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Abstract: Antimony is a typical harmful element, and the negative environmental effects of antimony-rich hot springs discharge
can not be neglected since geothermal genesis of antimony is an important source of antimony in the natural water environments. In
this paper, the morphological distribution of antimony in hot springs and its geochemical genesis were analyzed in selected typical
geothermal areas in southern Tibet and western Yunnan. In general, the antimony of geothermal water discharged from the study
area can be up to 2 128.7 pg/L, which is much higher than the background values in the natural water environments.
Hydrogeochemical calculations indicate that the main forms of antimony present in the hot springs are antimonate and antimonite ,
however, the percentage of thioantimony in some hot spring samples can be as high as 35% of the total antimony. Sulfide
concentration, S(-11)/Sb molar ratio, and competitive thiolation between arsenic and antimony are the key factors affecting the
content of thioantimony in hot springs. Among the geothermal systems involved in this study, the Tibetan MapamYumco,
Moincer, and Moluojiang are magma-heat geothermal systems, and the antimony in the geothermal water originates from the input

of fluids released from the hot storage surrounding rocks leaching and magma house as the heat source under high temperature
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conditions, while the Tibetan Quzuomu, Langjiu and Yunnan Banglazhang are non-magma-heat geothermal systems, and the

main source of antimony in their thermal springs 1s geothermal water-peripheral rock mineral interaction.

Key words: hot springs; antimony; thioantimony; waterrock interactions; magmatic fluid input; geochemistry.
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Table 1 Hydrogeochemical characteristics of hot springs
FE i i X T(C) pH EC (ps/cm) Sb (pg/L) H,S (mg/L) As (pg/L)
LJ01 B A 78.0 7.84 2992 78.9 0.09 5510
1.J02 A 65.0 8.36 3037 65.1 0.01 5690
1.J03 LN 69.9 8.08 2926 72.5 0.03 5 480
1.J04 LN 63.0 7.94 3239 57.0 0.03 4 860
L.JO5 WA 84.4 8.13 3259 64.7 0.05 5510
1.J06 PN 82.0 8.41 3116 60.6 0.06 5890
LJ07 PN 83.2 8.34 3142 55.1 0.06 5310
QSYBO1 Tl 5 gl ot (5 L 85.0 8.51 1715 301.3 0.34 360
QSYB02 o 5 gl it (5 1 88.4 8.53 1766 336.1 0.22 460
QSYBO03 o 5 gl ot (5 L 84.0 8.32 2077 240.1 0.66 410
QSYB04 o 5 gl ot (5T 12 76.0 9.20 1760 207.8 0.21 400
QSYBO05 Bp Sy e RERT ) 75.0 8.94 1818 191.2 0.39 410
QSYBO06 Bp Sy 2 RERTE) 70.0 8.92 1848 310.6 0.35 450
QSYBO07 Bp Sy 2 RERTE) 70.0 8.90 1828 330.2 0.43 420
QSYBO08 Bp Sy X RERTE) 66.0 8.96 1804 335.7 0.56 420
QSYBO09 Bp Sy X RERTE) 65.0 8.96 1818 331.1 0.74 440
QSYBI10 Bp Sy i  RERTE) 90.0 9.13 1845 349.3 0.22 460
QSYBI11 Py 2 RERTE) 84.0 9.09 1796 272.7 0.40 460
QSYBI12 Py 2 RERTE) 84.0 2.40 3014 134.2 0.05 210
MSO01 RS 71.2 7.50 1482 18.8 0.08 170
MS01-1 RS 69.0 8.05 1414 18.7 0.03 90
MS01-2 11+ 67.5 7.88 1491 18.1 0.02 100
MS01-3 1+ 64.1 8.01 1460 16.6 0.04 100
MS01-4 1+ 60.5 7.95 1431 15.3 0.02 20
MS02 1+ 71.7 7.69 1461 50.5 0.02 70
MS03 1+ 72.5 7.72 1452 98.0 0.04 90
MLIO1 BRI 83.3 7.30 6453 1164.5 0.10 20 750
MLJ02 BRI 82.0 7.80 5590 2157.6 0.03 17 030
MLJ03 LRI 79.0 8.21 6 225 584.1 0.05 18 940
MLJ04 B TL 87.0 8.33 5870 2128.7 0.01 14 770
MLJO05 IR 87.0 8.48 5447 1996.2 0.11 13 940
MLJ06 IR 85.0 8.19 5468 885.5 0.26 13 390
QZMO01 h A 70.0 6.95 1995 168.6 0.02 40.0
QZMO02 PN 65.0 6.53 1670 8.60 0.02 50.0
QZMO03 h A 69.0 7.16 1970 163.9 0.02 80.0
QZMO04 h s A 72.0 6.87 2037 11.5 0.02 60.0
QZMO05 h A 67.0 7.17 2057 207.5 0.02 60.0
QZMO06 h A 62.0 6.98 2085 19.2 0.01 50.0
QZMO7 h A 58.0 7.29 2082 230.1 0.01 50.0
QZMO08 h s A 54.0 7.60 2054 15.2 0.01 60.0
QZMO09 h s A 74.0 6.73 2101 10.9 0.01 60.0
QZM10 h s A 71.0 8.26 1071 9.82 0.02 80.0
L1L00 F R 91.0 8.36 1080 8.31 8.00 168.8
LLO1 M 75.0 7.97 1054 9.22 5.30 183.8
L1L02 IR 87.0 8.45 1045 8.53 8.80 174.9
LL03 s 88.0 9.13 1075 9.49 8.20 191.4
L1L04 I s 63.0 8.25 1000 6.99 1.00 139.0
LLO5 o 5 84.5 8.58 1053 8.73 3.60 138.2
L1.06 F 57.5 8.73 938 7.43 8.40 112.8
LLO7 ol 94.0 9.23 1057 9.13 13.60 170.0
LLO8 o 5 76.0 9.67 981 7.23 2.90 165.4




950 HERFL=  http://www .earth-science.net

o548 %

R2 KPARRBHEENLEZRNZHE

Table 2 Chemical thermodynamic data of various tungsten species in water

2 oz 5 T i B K IR
TR (kJ/mol)
Tetrathioantimonate Sh,S,” 2Sb(OH),+4HS +2H =Sb,S,* +6H,0 49.39 -321.78
SbhO, Sh(OH); =SbO, +3H,0 2.93
Antimonate SbhO, " Sh(OH), +2H " =SbO, " +4H,0 2.39
Sh(OH), Sb,0.+7H,0=2Sb(OH), +2H' -27.82
Sh(OH), Sh(OH), + 2e¢ +3H "=Sb(OH),+ 3H,0 24.31
Sh(OH), Sb(OH),+H,0=Sh(OH), +H" 12.04 69.85 University of Waterloo-
Sh(OH)," Sh(OH),+H " =Sbh(OH), +H,0O 1.39 minteqvduw.dat
- HShO, Sh(OH),=HSbO,+H,0 ~0.01 -0.13
Sho, Sh(OH),=Sb0O, +H,0+H" ~11.80 70.186 6
ShO' Sh(OH),+H"=SbO " +2H,0 0.92 8.242 5
ShOF Sh(OH),+F +H =SbOF+2H,0 6.19
Sh(OH),F Sh(OH),+F +H"=Sh(OH),F +H,0 6.19

iR RS ML Z T, KAk E R
o7 ~F- 7 1 4 b 3 5T R 6E A R X R R T R
o HROK B AR FRS W AR K T, A
SCRHA ST /SCVE) AL I8 5t X, AR 4l 44 5%
BE i S R R £ 5 R fb & it B PHREEQC
T H W Eh, Ok 5 pe (B, 3 AN
pe=EhXF/(2.303XRXT) , X H F N ik $i & #
BORRIAMER, T M ¥R E . mER
FHiZ pe 15 JF e #4518 B 108 25 43 i iH

3 R 51He

30 RRKUFHUEREBIRE

AR YR B 5T BT 2R B 1) PG AR A R BROR TR
R ARAL AL R B AE 62.0~90 °C Z (8], K o $UR
) I B 2 70 TC, BRI M bk A (80 °C) s &
A M A AR R A IR EE E 57.5~94.0 °C Z ] .

VY AR R A P B QSYB12(2.40) Ak, pH
£ 6.53~9.56 3 Bl 9 (& 1), 4 P % 5k 55 03
PESR 5 = B BB A PSR RE U 2 R S Bk L P
Jik R ME R (QSYBI12) i 7K fk 2% 26 B o4 SO,-
Na %, i ¥ #¢5R K ClI-Na A | CI-HCO,-Na A 1§
SO,-Cl-Ca-Na & | fi, £ #4 5L 4 HCO,-Cl-Na # ;
= N 85 Rk A SR 3 O HCO,-Na #Y .

VG FA SR AT i B VR B B s T 3K 2 157.6 pg/
L, YA R 287.9 pg/L, J& K 4R & 86 o T /K, Hop
TIVRILA R B B W B SR R L R
1486.1 pg/L. 2= B H M 5 ORRE i BTG 7 o 1

WP P78 R A 2R TSR K AR v B 1 T S
32 MRAPHEEES K HERL FEHL
KOS H BR AL F L AE R (R 3) R R
FES s EZ LA S (I ) (3 86 2 k) M Sb( V)
(B R ) I X AF 78, By A0k d ok, B R W
FPOE &5 5 B8R H 4 L3 99.99%0 DL B AR BE
it Sh( V) A SbO, JE X AEHE, ShC Il ) F ZAF7E
JE & 42 4% Sb(OH) , . HSbO, . SbO, . Sb(OH), .
{H A5 0 0 SR, U4 A SR RE W B AR B Y
AL, K F 0.01%. 17 e B 5 M 5 #4CIR FE
TR AR BS & B 0] |k 35% , B Sb,S,” T A .
SR b T T A5 Hh A IXBT HE S B B
IR T s m RS R (O AR B vk R
MET LW AERMK. RS =8 M RPN
BMcERBE RZSATRSETUTHEZ: (1)Fk
Wik B (2)S(-11 ) /Sb EE/R L 5 (3) M 86 1) 32
G o H Ak = IR A ARCR R 0 AL )k
5 S(-11 ) /Sb B /R b ¥y 5 & F V6 i 48 % FE b (A
2), R B A BSO8R HE T 2 T R L S A
Pl 74 0 SRR A B Ak Pk B D IR L A v
KAEB T8 M TPy & A 4 B T 0 5 sk
BE J1 I K F 86 19 & 4 4% BH B F ( Planer-Friedrich
and Wilson, 2012) , #4 5% v i Ak ¥ W J3 %5 I B,
i 1) A7 78 2 % 6 00 Fi 3E k 7= AR B B ) (H e
R E ALY AT CRDBR AL 4 B A i) L B
BiEAL BT 2 5 om0 B . FEse b, B o R
S = R S0 - R AL 7/ I L B R
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Table 3 Simulation results of the morphological distribution of antimony in hot spring samples

Sh Sh(lll) Sh(V) Sb,S,*
AT A2
(mol/L) (mol/L) (%) (mol/L) (%) (mol/L) (%)

LJ01 6.52E-07  6.48E-07 99.76 1.57E-09 0.24 9.22E-29 0
LJ02 5.38E-07  6.22E-08 11.61 4.74E-07 88.39 5.32E-32 0
LJ03 5.99E-07  1.24E-07 20.79 4.73E-07 79.21 1.20E-30 0
LJ04 4.71E-07  1.42E-07 30.19 3.28E-07 69.81 1.14E-29 0
LJO5 5.35E-07  9.41E-08 17.67 4.38E-07 82.33 8.32E-32 0
LJ06 5.01E-07  4.12E-08 8.26 4.58E-07 91.74 1.98E-31 0
LJ07 4.55E-07  4.72E-08 10.41 4.06E-07 89.59 1.97E-31 0
QSYBOl  2.49E-06  2.48E-06 99.99 1.46E-10 0.01 5.17E-15 0
QSYB02  2.78E-06  2.77E-06 100 1.69E-11 0 1.31E-17 0
QSYB03  1.98E-06  1.98E-06 100 1.07E-11 0 1.96E-12 0
QSYB04  1.72E-06  1.71E-06 99.78 3.75E-09 0.22 1.07E-18 0
QSYB05  1.58E-06  1.57E-06 99.91 1.41E-09 0.09 1.28E-15 0
QSYB06  2.57E-06  2.55E-06 99.93 1.69E-09 0.07 1.60E-14 0
QSYB07  2.73E-06  2.71E-06 99.92 2.17E-09 0.08 1.19E-13 0
QSYB08  2.77E-06  2.76E-06 99.87 3.69E-09 0.13 1.89E-12 0
QSYB09  2.74E-06  2.72E-06 99.85 4.00E-09 0.15 1.28E-11 0
QSYBI0  2.89E-06  2.87E-06 99.96 1.19E-09 0.04 1.21E-20 0
QSYBIl  2.25E-06  2.24E-06 100 2.81E-11 0 7.76E-18 0
QSYB12  1.11E-06  1.10E-06 100 1.19E-11 0 4.71E-32 0
MS01 1.55E-07  1.54E-07 99.88 1.89E-10 0.12 3.83E-16 0
MSO01-1 1.55E-07  3.76E-08 24.43 1.16E-07 75.57 3.17E-22 0
MS01-2 1.49E-07  5.12E-08 34.37 9.77E-08 65.63 2.70E-24 0
MS01-3 1.37E-07  3.45E-08 25.27 1.02E-07 74.73 4.88E-20 0
MS01-4 1.27E-07  4.38E-08 34.80 8.20E-08 65.20 8.75E-16 0
MS02 4.18E-07  2.08E-07 50.07 2.07E-07 49.93 1.35E-22 0
MS03 8.10E-07  3.74E-07 46.36 4.32E-07 53.64 1.24E-17 0
MLJO1 9.62E-06  7.78E-06 80.91 1.83E-06 19.09 1.68E-30 0
MLJ02 1.78E-05  7.48E-06 42.05 1.03E-05 57.95 4.28E-31 0
MLJO3 4.83E-06  5.05E-07 10.47 4.31E-06 89.53 1.82E-31 0
MLJ04 1.76E-05  2.35E-06 13.40 1.52E-05 86.60 2.27E-33 0
MLJO5 1.65E-05  9.92E-07 6.03 1.54E-05 93.97 1.27E-29 0
MLJ06 7.32E-06  9.47E-07 12.98 6.35E-06 87.02 2.61E-28 0
MLJO7 4.91E-07  2.19E-07 44.75 2.70E-07 55.25 7.08E-29 0
MLJ08 2.59E-07  4.75E-08 18.35 2.11E-07 81.65 6.73E-33 0
QZMO1 1.39E-06  1.22E-06 88.24 1.63E-07 11.76 1.72E-14 0
QZMO02 7.07E-08  6.83E-08 96.50 2.47E-09 3.50 9.10E-22 0
QZMO03 1.35E-06  1.08E-06 80.16 2.68E-07 19.84 1.62E-22 0
QZMO4 9.46E-08  8.55E-08 90.33 9.14E-09 9.67 3.65E-24 0
QZMO5 1.71E-06  1.37E-06 80.35 3.35E-07 19.65 2.04E-20 0
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o sb Sh(Ill) Sh(V) Sh,S,*
B 25
(mol/L) (mol/L) (%) (mol/L) (%) (mol/L) (%)
QZMO06 1.58E-07 1.37E-07 86.90 2.07E-08 13.10 1.58E-24 0
QZMO7 1.89E-06 1.42E-06 74.87 4.76E-07 25.13 2.75E-21 0
QZMO08 1.25E-07 6.86E-08 54.84 5.65E-08 45.16 2.91E-23 0
QZMO09 8.97E-08 8.37E-08 93.38 5.94E-09 6.62 1.03E-27 0
QZM10 8.08E-08 1.04E-08 12.88 7.04E-08 87.12 1.08E-24 0
LLOO 6.83E-08 6.83E-08 99.98 6.34E-13 0 7.34E-12 0.01
LLO1 7.58E-08 2.83E-08 37.38 8.39E-16 0 2.37TE-08 31.15
LLO2 7.01E-08 7.01E-08 99.94 5.45E-13 0 1.99E-11 0.03
LLO3 7.80E-08 7.78E-08 99.75 1.99E-10 0.25 9.51E-16 0
LLO4 5.74E-08 5.60E-08 97.48 8.22E-15 0 7.23E-10 1.25
LLO5 7.17E-08 7.17E-08 100 7.02E-13 0 2.39E-13 0
L1L0O6 6.11E-08 1.80E-08 29.40 5.99E-15 0 2.16E-08 35.12
LLO7 7.50E-08 7.38E-08 98.30 1.28E-09 1.70 9.06E-17 0
LLO8 5.94E-08 5.88E-08 98.94 6.32E-10 1.06 8.91E-19 0
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2011) , {F b A7 AF 5% 3¢ B 32 44 X S 3 #0008 19 K Ak
2 R 32 B K AR AR R (Guo et al.,
2017a) . 35 55 G4 b 2 X [R] R 7K B0 25 20, il 62 77
ECL AR SR v D) B R 1 SO, B M Bkt Cl-
HCO,-Na % i #4 7K | 55 5l £ HCO,-C1-Na %I Hly $4
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PRI BRI (I, 2020) . AR 2 R AT L T P
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T AT S A, EL YR A T 55 o A S Tl
— PR A He [R] 437 2 40 A% P8 ) B9 18 U5 He 3 o
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HRTE , 2004) , B MR HT N A7 7 18 R 5 SR T B
(B A5V 5 B9 2, 59K 71 B IX B b Ti% 08 U5 He
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B SR, SIS T b PR B R G 2R B
K SCHbER fh A S H s i R TT 3k 20 mg/L,
Ao E Ao ik 109651 mg/L, E ¥ N
1438.5 mg/L. X} F H & & K HE H R Z KRG
DA Ko 0 20 4 5 it 52 0 B C1-Na 80w 5L ok, H
B SN ok B A K R B A (Giggenbach, 1988;
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Fig.5 Scatter plots of antimony-arsenic (a), antimony-chlorine (b), antimony-boron (c), antimony-rubidium (d), antimony-

lithium (e), antimony-cesium (f) in samples from MapamYumco and Moincer hot springs
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