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Abstract: Rehai, located in the Tengchong volcanic region of Yunnan Province, is a typical magma-heated hydrothermal system in ma-
inland China. Taking Rehai as the study area, the thioarsenic species in hot springs were quantitatively determined for the first time and
their geochemical geneses were identified. The sulfide-rich geothermal water samples were collected and immediately treated via rapid
freezing technique in-situ and then detertnine the arsenic species in the lab, which is superior to the traditional methods of pretreatment
and measurement of aqueous arsenic. The traditional acidification treatment of arsenic-bearing, sulfide-rich water sample inevitably re-
sults in the precipitation of tri-thioarsenate as the form of amorphous S-As compounds. Furthermore, the common use of anion-ex-
change column is not capable of fully collecting thioarsenic species and separating them from arsenate in-situ. Under the control of mag-
matic fluid input and intense fluid-rock interactions at high reservoir temperatures, the neutral to slightly alkaline hot springs discharged
from the Rehai hydrothermal system are rich in sulfide and arsenic, facilitating the formation of thioarsenic species. Mono-thioarsenate,

di-thioarsenate and tri-thioarsenate were detected in the Rehai hot springs with ratios to total arsenic up to 26.7 %, 43.3% and 33.7%,
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respectively. In two sub-hydrothermal areas of Rehai., i.e. the Liuhuangtang area and the Zaotanghe area. the hot springs are distributed

along the main N-S stretching faults and the secondary E-W stretching faults, respectively, and therefore the geothermal waters went

through different cooling processes (adiabatic cooling and mixing with shallow cold groundwaters, respectively) prior to their discharge

to the surface. Thus the hot springs from Liuhuangtang have relatively higher concentrations of sulfide and arsenic as well as various

thioarsenic species.
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Table 1 Sampling information of the hot springs and their in-situ parameters
GITE TR FIX RAEAL B SRR BE C°CH pH EC(ps/cm)  TDS(mg/L) Eh (Mv)
TQL Ak W SR A 81.3 7.96 3413 1680 —292
YJQ-L T fil 3 ARBE R — 72 91.0 8.88 3485 1708 —390
GMQ o it g IR 91.5 8.12 3331 1632 —371
HTJ-L T T iR — 24 91.2 7.40 3181 1559 —364
HTJ-R i ftf WIE I — A 82.5 6.88 2450 1201 —311
DGG T B KR 96.0 7.45 4042 1981 —267
XKT-L B YH HES—L 75.0 7.46 2050 1005 —165
XKT-R I HES—H 95.0 7.53 2137 1048 —363
ZTH et 5 I AR 85.0 7.13 2239 1098 —256
HMZP-R B YE I B 3 — A 91.0 9.96 2493 1222 —326
F2 MEKLFHK (mg/L)
Table 2 Hydrochemical compositions of the hot springs (mg/L)

Feamgme  BE SO, Cl F Na K Ca Mg Li Rb Cs Al Fe B Si EEikY
TQL 830 31.1 597.1 14.6 699.0 113.1 0.99 0.07 6.56 1.68 1.02 0.06 0.01 9.08 99.6 2.60
YJQL 960 33.1 594.0 15.3 771.0 133.8 1.20 0.10 7.50 1.62 0.83 0.08 0.01 9.73 124.1 5.90
GMQ 848 32.2 593.9 14.5 716.2 127.9 1.28 0.09 6.84 1.95 1.03 0.05 0.02 9.18 113.9 5.20
HTJ-L 795 33.3 560.7 13.8 692.6 124.5 1.02 0.08 6.90 1.50 0.78 0.03 0.02 8.89 102.6 4.20
HTJ-R 640 44.5 464.6 11.5 547.6 100.1 1.42 0.10 5.78 1.27 0.63 0.13 0.02 7.23 99.5 2.10
DGG 1030 40.3 7159 19.2 893.4 153.6 0.95 0.13 850 1.79 0.90 0.20 0.04 11.3 156.3 0.24
XKT-L 520 64.3 311.2 7.6 430.3 783 4.46 0.32 4.40 0.98 0.50 0.11 0.01 5.09 63.4 0.17
XKT-R 600 37.3 335.6 8.0 456.1 81.4 2.19 0.07 4.64 0.98 0.51 0.08 0.02 5.34 66.5 0.71
ZTH 580 43.9 337.6 8.0 449.7 81.9 2.31 0.18 4.61 1.00 0.52 0.11 0.06 5.33 66.3 0.60

HMZP-R 580 52.5 339.5 9.1 469.0 81.0 5.11 0.40 4.67 1.00 0.52 0.10 0.13 5.44 67.0 0.43

®3 AEFMEBEELRARAESHNLLER (ne/L)
Table 3 Arsenic and its speciation in the hot springs (pg/L)
s JH ICP-MS il & e 1 IC-ICP-MS i &
SE S R SIBEAMRR AR mRRE: U RS SRR R R

TQL 751 78.8  398.8 1139.9 81.8 401.3 304.8 169.6 182.5
YJQL 897 31.6  574.8 1348.3 74.6 309.9 247.8 324.1 391.9
GMQ 837  50.7  346.9 842.7 57.4 172.7 151.6 214.3 246.6
HTJ-L 802 127.9  461.4 807.8 91.6 88.8 117.6 349.4 160.5
HTJ-R 593 403.6  151.3 791.8 416.0 44,0 15.9 148.3 167.7

DGG 1059 940.6  104.6 1288.6 755.3 84.7 54.0 229.5 165.2
XKT-L 305 21.3  262.0 272.1 31.2 239.8 1.1 0.0 0.0
XKT-R 257  79.4  146.7 272.4 26.9 38.5 17.8 97.3 91.9

ZTH 255  123.2  124.7 283.0 142.7 71.7 24.5 24.6 19.5
HMZP-R 264 153.0  102.1 295.4 155.9 74.9 15.4 27.6 21.6

A7 =ANBFNTLAN 0 0 2 RIRE KA 8 5 S e A
AR T P AOS =8 A A 1 M ERRR I
SEHAE ARG P A SR R T S A i B AT
TN B G203 B D72 T K TS [ A 25 9 23
B AEBRAL Y & IR A ACRE P L B S AT 2 A R (AR
UHIFFEUE BT 7 3k AN IS T & i A KRR
KEEH B S+ (SO,* .Cl . F ) H DX-120
TR - @A (1O I R R > 0.010 mg/L) , FH

BT (Na" K™, Ca’" . Mg*" ) H IRIS Intrepid II
XPS B H S 5 4 B 1R & OG5 AL (TICP-OES)
2 KM R 4 0.010 mg/L) . i 7o R (i As. Li,
Rb.Cs.Al.Fe.B.Si) fli#i i Supelco LC-SAX [
T3 B ke ARAT () = A i K AL p i RE B POEMSI
Y HL AR A 55 B R BT AL (TCP-MS) T 5 sz I FR
9 0.001 mg/L). iR fb2f 21 2 i ik 4 20 W36 2%
FH PR VR VETE T UK A8 b O/ A7 1 F T OB 25 HE 0 4
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F4 REPHEELRERSHNNLEROEIIRAERZE(RS.D.)
Table 4 Relative standard deviations (R.S.D.) of the analytical results of total arsenic and its species in the hot springs
5 S = A T A RIRUT 78N i R 3k AR LT 7EaN ZhR AR R AR R IR AM U E N
TQL 2.0% 9.9% 3.1% 2.8% 2.1% 1.7% 5.8% 0.3%
YJQ-L 2.5% 7.3% 0.8% 3.8% 1.4% 3.8% 2.5% 2.7%
GMQ 1.5%  10.2% 4.1% 9.6% 1.3% 4.9% 2.0% 1.7%
HTJ-L 0.5% 9.4% 1.0% 2.3% 1.8% 6.4% 1.6% 5.8%
HTJ-R 1.5% 2.1% 6.0% 1.1% 5.5% 5.3% 4.2% 3.7%
DGG 2.1% 2.5% 7.0% 0.3% 7.3% 2.4% 2.2% 1.5%
XKT-L 1.5%  10.0% 2.9% 3.2% 4.5% 12.9% 0.0% 0.0%
XKT-R 4.2% 4.4% 6.2% 11.6% 1.5% 5.6% 0.9% 4.0%
ZTH 1.9% 5.3% 1.2% 4.8% 4.3% 17.3% 2.9% 6.5%
HMZP-R  2.5% 2.9% 7.2% 3.9% 4.5% 2.8% 4.1% 2.0%
BEHORE U IC-ICP-MS B R G0 . i e 3 ZEIR G

PR AR v PR A R T T KR A B RO 28 40 B A
SRJE . LA NaOH 4 ¥E 42 W . FH L & TonPac AS16 [
BT A8 W 838 A /Y B T i L (1IC, TonPac AG/
AS16, ICS 3000 SP, Dionex) 4 B i i il 1 A 7]
T2, Y HE W 8 NaOH % W, ¥ JE B A 20 ~
100 mM, KPEH JE Hy 1.2 mL/min. 7638 #4: J5 H B
BT g e Ak 2 TR R NaOH 3 42 9 B & B Ho
() Na* , LU > Hom ik A ICP-MS & 4810 455 11K
(R R 4 S B 0OKG B A 4 L B S TS - 80 O3
5RO B ) 25 R 2 R RO G A B A BT
(ICP-MS., XSeries2 / Thermo Scientific) % ] i
JE R TR Gn /2 =91) % )7 ik B 5k
5 [ B A [ 580 el BROR s A A Ak i D e A5 3 T
W3 W FH (Planer-Friedrich et al., 2007).% A H
PRATFN 43 BT 5 5 3R R A i i 25 5 19 70 B 495 2R WL 36
3 H A B 5 A A b A O A ARG SR By I
{E .38 5 ICP-MS M 22 5 1M “ 25 T2 45 i i 8 /07 48 H
IC-ICP-MS ¥l 2 1Y 25 FJE 25t (FE A R A 5% vh A 4
WA R ER R AR\ — AR IR AR L AR A R AR =
i AR R ) %) D0 18 3 e SR RN T B AR AR i (.

FEI S R, X 45 R AN R A
i 2 R A 3 s A2 R o PR L XA Y 25 OB
B EAEZ WK 2 RS R =0 B ORT A
it 5 2 0 328 45 2R 1% R O A v I 22 (R.S. DL 43 301 oy
0.5%~4.2%.2.1%~10.2%.0.8%~7.2% ; K£ & I
PR A (B AR R —mANAR R AR AN R AR L =
AR R R D 235 2R 1 R G A o Dt 22 (R.S.D.) 43 531 Ry
0.3%~11.6%.1.3% ~7.3%.1.7% ~17.3%.
0.0%~5.8%.0.0% ~6.5% (F 4. JLAh. F 5 DDG
U ZTH #EA47 7 VAT HE o3 B, SR AN (9 4 FhE
Ao BT 4 R iR 22 H0E 500 LA

3.1 ARPHMPOAERSHD HIHFE

AR TE R (0 T A B AR R T
AR A IC-ICP-MS B¢ 2 48 I 45 1) 45 Fh R 25 fif
& 2 TR 272~1 348 pg/ L.t i 25 T B 5% X M
TV KRR RV i AR IR O AR AR R AR 2 A
¥ SRR i Y B B A A R 1.8 R 2.6 pg /1) T
AR R, BR BB Y 2 & O IR A 5 XKT-L
b, A T A AR X A A Y v B Y — A
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35.7 %) M = BRI ER 5 (19.5~391.9 pg/L, /5 B
[ 6.9 % ~33.7 %) , LARKS Hy T it Ji% b 10 At 7R 45
EL 359 2 A H DO A Qe R R (TR 2) i A 9 326 B DU
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T BRI TR B AN pH (A X 12,0, E N/ HT
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5RO F DX R A L L SR 1 T
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ZHD MG AL W . 5 R X R s 3 AR SRR
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Fig.3 Correlation analysis of the concentrations of sulfide with those of mono-, di- and tri-thioarsenates in the hot spring samples
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Table 5 Calculated reservoir temperatures (°C)
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PIE N 283 °C, K-Mg I F ¥ {H R 192 °C, 1 % 5 B F ¥ {E R
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