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Abstract: The formation of gold deposits mainly depends on the transport of gold elements from deep
underground to shallow crust by ore-forming hydrothermal fluids and their precipitation and enrichment, a
process that largely depends on the stability of gold complexes in hydrothermal environments. The key to
exploring the specific conditions for the formation and migration of gold-rich fluids is to clarify the
physicochemical factors that affect the stability of gold complexes in the hydrothermal fluids. Based on the
thermodynamic theory and after the supplementary database of the geochemical simulation software GEM-
Selektor, different fluid systems are designed according to the natural hydrothermal environment, and the gold
solubility calculations are carried out in this study. The results show that hydrothermal fluids with high
temperature, high oxygen fugacity, and rich in reducing sulfur ligands, such as HS™ and S;  are more
conducive to gold dissolution, and that Au-HS™ complexes exhibit higher stability than Au-Cl" complexes,
especially the presence of Au(HS)S;", which significantly enhances the extraction capacity and transport
efficiency of gold in the evolutionary stage of the ore-forming fluids.
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FETE T IO o FAHPIR R SR A AR
FEICAAR, KMILAR, TG BN N I AL B S A ™
A T i ) O 8 IR 2R (Stefansson and Seward,
2003; Pokrovski et al., 2014), BT LA 4 16 #1572 H )
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LG WK R, TR & B e A R AT
Au(HS), B &0 FELEAY . WAE 300 °C L
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(Williams-Jones et al., 2009; Heinrich and Candela,
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Y. ARk, BEE T TBOAWIA IR, &R AIRS
Bie 1A 25 A 9 i 22 9% & B (Mei Y et al., 2013;
Pokrovski et al., 2015; Yin Y W and Zajacz, 2018;
Mei Y et al., 2020; Lai F et al, 2022) , FH tf
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b A8 B AL P AR TR R S8 (iR EE
LR FUREE . pH. B X Au RS20,
FEEEA BRI R B ARRRIE AT T E—20 1)
YSUE . P ARAS 4 G YR BENY RE RS 1 e AT A
) 270 A 245 B B8 1 b Au s RS A B s ik, i RE
S50 b A 43 T DTVE MIBILA, HE— 25 x4 )8 &
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A& 23K 2Py i A A AL AT FOE S . T A
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Table 1 Software and database sources

WA BB B3l
GEM-Selektor
SUPCRT92
SLOP98 database

http://gems.web.psi.ch/
http://pdukonline.co.uk/download
http://geopig.asu.edu/supcrt_data.html
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2.1 iREX Au ZEWIRERSME
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Fig. 1 The changes of gold complex concentration (a) and sulfur species concentration (b) with temperature
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Table 2 Concentration (mol/L) of gold complexes in equilibrium at different temperatures
RECC) 200 300 400 500 600
Au(HS)H,S 7.10x107" 3.98x107" 5.64x107" 1.15x107"° 8.83x10™
Au(HS)S;” 8.75x107% 3.23x107" 2.37x10°* 7.08x107* 1.44x10™!
Au(HS)" 1.09%107"° 2.39%10°° 1.33x10°° 4.91x1077 3.53x107°
Au(HS),” 1.67x107" 9.46x107 1.13x107* 3.01x10™ 1.56x10™
Au(OH) 7.35x107" 1.80x107"° 3.14x107° 6.65%107"° 3.92x107"
Au(OH),” 6.53x107 8.94x107"® 5.66x107" 1.59%107' 1.36x107"*
AuCl,” 5.67x107" 8.62x107" 7.71x107° 5.22x10° 1.05%10°®
AuCl 3.61x107" 2.86x107" 7.86x107" 2.01x107"° 1.03x107"

x3 SHEGSEARRRETEERNRE (mol/L)

Table 3 Concentration (mol/L) of sulfur-containing ligands in equilibrium at different temperatures

MREECC) 200 300 400 500 600
H,S,0, 2.66x107% 1.27x107% 1.92x107"7 221x107" 6.06x107"
HS,0, 4.42x107 6.31x107" 4.15x107" 1.00x107"2 5.89x107"
S,0.% 2.81x107 451107 491x107" 4.48x107" 2.30x107"

SO, 5.57x1072 8.03x107"8 1.07x107 1.63x107" 5.78x107"!
HSO,” 1.24x107'¢ 1.06x107"2 9.15x1071° 4.88x10°° 8.77x1077
SO,> 1.82x107" 7.38x107" 5.55x1071 7.20x107° 8.92x107*
Sy 4.64x107%! 3.82x107"% 2.10x107"° 5.15x1077 3.75x107*
S,> 3.56x107' 2.03x107" 2.52x107" 5.98x107"° 1.45x10°*
S 1.17x107 1.59x107" 1.89x107" 2251072 1.71x107"°
SZ 2.43x107Y 9.35x107% 1.11x107" 6.91x107" 1.74x1072
S 4.15x107% 420x1077 5.20x107%! 1.75x107"7 1.54x10™
H,S 3.46x107" 3.35x107° 2.49x107 9.31x10°* 2.00x1077
HS™ 8.86x1077 1.12x10°5 1.00x10™* 2.19x107* 4.08x10*
s> 2.90x107" 3.37x107" 5.71x107"7 8.25x107' 4.05x107

FE = IRV WO I RCE YT . BRI, Au(HS)H,S
A YITE BRA IR T AT R 2 B A B ) o
A, B b AT, AR R N AR AT
FE YRR IR B T g A, Sy fE R R AT
AT E L, M HS 708 T B2 0 N AR o 34
M. 25 SR B2 A WA LR B R O, 2
o TR - S V)N A i D VA (E R A o =IO 15
(Zhong R Cetal, 2015), miRA M T E&-HLEEY
FOEFATE . SR, i T ERm Ak i il 2 0 e b
IY PR AR TR A 5 i, X SRR SR A
R HSTEYE . T Au RSB R 2 IR, &)
5 HSTE MU, X —FErEsg R 7 A 45 WTE
PR RS E PR, DT R AR T H IR B T = |
S 1 2B BRI e . PRI, Au(HS), TE%E
AN EE T R R T, BT S IA  1 4
Wik ¥ [Au(HS), . Au(HS)]. & 1L ¥ ( AuCl, .

AuCl) AT ALY (AuOH ) 4545 44 v e A 1Y)
W) (Seward, 1973; Stefansson and Seward, 2003;
Pokrovski et al., 2014 ),

2.2 pH FAFIREST Au ZEWIR BRI

2 S0 3 1 23 5 | HORAR & pH (B Y 2
A5, BRI 20 G RV R S UTTE R OCHE R 2% . 1B+
Fe L5 Au F1 10 wt.% NaCl ILAZ] 1 kg /K AgEHA]
TR Z i, ER At PPM B2 & S8 vh, E IR
&4 400 °C, 7E3z 17 H ] NaOH 1 HCI 4 fif iR
JEMf pH AT 2 ~ 11 2Z [0, 85500, 4 4,

H 15 2a AT, BRAE 2= v M SRR TR Hl
T SSREMFTE, AuFEEY S, %GB
Au(HS)S; FAAETHRR T, (5 350, 24 pH BT
Thim, T Ry Sy AR E PEREAR, P HS &%
R Sy, R AE - IR S P, Au(HS), 23
R Au(HS)S, W R e HZE IS A RN . X
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Table 4 Concentration (mol/L) of gold complexes in equilibrium at different pH values

pHIH 2 3 4 5 7 8 9 10 11
Au(HS)S,” 1.37x107" 8.97x1072 1.98x107 4.83x10™* 2.68x107* 1.00x107* 1.92x10° 2.43x10° 5.24x107'° 3.12x1072
Au(HS)” 2.21x10™* 1.21x10™* 2.65x10° 1.20x10° 1.00x107° 4.13x10° 1.10x10°® 2.57x1077 7.07x10°* 1.26x10°®
Au(HS), 6.77x10* 1.04x107° 1.26x107° 4.35x107° 5.34x1072% 2.51x1070 2.51x107" 2.50x107" 2.46x107" 2.23x107"
Au(OH) 2.10x107 1.85x107 1.78x107 1.26x107 7.20x10° 3.84x10° 2.48x107® 1.52x10° 9.74x10° 5.58x10”°
AuCl,”  2.04x10* 2.15x107° 2.40x10°° 2.10x107 1.29x10°% 4.42x107"° 3.20x107" 1.68x107"? 1.27x107" 5.12x107"°
AuCl 9.45x107° 8.82x1077 8.99x107° 6.49x107° 3.82x107'% 1.35x107"" 9.68x107 5.18x107™* 3.95x107"° 1.49x107'¢
FMQ HM
-1 b
101 ? Au(HS), 187;
102 I
| 107
1071 Au(HS)S;” 10
107 o~
5 ~_ 3 10°F
= -5 N T =
E 10 AN T~ S 106F
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O ———__ AuOH ~Qu ©
107 —— NG 108 F
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Fig. 2 The concentration of gold complex changes with pH (a) and oxygen fugacity (b)
FMQ: $REIHEAT-BE BT -47 55 HM: BEER ™2k k™
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H I SREE AT, BV 4 R & IR 2% &
Y1 Au(HS)S, -, o5 = FHUAT AT SR S Ak A6
G Au(HS), ", X J& R iz A R R EE TR A
FKAF R . S L, &MES A T
DA TG BETRFR PR XA S, 1T AR R (1 SRR
FERR . GRS G Y RIARE YR pH (A
1T R, 50 AR5 R (Zotov et al.,
2018) — 2, RI7E op Pk ERR e AR, T Au-
CIE8 G R A e Ve 10 2 R A, FOXT S iE At 1Y
DUk T] LA ZIEANT T

PR Z2 T S0t B X 45 28 48 5 vk B 1) 52 T
B3 2800 R BT A EU%R 3 A% 1438 L
F FMQUER MM A1 -#E k™ - 9% ) 5 HM(REERA -
R WA AR IEZ bR Z m], B —B ARS8
B HM B3R A 48000 B K SF (Richards, 2009), iX

B TR0 ) MUESE . ARG I, 3
e SR R NI 7 Au. 10 wt.% NaCl #ll
1 kg 7K, % B IR EE 400 °C, pH iy 5, BEHliZ A &R
Au 2550 R R P AR Ak, SR 5
M 26 BT LA Y, 7R SR B B IR R BE R
Au(HS), e B i, (e %t OOy . Bt 4
MR TN, R 2R Au 455 W0k E EA
o JE AuHS)S, BN T 6 MR, Y
logo(fo) 1 FF3-27 B, Au-HS 28 &40k FE ik 5|
femy, ZJa MO R . X 8 B RO 1R R
H,S Hl HSFER JF 451 T o5 J s, AR AR AR
i SO, HSO, fE A &4 T i F 5 . #2ik HM
2 WhR T A 7 1 S0 ST I, 5 A A R 1
PRI, BRIRER WY (5 O34, T s 0 B A 4
HHMELIA RS Au S5 BTERE % AY .. B
SRXT T Au LA WIS, o SR B T U AL
BN B ARAEER A ML T S5 R, Au EEIE
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Table 5 Concentration (mol/L) of gold complexes at equilibrium with different oxygen fugacity

logo(fo2) -39 =37 -35 -33 -31 -29 =27 -25 -23 —21
Au(HS)S;” 1.10x10°* 1.40x10% 1.60x10°® 2.10x107 1.32x107° 4.35x107° 6.37x107 2.60x10°"° 2.95x107" 1.44x107%
Au(HS)”  1.40x107 1.60x107 1.80x107 8.30x107 226x10° 7.24x10° 1.04x107° 1.19x10°° 8.64x107"" 4.19x107"
Au(HS),” 5.29x107° 531x10° 5.49x10° 6.89x10° 1.97x1072 1.83x107% 1.43x1072 3.15x10° 8.13x10™" 6.36x107*
Au(OH) 5.93x107"" 6.58x107"" 8.18x107"" 6.35x107" 3.30x10”° 1.49x10°° 1.09x107 7.44x107 1.51x10° 4.49x10°°
AuCl,  5.14x107"° 5.79x107" 7.22x107" 8.92x107° 1.85x10™® 8.55x10™® 2.75x1077 1.94x10° 3.99x107° 1.20x107°
AuCl 1.13x107" 1.79x107"" 2.78x107"" 1.38x107% 6.65x107" 3.79x107° 1.39x10° 8.94x10°° 1.84x107 5.52x107’

— i TAR R AR, X Au 7E A AL R B
T FEEL BB T, Tl B T IOE, Pt
BT AUR B A R T TR AR, AR T A0
TR FIE A (i 55, 2022) o ML M B 7 1
K, WA R AR B TR, SRR B R T
FERY R R, AR E e 2152 2 Ak
VR A2 T, DA 52 i PR R v 4 e 2
Jrao BB A AT 3 Y A B AR A
T, B SRR ] LR, SRR S TE ML TR
TREAFTE, X RAEA TR AR K &R
(Au, Ag. Sb. Mo %) 7E & B i 7K 1 19 i B
(Pokrovski et al., 2015), BT L Au fEREERA™ - IR 8k
W (HM) 22 A 22 T AR 3R 19 480 J3E 25 0 1 T Al B2
PN
23 FEFREREI Au REWIRERI

& BAERE P LA & IR AT g TR i
P2, 5 S LD EEAR R, HOR A TERE S &
J& B I A A A S e A, R S R B A
TEFRAR R R B2 R 0% =, A RE I IR BT &2 95F
B 42 T TR IX AL BB PO H A 70 RS . A
TR A 5 & B I B & YA iz i i i I
HEABELAR(Zhong R C et al., 2015), K435 i%
RS IR S R RN BN Y )
I Au TR A P B F LA S SOk e 81k, ™
MR 400 C, SR AT H PPM 7 #)4H
BGE, pH BIE R 5, B8R L4 o Fk 7,
2.3.1 SAR/LIA

HE w AT 3.5~ 29.3 wt.% NaCl,, Z [f], i%
AR VO IR A T AR ZHCEBIN SR,
 3a AL AR R A Au 255 Y0 ER AR AL
ANEBHUFZ ., 76 pH N S R MESAMET, Au-
HS 4G YITET 2 18R B AR AT Fl N ok R ]

M sh, R 5 & EAIRA LM% 5% AuCl, .
AuCIAT 1 MBI N, RTLAE H, Rt
RPAFE R IE R CL, B RS 45 AR AR,
& W IT R 2 R AR S Au(HS), 1 Au(HS)S;,
VLR B RS Au'FERR P IE RS I FEEH E
2.3.2 fRfLiA

ML 30 AT E Y, R &R SR B R £ 0 X
Au-HS AWM E R B X EE . MEARR
NSV & DA 0 wt.% HE I ] 0.8 wt.%, Au(HS),
I Au(HS)S; ¥ B 35 I8 #F 17 10 4> %k & 9,
Au(HS) W34 In 74 s ¥ sE g, JF H =& 1%
S(=0.8 wt.%) BT SR IR R SRR K, Wi ik
WX RN L B . AR R N R & B
A MAE Y B YRR, ETE
A B N R T A RS B K . —
K dE, B R A S RN, A E 4R T
ZHRE s, {8 Au 5 HALITE (140 Cu)
ANTR], 4 X0 30 JEL A 1) /R S ) 2 5 3 4 A A
Wb m £ 05 A . Hanley et al.(2005) FII A T4
R EARB ARG H, FERR AT, Bl TR
oGRS U B — 2D T, A T R R O R T
o MR R TR R (pH<3) | sk A b X
TR AR R TP A X Au B R FLER A — & STk, (2
X FEBLAE A SR AN D UL . 8 W5 55 (2000) BF
FER I Au XA b G BE Y R AR AN SR, T X
TRECIRTT T, Au POV AR R 25 B R N & S i
TR BEREAR . PR, an SR A AR fh e A
R SRR A 1 A A, AT LA 4 0 T B AR R
IE TRZ MR (AE /RS, 20205 X1 AL A5, 2021) 0 B
o P8 A B 6T 7 BRE 2 - B R R B A 5
T8 1 AR AR B AR RS Au 206 B (Pokrovski
etal.,2014),
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Table 6 The concentration (mol/L) of gold complexes in equilibrium at different salinities
EhEw(wt.% NaCl,) 3.5 5.8 11.7 17.6 23.4 29.3
Au(HS)S; 4.49%107° 4.08x107° 3.65x107° 2.06x107° 2.52x107° 3.45x10°°
Au(HS)" 5.93x107 5.58x107 5.50x107 3.21x107° 3.16x10° 3.65x107°
Au(HS),” 1.07x107 1.10x107 9.21x10™ 1.48x107 1.81x107 1.84x107
Au(OH) 5.20x10° 4.78x10°% 4.77x10°% 2.29%10°® 2.26%10°° 2.74x10°%
AuCl,” 1.74x107® 2.52x107* 5.85x107 8.80x107® 1.17x1077 1.60x1077
AuCl 1.83x107° 2.07x107° 3.41x107° 4.18x107° 4.79%x10°° 5.84x107°
RT SWESYEARRE S RENAE P EEREIRE (mol/L)
Table 7 The concentration (mol/L) of gold complexes at equilibrium in the hydrothermal
solution with different S concentrations
SYR B (wt.%) 0 0.5 1 1.5 2 2.5 3 35 4
Au(HS)S;” 9.05x10  1.40x107> 3.93x10 6.81x107 9.87x107* 1.30x107" 1.62x10" 1.95x10" 2.28x10"
Au(HS)" 3.00x107"°  3.30x107°  4.19x107°  4.75x107°  5.16x107°  5.49x107°  5.79x107°  6.02x107°  6.24x107°
Au(HS), 3.50x107"2  3.80x107%  5.66x107% 6.90x1072 7.84x107* 8.60x107 9.28x107 9.84x1072  1.04x107"
Au(OH) 9.61x10°*  1.01x107  1.06x107 1.09x107 1.11x107 1.13x107 1.15x107 1.17x107  1.18x1077
AuCl,” 2.80x107  2.85x107  2.94x107  2.99x107 3.03x107" 3.07x107 3.08x107  3.12x107  3.13x10”
AuCl 6.60x10°  7.02x10°  7.41x10° 7.68x107° 7.88x10° 8.05x10° 8.19x10° 8.32x107° 8.43x10”°
-2
107 — 1?? F AuHS)S,
10 F Au(HS), o=l S AuES),
107 Au(HS)S; 103} / AUHS)
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/.—T 107 I f—rné]:lg{sl feemr 3 105+
g 1076 g 106 AuCl,”
107t AWH .S B © ig:; AuOH
sk I 0ok AuCl
10 - AuCl 100
oy
10710 1 1 L 1 1 1 10 12 L 1 1 1 1 1 1 L
5 10 15 20 25 30 0 05 1.0 1.5 20 25 3.0 35 40
R Ew (wt.%) i i (wt.%)

K 3 &BEWNHREREELE (a) FlE

VR B (b) RSB TR

Fig. 3 The concentration of gold complex varies with salinity (a) and total sulfur content (b)
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Table 8 Gold complexes concentration (mol/L) table at

equilibrium of hydrothermal system in three

main types of gold deposits

W IRZE B AR TR AR Y &Y
Au(HS)H,S  1.67x10°° 3.07x102 8.77x10 12
Au(HS)S,”  5.18x10°° 3.10x10°"8 4.02x107°

Au(HS)  9.16x10°* 2.58x10°" 2.99x1077

Au(HS),”  1.79x107 1.10x10°° 7.61x1072

Au(OH)  5.05x107 3.21x107" 4.35%10°
AuCl, 1.20x10° 5.65x107 2.00x10™"
AuCl 8.01x10” 5.26x10°" 1.06x10"
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(CEIEut A, 20155 2 255, 2022) . FREIC K
AR IR PR 0 PR LUMIRBR 2L R 32, = i B4/,
BT 5 28 BRI AR I AR R AE 8 . I TR
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Fig. 4 The concentration of the gold complexes when the hydrothermal system associated with

the three main types of gold deposits reaches equilibrium
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