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Abstract: In nature, copper mainly occurs in sulfide minerals. At present, only the sulfur B-factors of several
Cu-bearing sulfides and the iron B-factor of chalcopyrite have been determined, and the B-factors determined by dif-
ferent researchers are different, impeding the application of S and Fe isotopes as powerful tracers in tracing the for-
mation and evolution of porphyry copper deposits. In this study, the first-principles methods are used to compute

the reduced partition function ratio of S isotopes (10°In8,,,,) for Cu-bearing sulfides as well as the reduced partition
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function ratio of Fe isotopes (10°InB,,) for Cu-Fe sulfides in the temperature range of 0~1 000°C. 10°Ing,, ,, de-
creases in the order of covellite>cubanite>chalcopyrite = villamaninite>bornite>chalcocite, and 10°InBy, ., decrea-
ses in the order of cubanite = chalcopyrite>low-bornite>high-bornite>intermediate-bornite>intermediate-CugFe,S;.
10°InB,, 5, of Cu-bearing sulfides displays weak correlations with S coordination number, the average metal-sulfur
bond length, and the average bond lengths of all the bonds formed by S, while 10’ Ing;, 5, of Cu-Fe sulfides displays
an approximately negative correlation with the average Fe—S bond length. S isotope fractionation caused by the
phase transition of chalcocite is very large, while S isotope fractionation caused by the phase transition of bornite is
negligible. The results of this study can provide theoretical evidence for tracing porphyry copper deposits and other
types of sulfide deposits.

Key words: S isotope fractionation; Fe isotope fractionation; first-principles calculation; porphyry copper depos-
its; sulfides
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TR YI K SRR B LR 1, SR IRSEH R T
72 fs ML IE R0 3 30 1 27 J7 ¥ R Ak ( Wentzeo-
vitch, 1991) , SRR E b B4 i1 ) 42 )
/NTF 107 Ry/a. u. o XFECHRET J7 S0 FIREH G
i) Fe J5L7-HEAT A AL I 50 & o S Bk mE S5 1, RS
AHRE, A (05) TR B RBUTH R TR
v, v H4E Méeheut %5 (2007, 2009) H4E 1 J5 1%
TR E TR ¢ SRR BBl e SRS
3 3ot R B S 5 A 3] S s ) 14 g ORI e A
(BT BB g sAS A3l ) 230 B AT A5 2
WWRIIRSIIR R AR R FH AR g s A% 2
Y g A% IR 1,

2 Tl

R — RIS B4 B A REAR B 48 | PR AR
AT T 5 AR AR T B SR A A
Liu 25 (2021) BV RIBE S 45 TR 45 R -5 50 5
P A ARG 00— Bk IR ZE AT 2% , B 7R H



1174 " oA W

AEmEIT MATE—HREBHEN K =
W& . RNERINER ¢ SR
Table 1 K mesh, regular ¢ mesh, and dense ¢ mesh
in first-principles calculation for each sulfide
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R7] X N, KMt g SR N ¢ s
WA B Cu,S 144 1x2x1 SD SD
ARl CuS 12 8x8x2 4x4%2 8x8x4
MRS CuS, 12 6x6%6 4x4x4 12x12x12
AR CuFeS, 8 4x4x4 4x4x4 12x12x12
JiEEmT CuFe,S; 24 3x2x3 1x2x2 8x8x8
B4R CusFeS, 160  2x1x1 SDh SD
B-FEHR” Cu,S 24 3x3x3 2X2x2 6X6X6
- Cu,S 24 2x4x4 2x2x2 4x8x8
PRI CusFeS, 160  2x1x1 SD SD
PIRBEHET CugFe,Sg 20 4xdx4 2x2%2 10x10x10
EBBAE CusFeS, 120  1x2x1 SD SD
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Table 2  Fitting parameters of temperature and calculated
reduced partition function ratio of *S/¥S (10’Ing,,,,)
for Cu-bearing sulfides
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A 7.479 3%x107" 0 0
il W 1.176 4 —-4.434 6x107°  2.445 7x107°
R 1.096 4 -6.141 0x10™*  6.906 9x107°
HEH 1.0822 -2.9853x107° -4.037 3x107°
Ir A 1.114 7 -2.5659x107 -5.611 3x107°

BEAR - 8.024 9x10~" 0 0
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Fig. 1
function ratio of *S/*S (10°InB,,,) for Cu-bearing sulfides

The temperature dependence of reduced partition

T 2. 86%0.2. 48%0 2. 25%0 2. 21%cH11 0. 39%o0.,
2.2 MEAT MRET ERSGEN S AR
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FE,103°C N2 B-MERH,435°C I 5575 4 a- W4
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DL Z SR 5 M ) DX, AR SCHIF 3 T CugFe, Sy 19 [H]
(St i

AR FNBE R B [7) 5t 242K 19 10°InB,, 5, Bl IR
FERAR R 2 FrR, 5iREXRWIEG SR
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Fig. 2 The temperature dependence of reduced partition
function ratio of polymorphs *S/**S (10°In B,,,) for Cu,S

and CusFeS, polymorphs
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Table 3 Fitting parameters of temperature and calculated
reduced partition function ratio of *S/*S (10’In 8,,,,) for

Cu,S and Cu,FeS, polymorphs
JIR7| a b c

B 1.2513  -5.594 4x107* 8.673 3x107°
a-HEHT 9.796 2x107" =2.309 9x107°-8. 603 8x107°
r LB R 8.122 0x10™! 0 0
FRBEE (CugFeySg)  1.0753 3,078 8x107° 2.022 6x107°
e A B 7.799 2x107! 0 0

TE: 10%In By, =ax+ba’ +ex’® | x=10%/17, T RHIT/RICIREE

HEH>CugFe, Sy >a- WA > th R BEH T ~ IR 5E
B> e R BEAR T >y -HERR AT, X LGIEL 1 AT R A
FHAEG IR S [ 28 4018 LB i A TR B A
Z IR MR B R AE 103°C, y-FEH B 5578y B-#E
BRI A S [ ZR SR 3. 09%0; #E 435°C
B-RESRT 75 Jg o- HERR B I P2 A2 Y S TR 2R A48
0. 53%0, SHEHFHEL , BEHT 0 FHAZ B 7= A 1) S [H]
N AR /N, 200°C B, CugFe,S, 5 ik BE 4
W 10°In By, 4, MIZEHIN 1. 12%0,,
2.3 Cu-Fe WiL¥H Fe BRI & 518

T 0~1 000°C Z 18] Cu-Fe HifL¥Ii Fe [Al1;
RIABL T R (10°I084,5,) , IR 10°InBy; 5, =

a(10°/T*)+b(10°/T%) > +c(10°/T%)* 14 10°Ing,, .,
HiREZ B RBOCHR  UEREILEK 4, & 3 fr
/R Fe 7£ Cu-Fe Bk Z 0] (4 & STy« 5 8 4l
W =~ T A A SRR A A > w5 R B AR A > v TR B A B
>CugFe,Sy. 5B (RIRASA) A1 Fb , 25°C i 554
W7 B 1 Fe i 5 5 1. 43%0F1 1. 58%o.
XTI 1,23 AT, B A 5 07 BT 2Z 6] /Y Fe [F]
PEEE S AR MR, LA RS A
SEDE AT 2Z [5G AR R 2250, 451 an A it A2 1A 5 rh
IRASAR 25°C Hf 10°InBs,.5, BIZE R R 1. 07%o0,
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Table 4 Fitting parameters of temperature and calculated
reduced partition function ratios of ¥ Fe/*Fe (10’In8,,)
for Cu-Fe sulfides

R a b ¢

B 6.323 5x107" =2.951 0107 8.318 9x107°

J5 B AR AT 6.438 7x107" =1.920 1x107* 1.963 2x10°°
BRI A 4.824 6x107" 0 0
I B 3.875 0x107! 0 0

IR BESIT (CugFe,Sg) 3,520 3x107" 2.598 8x10™* -3.670 9x107°
o R A 4.497 6x107" 0 0

TE: 10°I0By; 5 =ax+ba’+ex® | x=10%/T7, T R ITF/R IR,

1/°C
600 400 300 100 50 ]
T

200 150
¥ TTT T T T

=54

]il';l.n,.".'\ :

1007 7K?
B 3 Cu-Fe ALY Fe [F {7 R i 4 FC 4 PR EH S TR EE
(PSEN

Fig. 3 The temperature dependence of reduced partition
function ratio of *’Fe/*Fe (10’InBs,.,) for Cu-Fe

sulfides

B 05T 2 T NRIXS £ W 1 546 57 1)
Fe [F] {37 25 ) 2 L 43 PR AL LE (10°InBs;5, ) ( Polyakov
and Soultanov, 2011; Dauphas et al. , 2012) , A3t
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NRIXS ¥l , R AN 75 35309 10°InB,, 5, AR
KEZEN , AR SCHTHE 45 3R 5 Dauphas 45 (2012) %
FH 31581 10° 108y, o, AR — 20,

T Cu—S BELISN, B 7T L5 5 —A4 S T
S—S B TEFHE T 5 KB S I R Y5 Cu i+
TR Cu—S 8,4 WHELAL Y S JEF5 3 4> Cu JiF,
FHN 1A S RT3 BB B Cu—S B S—S i 7
Cu-Fe Btk ,S T LS Cu B TIE K Cu—S
N5 Fe JRFIEMK Fe—S #, & Cu BifbP i &8-S
SEEEK LR 5, W LI AR SR TR R S S 2
R GRS IRZEAB 1.3%, £ 5 HEATIH
B-HEHA" - HEARAT | v TR BRE A0 ™ 1 1 VR B S
DU R | 2 R R S B0 25t I AR S5 44 vh Cu R+
AIHES S TEFE 05 CugFe, S, Ao 52300 b 4 KA 7%
G L D TR R R R G R R R T O A 1Y
(Ding et al. , 2005) ,

£5 SCuBmLYNLE-S FHEKE 25CHIE

10’18,
Table 5 Average metal-sulfur bond lengths and
10°In 8,, ., at 25 °C for Cu-bearing sulfides

4C
600 400 300 200 150 100 50 0
Il L T T T T T T
10F A3 P
gLl Polyakov and Soultanov (2011) -
sssvsesnnees Dauphas er al, (2012) P G
& -
-
/ ”~
h':‘ 6F ~
= s
= St 7
= 7
4 rd
-~
3t s
-~
2k -
~
1 -
(] 1 1 1 1 1
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10°7 VK™
Bl 4 H Y Fe [RA 2 & 290000 AL SR AT 4SS
X E

Fig. 4 Comparison of the temperature dependence of reduced
partition function ratio of *'Fe/*Fe (10’In8.,,)

for chalcopyrite

3 i
3.1 @KME Cumiyt s B S B

WY R R R B AEAR K AR B B TR R
JEF- IO 85 SRS BB B, — BT &, B
BN ) ' 4R [F] 7 FR (Schauble, 2004 ) ; %4k
B A 5 W R E LR (ONeil, 1977) 5 512
(i) P B R B T B iR RE K RS ) AR WA R
(Zheng, 1995) . AT, [F 2 J5 - 1 TC o7 H50O0T 4318
(A3 A XA SCRTRIFSE 14 7 Cu BRALI Y S TR
ROBIEAEE ], e, g rh S T i BC AL
BOh 5, RBRAERET  EA TR AR AT S R
BCAi ik 4,100 B-HEAR T 1Y 10° I8y, 5, 1K T R AR
B EH TR BT 10708y, 5,0 T Cu W
wAk S By A 0 AR WA & H, L an
v-Cu,S(S H=2 1) i 10°InB,,,, KT CuS,(S H-1
) 19 10°InB,, 5,

e a By MIREH T S T HY Cu JiRTIE
B Co—S B AE BB B P, S IR TBR T 5 Cu i

Y] HEME R HKIRE% 10’1085,
R 2.3449 2.3269° 0.8 8.422
] 2.2802 2.2504" 1.3 12.720
By Rk S0 2.4840 2.4528° 1.3 11. 666
HH 2.2880 2.279 3¢ 0.4 11.802
J7 B A 2.2794 2.2863° -0.3 12. 147
BEH 2.3573 2.3402' 0.7 9.037
B-HERE" 2.2812 13. 505
o-WEAR 2.3723 10.726
r L B R 2.344 7 9. 146
FFIR B (CugFe,Sg) 2. 332 3 11.747
TR TR B 2.342 1 8.782

H: BE R IR a—Evans, 1971; b—Ohmasa et al. , 1977; ¢—King
and Prewitt, 1979; d—Hall and Stewart, 1973; e—Fleet, 1970;
f—XKoto and Morimoto, 1975,

SHH T &)R-S FEHK S 10°1n8,, ., ZIH]
M FR, AR R U4 8-S K 5 10° 185,45,
VA W AR OGP, BRI 2% 1 S I BT IR i e
27 ST R | 3o 553 A DGt 8 A A 3 0l
XFFECAEARE S Cu ik, &8-S Ptk 5
10°InB,, 5, WA B W B AHCPE, flin, S JE Bl f;
BOAR N 4 B BE G B A R AT, Cu—S SF XK
FHZEAR K, T 10°InB,, 5, HIFEASAHIF] 5 o Ty AHHE 5
WK S JRTRCA BTN 6, a AR Cu—S SR8 0
KTF y #8910« M) 10°In8,, 5, FE KTy MY,
3.2 KXt Cu-Fe WL ¥ Fe RGIEHIBRIZNE

A SCHEGE Y Cu-Fe B £ 9 H Fe Ji - B BC A 5K
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Average bond lengths of all the bonds formed by S of covellite and
villamaninite are shown with A, and average metal-sulfur

bond lengths are shown with @and <

A 4, IR T X Semm Ak h Fe [A] 7 35018 19 52
Ml PR 28 B AT LA 2200 Fe JETF- A EL, Cu-Fe BifbH
T Fe—S HE T8 ILER 6, i LUE H TR 5 58
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KFR, W 6 i, 10°In8,,, 5 Fe—S F K I
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10°In8,, ,
Table 6 Average Fe—S bond lengths and 10°In8, ,
at 25°C for Cu-Fe sulfides

LRY] HHEM TRME HEKIREE% 10 s,
BRI 2.2511 2.256 6° -0.2 6. 865
7 A 2.2582 2.2653" -0.3 7.010
BRI 2.3073  2.3027¢ 0.2 5.433
TR B 2.3223 4.364
R BEHIT (CugFe,Sg) 2.328 6 3.945
IR KE R 2.303 5 5.065

. B R UR a—Hall and Stewart( 1973) ; b—Fleet( 1970) ; ¢c—XKo-
to and Morimoto( 1975) ,
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Fig. 6 Average Fe—S bond lengths vs. 10’In8s;.,
at 25 °C for Cu-Fe sulfides
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ARG Cu BRALA) JLF-#B AT LLAE B 5
B H B Riveros et al. , 2014; BRBHZF4E, 2017,
XIS LA, 20205 HaEBI4E, 2020) o AF 0 BEE AT
TR E LR AT AU Y, AR S R R AR
SR Z 58 (Kim et al. , 2019; He et al. , 2020;
Tang et al. , 2020) , BEHIT 200 AR J5 &5 5628 ik A
F Cu ) an 4 1) B 1 8 ANk R £ ( Mathur et al. |
2009) . FEBEAHG AT o5 AL ) 7R A 2
— EAETERY (Sillitoe, 2010) , 7] L5 Z R0 5 E & Cu
YRS Co Y34 NI My 5 HE &
Cu B Z 811 S [R L 2 5318 R BT LU T B
B HE S AR HE 2R AR SR S H )
1 S [Alf F 4018 R AR S A AT Z AT 33 0y Bk
TrEe INEET SR AL P S [R5 K 4018 & X ( Liu
et al. , 2015, 2016, 2018) , ¥ 2 Mk 58 BE A A S
HE AR RIS HE 8T 4 T A BRI A

WEAR A SR 153 3R B AR A L BEAR 7 TR O
R Fe [A 5 (HIZENFE b 1 SO IX 2 M
i ) 6°°Fe (=0. 99%0 .~ 1. 09%0) /N T BEAR B
i1 6*Fe (0. 10%0 . —0. 69%0) (Wang et al. , 2021) ,iX
FH Fe [A0 28 40 18 A6 X PR AR A 4 v o 38 21 OF i
Blanchard %5 (2009 ) >R F 5 7% SCHH [R] 1) 6§ St 58 17
BRI Fe [R R A 20 B 5 RELLE (10°InBy, 5, ) , 5
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AR T DL R X S o TR E (2555, 2020)

BEARBALYI ) S R R AR TEWE 5S8R 1 B
BRIV A | R 52 4 | 7 i TR Y 45 22 o b ot ot A v ke
FHEIEM (A2 F 0T UKEE S A%
R 20 o]l T R A AE AN P AN 67'S R
H5EEERE AW KRG IE (Hiebert et al. ,
2016) . Bl R 2 ATl AR 1 & J& |, Cu-S [Flf;
RIS (B0 K5, 20165 BRFHZ=IUF, 2017) (Fe-S [A]
£ ZBA (He et al. , 2020 Ray et al. , 2021) Fe-Cu
[FIv; ZHEA ( Graham et al. , 2004) 55 E # R 2
TR, BB TR IR, X & Cu 5791
Cu [RM RS, BT A SEWFSE (Liu et al. , 2021)
ATLARBL S Fe Ml Cu [F Z X Cu 54 1)
I IBTERAHIE, & Cu YA FIRE T S Fe
Cu [F7 R /18 R B 2 v LA Cu-Fe-S [Rl iz
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