K AU A 19 00 o JBd 7Kk
(Sillitoe, 1972; Richards and Porter, 2005) ; {H7Efilf
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FRILZAM, T Cl 8 THE AWM TR, i L 55K X
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Cl & SRR A , T4 BT 8. 63x10 M i Cl
A 43. 8% AT T IR ULAW) 31, 4% AT T3 K |
21. 9% WAE T2 5% % , TRl s S PEFe il C1 23 54X
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Fig. 2 Main Cl reservoirs and Cl cycle processes (after Mc-
Donough, 2001; Jarrard, 2003 ; Hay et al. , 2006; Eggenka-
mp, 2014; the number marked in the picture means abunda-

nce and total reserves)
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A3k 8 600 % 107° ( McDonough, 2001; Straub and
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I 5 E R BE AR AE ( Castillo, 2021)
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HARE AR IR T 24 (Andersson et al. , 2019; Huang et
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Fig. 4 The varies distribution coefficient of chlorine between apatite and melt or fluid (from Brenan, 1993b; Mathez and

Webster, 2005; Webster et al. , 2009; Doherty et al. , 2014; Kusebauch et al. , 2015b; Li and Hermann, 2015, 2017)
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B AT B EAT T XA P08 i R, (H 5 B Y
TARAE S B I A & A < Vs A — TR U0 0E ™ AT B
Cl & AR W A SO KA . TETCIE R
ST BE A R RE AT L o S ARE R CL &
fI8F 0. 5% W5 K A1 ( Nikitino, 1972; Yanagisawa et
al. , 1999; Engvik et al. , 2009; Hikov et al. , 2010;
Kusebauch et al. , 2015a) , FTLL, N PEEPRE FHE S
I Cl 3% B2 Wl K A, A4S 30 A X o o 0 6 5
4k,

TERT AR IR il 2 1, T DL o — FR 51 ) 5
3 ¥ T 32 4 W6 300 3L A4S B B W) %) B K A7 ( Putnis,
2002; Cao et al. , 2021a, 2021b; Kusebauch et al. ,

2015a, 2015b; Bouzari et al. , 2016) . O H&E )=
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BURTR B, WA= (D) 3 AR A F, B
RITR . a=28.72(+1. 04) IG5 F 2 500~4 500 MPa,
690~ 900°C [T LY M5 4K (Li and Hermann, 2015);
a=9.12(+0.11)3& T 1 000~1 200 MPa .1 000 ~
1 200°C 14 Z % J3i 45 & ( McCubbin et al., 2015);
a=10.79( 0. 52) i& H1 T 200 MPa 900 ~ 924C i
ST KER ( Webster er al. , 2009) , I THAHT &
GBI IR A B R IR BT T R TR — R A A
RO ZE E A o = 10. 79 XA A K 8 € &5
P E

TR A (1) RGO AR Z R4 740 55 1
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~2 5%, HIAER AT (1) MBS RGBSR A
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Fig. 5 Plot of experimental chlorine concentration vs.
calculated under different pressures but similar temperatures

(a=10.79)

WK CL b AT Al B8 B S5 - R R AT 300 R 0 X6 Tl
A7 1 b R B AT R, DT B FR A B3 285 R 1 A A%
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PRI G B B2 Bt A B A 19 F-C1-OH 23 AN T ikt
G b 5055 1A K A T, DTG TG A e SR R B
EWHIER Sy SR 5B (Li et al. |, 2021a) . 1745 5
TR B 5 v A A A B A AN A SR A BE
H R B R A S AR A2 T L o At 2 R R 0K
IR Cl & i,

FEFFFEA I AR b B Cl DLAME A7 78 Ho A 4%
KAy, H,0.8.C0, %, A HK T H,0 & 8EE
S o S VA A I N A i N ala ol T NI T2
(Cloos, 2001) , FEXFRHIENILT , 45 5 T K AR
VS 22 e BRI IR A S kR AR 2 5 I AR CL
i, W JGEEST AR R LG ¢l Sk A3, B H,0
ISR - WFFEUERR A 3K 1) CO, & it 2s 52 Cl
TEIAR AR B4 43 L R 80 ( Webster, 1997, 2004)
HETAE— 8 B b5 ma f B A X 9K L & o
PR SRR BB ™ R Gerh, CO, WY& i il &
AR DAAG B8 R e A I S, PR 5 — S i)
FUATZME AT, S4B S WK A R
S (R L HE ABE K A SRS 1 R O AN 25 5
ClAEBE KA 5 AR B AR 8] 7 43
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4.2 fANA

WK KA T A IN A 5 ( Chiaradia et
al. , 2012; Richards et al. , 2012) , MR A ST RE
A B KRR A A5 ™ 25 3 b DA Y o R
i, FAINAER—F S L, s s e HiE
SRR Cl A, R, MR AR A]
PITE SR A SRR 1) CL &, 2 — R S s 1k
Cl i ETT,
4.2.1 AINAWSEEES & Cl g

fAINAJEEREERR ER W) (K 6) , H iRk~
WK Ay X, YZ,0,W,, K WARH(BESE
RS BT REIRAE A T R BURA )  A (L E A
T 6 A EESE Y AN BB 2R 1 ey, - R LA
Na K 87537 ; X A B A 7SR a0\ KB . Ca Na K|
Fe™ Mg, Mn, Li; Y {7 & R /\ T A4 Bie 47 : Mg, Fe™* |
Fe™ (AL.Ti Mn,Cr, Li; Z i & K VU (A B AL Si | Al
(HBAE ) s W A A TEERE 2 . OH F Cl,

-

& XA
. AR
Bl 6 & ClE5EMING RIARSEHE (i Warren, 1930)

Fig. 6 Calcium amphibole structures showing the relative

positions of Cl anionic site (from Warren, 1930)

£ TN A Ak 27 B0 R A AR S5 40 2 2%, W )
WAL 2E PR B 20+ o R TSR b Y o
TR B RIS BEA B A I A A B | oK IR
B RS T— R AR ( Hammarstrom and
Zen, 1986; Schmidt, 1992; Anderson et al. , 2008;
Ridolfi et al. , 2010) . AMLANML, FINA X
HK WA B I AIRAE F.Cl 8# OH, 2 —Fh & Cl
T, HXYF 80E OH 3 A M N A MAsET, 2 b 38
AN W ALE ) O, 7851524 Cl gk A W AR,

BT Cl B TEAEKT F ot OH, UL A A 1 &
PRGERPRE S R A8 Ak, T C1 A 25 04 2 s Y
0, 1V &5, (Oberti et al. , 1993) , HET A N £ f 241
LA B A R R T A A e S B ) 5 R
350 A s RAE TC R IR O, PRI Af DR A R
SYICE E R TR R T CL A A
7). WBEE Y (LE Y Mg 8 Fe HUR A A7 BB K 5
o UMD B Si Bk AU, C1ZE M IN A SR
() 19 3 PiC R B 245 T L FF ( Volfinger et al. , 1985;
Morrison, 1991; Zhu and Sverjensky, 1991) , tHF I
R, AR AT CL & i fm I A TN A R s
2845 [N £1 ( Krutov, 1936; Dick and Robinson, 1979;
Kamineni et al. , 1982)

Cl 7E f TN A M b 9 7 IR B2 R, 800C
1000 MPa 2% {1 F, B K £ Cl B9 HUHE Ry
4.2x107" m¥/s, M N A1 CLHY 97 HBOHE R
2.8x107" m>/s( Brenan, 1993a; Su et al. , 2015),
R O A A TN A Y CL B i TEAR A Y
HHE P 52 K B i i CL & B AR, 1 A6 B 2 4
RGN A K R T4 o S TR R
ER Y BUEA G R SR S RTEA
Wras Ak, PR 18 B B A TR A P Y G 5 &
2O Y L2 S 7E M N A& D5 5 AR ek
TR T T
4.2.2  fANAfESE A Cl &

SRR A, B 1 aT LA AN A R
FRGEAEAXMEEA AR T Cl &, BA
FA A A D) O A 2 W3 2 L C1 3 i AR
(Jenkins, 2019) fHAIN A EREITE FEXT Cl 4
B R B0 5 {5 AR A A C % B8 3 9 O k3 hy TR
(Zhu and Sverjensky, 1991; Mi and Pan, 2018; Web-
ster et al. , 2018)

Giesting F1 Filiberto (2014 ) 54 T 1 A7E 200 ~
300 MPa 800 ~ 850°C , [N BT J& M 5 4 1 52 35 %5
I A CLAESAIN A7 55 8 A O 18] 9 23 BiE 3R B0E AT
TG, KM EZEAE T R DENHR L FE M IN A
SIEREIMAECREO 7E 0.2~ 1.1 ZH], JfEREL
FAINA AN DENARIE g B ) | B 2R T A
fINAMEERK G FRam AR,

Ik < n[ (XA < XS/ (X - XA ] =

6.59 K/(Na+[ A])—-0.679 Mg+0. 487" Fe (3)
Horp KdfZ5n % £R3% LA O 7 £ [N A1 R AR ) i
SEHF KL, XA 5 XN R 2 L M OH 78 W AL E |
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(&) Liu et af., 2009 ® Giesting ef al., 2015 O Baidya et al., 2017
O Chamberfort e al 2013 (o] Giesting and Filiberto, 2016 (i # WA ER R[5t f1) 0 Kaur ef al., 2019
o Coulson 21 al., 2001 () Giesting and Filiberto, 2016 (AEEEERRL R )

& 7

AL CL S SiALK Fe® Mg FEERIAIEE R (AINAKILER apfu & i T4 Esawi, 2004)

Fig. 7 The relationship between Cl and Si Al K. Fe** Mg content in amphibole (the calculation method of apfu content of

each element in amphibole comes from Esawi, 2004)

A3 ST o5 B BE SR A3 K, X X A e i b
1 OH Y BE IR A3 B0 (AR A E 1) , K Na Mg
REMINA MR F X P X TR apfu (B4
FARPETED [ AT WREAIN AT A L EES
P, Fe IVEMINA Y S0 E Fe iy apfu £, 2
RSB Xz s AT, & BLAE 200
~4 000 MPa 800~ 1 380°C 2514 Fiz/A XA & E 1Y
AR (B 8) .

T C R = NS STD GNP (Al
Xow QyETHE T, RO AT SRAG RS A b € BT 5 B BE IR
K, XIWEFn XN R] LG A A A Y 3 RO T
ASE T X T A A B AR S
s .

FHROT K R 2 & A DL i 25 R (Stolper,

1982) .
H,0, (JEK) +O (KK ) <2 OH (&) (4)
H,0, (#1K) OH(HER) (O ()EA) s A3k h
B o3F K R IE R SR, B B B N Y P R 4K
J K, A
K= (Xai) /(X5 - X§™) (5)
Arp X"fj(fm%n X S50 g 3 v 237 7K RIS 48 1 g
IRATEL, TP 2280 K, D)5 28 2% R o3 L B A G
X F A I AT ARSI, 7] R Lesne 45 (2011)
¥, 38 T 2 0 I A i S 2R 88 X X
BEAIERSEA TS, AT 2R A Liu 55 (2004) &,
3 T DN TS AR 0 -y R B, B A S R IN A 4
RARBELH K,
I3 A AR T B H,0, (KR ) (O (KA ) (OH



JRBEMESE « AR R B 7 b R IR B B AT S e B 425

3
1.2
® 200300 MPa, 800—850°C ,
R
- @ 5004000 MPa, 8001 380°C [ 4
04
‘TJ,-:I‘\I_
= oF %
£I o4}
=
-
E
08}
12 @
_1_6 1 L L 1 1 1 1 1 J

20 <16 -12 -08 -04 0 04 08 1.2 1.6
InKd 3087 scga s i
B8 TN 5L HHE X e A (3) RS W
KfG " SEEpRie R I (NG SR BRR A« Ad-
am and Green, 1994, 2006; Browne, 2005; Sato et al.
2005; Hauri e al. , 2006; Adam et al. , 2007 ; McCubbin et
al. , 2008)
Fig. 8 Plot of In Kdim™i** ™! experimental vs. calculated by

equation (3) (the data of amphibole and melt is got from Ad-

am and Green, 1994, 2006; Browne, 2005; Sato et al.

2005 ; Hauri et al. , 2006; Adam et al. , 2007 ; McCubbin et
al. , 2008)

(FER) W6 AL T 81 5 & 3 ( Stolper, 1982; Zhang,
1999; Zhang and Ni, 2010) ;
Xii6 =(€/18.015)/[ €/18.015+(1-C) /W] (6)

Xl =X X2 )
DD D GHES (8)

A XS MRS K 1 R AR SRR, € R R
KB B 3, WO b T K 43 (B R i S
PR 4390 T A3 3ot o DR A = ol 30 4 B
AR A L T AT LR B X R
RABCK, F XS 1 REL( Zhang et al. , 2012) B,
Xt =2 X7 +[8 Xih +K,-2 X K, - /K,

16 X} =16 (Xij5 )7 +K,~4 Xji0 K, +4 (X0 )°K, 1/
(K,-4) (9)

AR A X Ji , 220 (3) AR AUEAE R A X
SRAR S BV AT 28 20 (10) 2F— 25 158 s R v 1

Cl &,

Clyy =35.5 X%/ w (10)

IR E A KIS  R (anfA IN A
FiREE AR KR ANASRIRES) 2
FEBE A4 A B 5% <58l N B e T S A TN A CL 3
g A T 5 A INARE TS A X IR
it ClL A& 2B i DABR 2 , BoA 250
{&. {H Chelle-Michou F1 Chiaradia ( 2017) £ FH I+
NI N A BEP BLE 2 ( Coroceohuayco ) BEA AIA™
IRIAEHK CL & E T AN S | & B IN A Al
SALE BN Tl A ELA B 45 SR 2 R AR oA
FANAER A CLIREETHRHUR S THE KA, (A
B AR T R K A CL AR EE T, (8 H A TN A A 33 E 2
Cl I 2R AN 2 5 B 5 oK A B, M
Z T2 TR IC B 231G INAG 45 B 1 AN 7 1k
BCEEE AR, S o B ot v LA B el R A L A
B (i B KA e A 3K CL 3 5 BAR £
DN A DU BESE A5 £8 Bh 7 W e 11 6 5 5 €L & Bl
IR R R I TS
4.3 =

R ARZ FEDURUE B BUA MU 2K a3y
AorAn, FEREAMT T, s bk FZE B R ARE R
45 i T S AL G Y SR A A B B, B DA = B
i W B R a7 = P DA S A ok T
28 = BT — B A SO AR CL R BE T, X R s
AR CL iR BT AR
4.3.1 mHRYRIEFHIESE ClEPE

= B ZARE R LT W (K9) |, H ik

t XA 0 Y o Wi b.H: LY i 4
B9 & Cl AR E (Y8 Brigatti and Davoli,
1990)

Fig. 9 Biotite structures showing the relative positions

of Cl anionic site (from Brigatti and Davoli, 1990)
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WA X, Y, (Z,0 W, HA WA X 085 : K,
Na.Ca ,Ba Rb,Cs; Y i B Ry /\HARBLAL: Mg, Fe,
Al.Ti Mn Cr Li; Z i 8N VOHRARECAL . Si AL W i
BT HREEE A 0, OH F CL,

WHTTR , FEPEE T R, n bk F LR S
BEE 4 = B LA 75, R P8 Idrus (2018a,
2018b) X T-E[J B J& 74 W (&R 45 B9 1% ( Batu Hijau ) 3
- IS T R T A T R 2 B
H) Cl & (0~0. 02% ) B B AL T 7= F [F]— ph AR 4y
RSB (0. 19% ~0. 31%) ., Sotnikov %5 (2006)
R X o3 AT FE VAR RN AN S 1 Y 6 B4 4 + 4
TR ORI A N A B CL & AT I, &5
RILA B CL o B T4 PR e /) — el A
WINIE AL CL & ENH 0.02% ~0.3%, %TFHEH
W ZEH A C R EER TR
WELG BT LA OB EE X BEA T R 5 h B b
) Cl & RRIEE T A 41

BAMT ZETHRRE G FREAMUSKE
TR AR ECA SN e[RRI ) SR &k &
X} Cl7E 2B 2 B 5 45 AR 1] 0 43 e 22 2000 P I 52
(Zhang et al. , 2022a) | , L 5B =TT R KA
K X — G MAINA L, 8 2B A Y
X 3% Y BN [ 0 B T T B AR
ghER A R e AR IR R 45 C1 HE ARy /T A 25 ]
NG Y 7 N SN ODANTT TR 2Nl 1R S5 B i o S
BRE e nthhE s Witk R Eh ) Gl & &
H5 Fe™ Ba fr 2L, M5 Mg K & 2R
A,

Btk Cl WY BOREE/NTMAINA, S KA
BONFEIT , 7 700°C 200 MPa B £51F R, Cl fETE
TR BEEARGEW M I m LY 8RB 9. 1x
107 m’s™ AT FRREMMT B RECH 6. 5x
1077 m*s '(Onstott et al. , 1991) . K, —/ghE T
FH KR 2 mm x 1 mm BB Bk 7RO AEA]
R e] 3k 2] S AR R C1 & '3 — (U HE R E ¢ fil
Ty HGE AR ), MAEREA W R R a K B A b
KRALE T 700°C B W5 2% b s AL B4 8228
HJT4F (Mclnnes et al. , 2005) , X S8 T W0 &F
R SRR A EA ClLIoR SR,

fF5% B 1E 850°C 200 MPa 554 F,Cl fE2E =
BSR4 73 Be R BUHE 0. 17 ~ 0. 33 Z[A] ( Chevy-
chelov et al. , 2008 ; Zhang et al. , 2022a) ,{KXF iz [A]
FAEN CLAES N A 50 1R 8] 9 3 e R 8100, 15~ 15

Giesting and Filiberto, 2014) , {H R ZHBE A A1k
FIRALE Cl FEAEE S TMANA (Ayati e al.
2008 ; Monteiro et al. , 2008 ; Afshooni et al. , 2013) ,
T3 33— 235 R 19 JL IR i AN I, JE iR n ], K
K ABEE AT RSB E B KA B =B €1 3
Bl CAE] A TR By CL & 2 iU,
Fob, B R R B e 2R G0 R R AR A i A B B
FEUEVED™ ), ASALAT DU TGS A T i €l & &
T DAER A CL 3 e E 3R T 1T R R B 3R
Gerrint AR CL fr 3 AT DL 2o 38 44 40 2 A 0 3 i
HEWRARAS , AP 7 IR AR B 290, ] LLARAS CL 78 A
RENT Kl ur L NI A S
4.3.2 mEAERER G S

AR TR AEK B DB CL & B R ER,
£ 0.001% ~1% 28], Pk, 2R nf LAl C1 ek
LNk R ST S i W S W Sa S G BN ()
fFEAER CL SR EZETH, KM EATCT CLE
MR R R[] 43 e R BT A IR 2 (1eenhow-
er and London, 1997; Chevychelov et al., 2008;
Flemetakis et al. , 2021; Zhang et al. , 2022a) ,{H/b>
A SCEE AT LA 3 R B 25 Fh s i TR 3 Ak
HAETX T 28 = B R CL R T R A e H
Zhang 45 (2022a) $2& ), iZ I 5T X 850 ~975°C 100
~500 MPa 75T RSS2 B0 B AT 4 2 DA i
DGR Sl Ol (D 7N W

InKd o % =3.38-2. 454 €SI1-0.398 X;~" -
22.377 Xi=® (11)

NI CST G 7 T 22 81 ( chlorine solubility in-
dex) ,1ZZE0HH Webster 25 (2015) $2 1, FHUA R R 1
& Al Ca Mg Na JCE F BEXF CL LRI K g i 2
s, HA R A0k (4 T R EE i AR IR
IR IR IF AR AR )

CSI=(Al"?+Ca"*+Mg"*+Na) /Si (12)
A Xs® 5 X R 50 R

X" =Mg/ (Mg+Fe™ +Fe” +Mn+Ti+Al")  (13)

X5aW =Ti/(Mg+Fe™ +Fe” +Mn+Ti+AIY)  (14)

NP S8 e € T AW VN R
T Li 4% (2020b) FF & IR T, SR o bk
F A T A

T KdB52 5 g5 B ar #i 56 & 2
Kd & oon ™ = (XE /X580 7 (XER/XGE) 13 B 45 0k
g X XEIE R XEEY 3515 €1 OH 78 B
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=bE WAL E T IR S0 o H AR X K
e CL Y R A BIGHEA TAG B I 5 7 LR BEmh 256
EAIRIE R 7 PR (b X A
X0 T SCA 4 0 DN A A3 BT AR B A R s —
).
Ci* =12 (X[76 -XI6 ) xH,0x35.5 X5"/xg1 1/
(18.02 X7§ (15)
At H,0 RaR KR E, UL L H Zhang 55
(2022a) ¥ & 1 28 56 s AT DLAR o o o 5
KdS5n ™ 10 JBR T %A A 5 MER P, A
P AT L2 BB AR TR X T InKdson 1 f 5 i AR
K HIZZ RN 3AE 650 ~ 1 000°C 214 F A7) 15 %
R ERE (2sd = +0.5) ,

2

O Zhang et al., 2022a Awrc
| |© Fabbrizio and Carroll, 2008 e A (100
R 7
e & leehower and London, 1997 .7 S
fory . 1000
=
€0
= 8 i 900
o - @
ue -1 i ot
D Q 800
3 e
2F 07 0d 80_-"' 700
. g%
ko +55 600
_2 > 1 i L L L
=g 2 | 0 1 2
BUERRE L
InKd crron— S3MBEAT
Bl 10 AR EE T InKd s fh el 5 5

KZE (EH H Zhang et al. , 2022a)

Fig. 10 Plot of InKdb " experimental vs. calculated

under different temperature conditions ( figure is from

Zhang et al. , 2022a)

LIRS B A B 15 S T LA A iy
A B . (ERA e IR A R B R A A
] A e Fla i R AL TR e A CL Py i i
AR A — R A R, B ARl
S R i S VRS | R T i 241 A R4S
TEVHEI RANLATE R, R, X TRk Cl & &yt
PN B G| AR R AR AR S Bt , R ok i
ST AR TN A R BRE L A R 5 7K B 10 A R8s
PE— ORI C1 35 B A S 45 R A 2 1 A I
FETT A I o il 2o 45 45 Hofh e 0 Lt B T EA T 23

HiHE,
4.3.3 HBARERAK CLRET

BB — Rl R AL 1l AR BRI, 2

BT B A AT B B AL R AR | BB O B R AT B
A LU R A 2R = BT A 2B = B K (Sun e
al. , 2021) , X AR R BE KA R I A e B
I, B, B BEEA X AR T CL % B A T
FhSE IR IS 2
Munoz( 1992) % F] H Zhu F Sverjensky ( 1991,
1992) 1 200~ 600°C. 11z [l A #E4 7 A A8LL S 36 e dl , I
KT RSB ERBAR R GAR T [ o/ fua 2
WA (16) , HB 2 T& 2K RAFIE (4
M FI45 ) 2007 ; Hansen and Harlov, 2007 ; Monteiro et
al. , 2008) .
lg(fuo/fua)= (1 000/T)x(1.15-0.55 X3 =" ) +
0. 68—lg( X=® /x%aty (16)
K S0 1 fue FEFARFRY 1,0 EZAH HCLIRIE, T
B P I R RE (K, A 2 5 i S
—H, EHHEENE, AX6) A A “Robi+i
{1 e i € S s o N2 S 1PN 2
S2ME G, Yu A5 (2022) B 9K e i B A A K
SRR BN R B KA A R S B B T
WP LSy o/ fon) P L (fo o/ fe) (B 11) 5
3 BA W DO M # A LIRS BAT

6.4
6.0 =
§
56 =
k;i sal ;"‘:l; Santa Rita
B o48f i
44 F Bingham
40 P8 HRMHURZ A
O Bl R A Olende rson
36 1 1 1 1 1 ]
25 30 35 4.0 4.5 50 55 6.0
lg( -ﬁa,o'{‘(uct)

BT SROBBES R g (fi o/ ) 180/ fuer)

FEIf (EH A Yu et al. , 2022, Z805 KB AR KA

Parry et al. , 1978; Jacobs and Parry, 1979; Zhang, 2000;
Seedorff and Einaudi, 2004 )

Fig. 11 Plot of lg(fHZO/fHF) vs. lg (szo/fHa) of ore-form-

ing fluid from Qulong porphyry copper deposit ( figure and bio-

tite data of classic deposit are from Yu et al. , 2022 and Parry

et al. , 1978; Jacobs and Parry, 1979; Zhang, 2000; Seedorff
and Einaudi, 2004 ; respectively)
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Mgk © A~ (16) AMUEH T “ BBk +i k"
TIOURG, WEH T B BRI R T B =T R
G¢, T B B4 R e T IR A A P
TARM A, @ A (16) RIEM TR atk+
TR ZICRGE, 24 RGP AR A, C 7R
o BEFIAL AR 5] F) 23 TR PT B 2 S I A2 2% ( G A0 A~
B IR AT = AR ] B9 23 FC B EAT ZERURRAE , WL T SO) o
HRL S TR, JF AR A W00 X — A REPEEA TR A
PHE, AR U, QR E R 8 = B A 2
TR TR Bl PR A T B BB B X
REAT DL AT R Ko ™% i 5% i, 42 8 2 24
(16) AL R AT 5EME

TESRFTRE R BE A Cl SR IR Z AT, 7 2
FeAd S — T Bl A R B H A K P Gl i
RRAIE 5 B8 8 7 s i 21 B R Rl 4 T
YR m kWK CL &8s pykaE , M2 ()
fEFA IR CLRY SRR S, I, A SOl
TR LA SR A Bl 2 B
KI5 IR e BLBES HR T RO L

5 RHEAPEA T A CL SRR

FET FIRERAR, LUT 50 1 48 A B R 4

FEAUBREAH 0 (XD ;. B/ 12) PR K
3¢, AT AR P25 N RIS B T 3 e 3R 30T e o 5
ZJa IR AR e R s Bk (Xia et al. , 20115
Zhang et al. , 2014a) , TEMRFIPEESEX —(E G CL o
BAERR A TGO T (Barnes and Straub, 2010; Barnes et
al. , 2018) , 3HLfif flf 43 0 B2 A 0 B T CL Aok
TRAE R,

{ELAP TR s | AR It o AR 2 2 5
B ) B, 2 O R A A K €L
SREAE, P G 7R A FH Bl K A 2R AT A6 55 =2 A X i
NARE B I A B AT i e S T M ). D B
FHAE S B el G5 & F O SRR A
B I AHRE A B K A e T F R R
B R AT S BT RERA 7 (R B PR 0 (1) 2K LB g
bt R P B LS, DR A R S X
<0. 1 MBI SIER (HRBHR K2 2 T F & il
SERORUE B, ISR A TG R 218 3
>10% £ 2 ApEAR CL &) @ MG SCk
Hs AR RA 2 Cl S 2 E KA I Cl
S o SO TSR EE A, BB R A4 B0k B TR s
RE R AE; @ Bk A Pw xP/xire &
XPa X BRG ELIE  TE A SR e AR (18] 13) , X
WA I A 30 1%+ V5 4 FH T 52 i ( Stock et al.

1Ly )| J A 2L 146 sk Y v o >
G CLEY Erax Jenl pe sk R, A NEF A& IR mE  2018) .
D VRN : : - b g
: ee i PEAW-SATAEAH % oseases et L\
! A - pim == = . ]
s - v : . RrpEhb ik
. 4 ;—[_ug ; "= & gl A }!;.35 e R e
17Ma |4 RS | 0 i ; 200 ks
. @ | g 1 ' Sy
17 Ma 17 Ma i ALY~ ke . b s
Pend '. : : 15Ma 0 20 Mo > g d
sy | btz — ' HETRI9-1IMa Sl - T T DRk tf:
= S ‘® Yau, "y, v 16-10 Ma e - - - . > W
_ Aoy | .. ~2 817 Ma ol B e BT } -Jis"y‘;a b._'h. 21 Ma  Z1Ma e
A D L L T 7~ SRR = i 3 6Ma @ g - s 36 Ma 1aY
= ! "?""..’j}.‘. .~ 1 * Ve : 13Ma & 4 Mﬂ_.'. . ‘\ ‘.
S ! B e, *, 19-17Ma ® ;‘%pﬁq}gd :_..:t-‘..-” :1- .:_;'M .l!.f(-);l--.ln.'\--.-..
! e y, | ety 5 Ma 2 " 30 M Sy
mo}fm : e naw e '--.:...'.'.-I-Il-l:ll"f:‘rlly-l.q"‘fr'k .. 17 Ma a- : = 38‘“?
82°F 84°F 86°E 88°E 90°E 92°E 94°E
- B - R ik S u T |:] i 34 F MR 3
|:| Wk |:| RT3 ot R R R R

K12 7 s It BT 1] () IR R e JRURR S B T B S50 B B0 B I IR A T e i ik
SAifE B (b, ¥& Guo et al. , 2015; Yang et al. , 2016; Zheng et al. , 2019; Li et al. , 2021b)
Fig. 12 Simplified geologic map of Tibetan Plateau (a) and geologic map of Lhasa Terrane, showing the detailed information
of fertile and barren adakite-like porphyries, ultrapotassic Rocks and the outcrops of lower crust (b, from Guo et al. , 2015;

Yang et al. , 2016; Zheng et al. , 2019; Li et al. , 2021b)
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B 13 BT XEP0 /X X X kA At
P (P Parry et al. , 1978; Audétat et al. , 2004; Chelle-
Michou and Chiaradia, 2017; JBHL %, 2018; Xie et al. ,
2018; Zhu et al. , 2018; Xu et al. , 2021a; Liet al. , 2021a;
Parra et al. , 2022)
Fig. 13 X@ie xmaie ys, i/ X of apatite (from Parry
et al. , 1978; Audétat et al. , 2004 ; Chelle-Michou and Chi-
aradia, 2017; Xing Kai ¢t al. , 2018; Xie et al. , 2018; Zhu
et al. , 2018; Xu et al. , 2021a; Li et al. , 2021a; Parra
et al. , 2022)

AT AE R BoR R BB A AT Ol A
BUWTFRAE. © ARG H 9 ARl 78 BE A i 7
o BROFEA B 5% 2R VDA 2 (Sar Cheshmeh ) S A 5T
(Sungun) BN IR, HAx 7 AN R A KK CL
HHMETF 0.5% (1) B4R L, Rl 48 78 B 25 4 1™ ol
W AK Y CL &N 0.39%; @ AT 5K
AN RKE , 5L R T B K A
A5 0 B TP KA T LAY CL & A CU/F IR
A, F BLRT AR BRI A 3K CL A R 5
{E., VERXT L, A S0t X ok [ 26 P A0S 1) 351 6
AN PRI BE A HT BT A 3K CL & b AT T,
giR s, @ Gitry 6 M rh R BEA M b, A 3
RIS CL AT 0. 5%, 53490 3 A0 K i
F0.5% , W A5 BT (Red Chris ) FVERTBEA 0B
U EH A Cl & 8RAE 0. 85~0. 87% 2 1A ; @ fffrhil
BEAHE A A Cl &R 0.57% , W i m T
AR YA L R R TR B S B R A 2R3 L
(F1),

ST RS LEIREREE RN o SR8 F 144 5K
Cl i, 25 X YRR BT ML 1 R BT T 1 o025 3K
Cl S th b 7 T B45 (R 2) . GoilEudi WonmliiE 2R
B R 5 EFHTC R % A K Cl S ik, A
0.02%~0.09%, M2 T A ep A 5E I % s
ICAEH CLE &N 0.07% ~0.25%

6 Al AYBE S AT Cl AR IR

UG EREE T k= 16 Sl i KA R ARy
B RGPS 1Y CL, SR T 5 R ATh SR A
B ClL U AR I e AU B IR, IR 2 Al 43 72 B
HAA R A 2 i CL B IR F e b 25 i3
B 5 TS E T R AR T s TS L e 7 3 o
il AR A A7 1 i PR P D A A T S R T
BRE (Hou et al. , 2015; Yang et al. , 2015) , DA R
P — TP R B P B 4 2 b o iy D3 B RE CL Ay mT
Hleyd
6.1 {FHMEHER TH5E

{RUREY il N e N gl o = A i L N A
T PRUBTRE B 0T 1R IR v A 9 25 R IS AR B 4R 1Y
—MIRA R T ST (B 14) , X R A T Hse
1) E2E T Y —MIN A IR A AT REGRESE 1 IR oh
W BeolUa J b i & i W45 A 4y, T AE IS Al 4 i
TR A 5 s L B B I ( Davidson et al. , 2007;
Lee et al., 2012; Chiaradia, 2014; 15 1% jif 4%,
2020) .

2B A T M AE h T R B A 3 N 4R I
R 5% T XRS5 AR A8 1) B e 2 5 ) T, A XD R S
AR ES H O i I A D e R (B 12) o Ho A
DN B e I — B N HE S e 4 TR
TE 30~ 55 km Z[a], F RS [0 JEBE LY 2 km; BT A
FIFH &5 A 728 BT AR IS 5 30 0 B O A% AR IR B e R AL
I A 95 ~ 86 Ma, X N 7 45 4 0 ¥ 119 0F ot 060 10
(Zhang et al. , 2014b; Niu et al. , 2019; Guo et al. ,
2020) ,

ATk = O S X T Hb 7 A A A IN A B CL
TGRS, REOCE EEMH G SRR, A
AT LIARSE A TN A i o 2145 BT AR AR T Hhoe
AR IR B Kd 7o (e 8 22 M SRl R ]
RAEAINAEE CLABES) , LUORIRT T AR T #b
Fol CL & ik, A, BHEGE T JURRART #hoe
A ) s R AZ () HH R HAS R R EL
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Table 2 Chlorine content of barren magma from subductional settings and collisional settings
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Sano et al. , 2008; Keken et al. , 2011; Pagé and Hattori,
2019; Guo et al. , 2020; Bouvier et al. , 2022)

Fig. 14

slab (modified from Zhang et al. , 2013, the chlorine content

Diagram of the subduction of Neo-Tethys oceanic

of the main reservoir and the detail of subduction are from

Gast, 1972; McDonough, 2001; Wallace, 2005; Bonifacie ez

al. , 2007; Sano et al. , 2008 ; Keken et al. , 2011; Pagé and
Hattori, 2019; Guo et al. , 2020; Bouvier et al. , 2022)
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Fig. 15 Diagram of the post-collisional settings of Gangdese
belt ( modified from Richards, 2015)
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Fig. 16 Plot of ¥Sr/*Sr vs. chlorine content of apatite
in fertile porphyry, barren granite and lamprophyre from
Machangqing porphyry deposit (figure is from Xu et al. ,
2021b)
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