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Methylation and Thiolation of Arsenic in Tengchong Hot Springs
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Abstract: In order to study the speciation of arsenic (As) in hot springs and their distribution and transformation patterns, IC-1CP-
MS quantification and hydrogeochemical analyses were conducted for various arsenic species in Tengchong hot springs in Yunnan
Province. In 91 hot spring samples, 11 As species were detected, which include arsenate, arsenite, inorganic thioarsenates,
methylated oxyarsenates and methylated thioarsenates. Arsenate and arsenite were predominate species followed by inorganic
thioarsenates, unlike inorganic species, methylated As occurred as minor species in Tengchong hot springs. The content of
thioarsenates and their degree of thiolation are positively correlated with S/As molar ratios. The lack of methylated oxyarsenates
was probably the reason for low methylated thioarsenate levels, besides, the S/As molar ratio, total As, temperature, pH, Eh
and TDS can also affect the formation and transformation of methylated thioarsenates. Methylated thioarsenates may undergo a
series of transformations and interfacial reactions on the surface drainage of hot springs such as de-thiolation, de-methylation and
then adsorption by sediments. Other As species can be converted to methylated thioarsenate in downstream areas with relatively
low temperatures, low flow rates and significant microbial activity. The thiolated and methylated species of As are widely

distributed in hot springs, and the highly toxic methylated thioarsenates have high mobility and are likely to reappear in hot spring
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drainage environment, which should attract the attention of relevant studies.

Key words: Arsenic species; methylated thioarsenates; hot spring; Tengchong; hydrogeology.
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fiff (As) JE A BR A INIEUE Y, KR A As &
S MK Z A B 1 (Sharma ez al., 2014) ,—
B RIRE AsAKMIET| & M T As 8 40 A AR A
Ji A (Rodriguez-l.ado ez al., 2013). IR ATFFT AR,
IKIAEE T As B A TETE 25 AT Sk 35 52 ) LAk 24 1k T L 75
P A A ¥ el A A M (Naranmandura et al., 20115
Couture et al., 2013; Hinrichsen ez al., 2015; Kerl
et al., 2019b). SR, HH T4 i R A7 F1 As T 28546 )
T3 vE B BRI, AR SEAR D G T RARK IR v R 1
AR (LAs") (R 48 (1AsY) . — H 2L fif (MMA)
T H B (DMA) LLAM As T2 25 . H 2 Planer-
Friedrich ez al.(2007) 76 4% oty JE ML A, A
K Wallschlager and London (2008 ) £ H#1 T 7K H k6 H
A A, 3 TR 28 As T 25 4 328 W 4 Ok 18 22 110 2
52 b BRAL A WF 5 N5 JEAE I . R AR OK R85 b i T
PLER AR 3 2445 — B AP IR EE (MTA) L —mi A
B2 (DTA) =G ACH AR R AR (TriTA) F P g 4L Al
23k (TetraTA) , H g AQ A 3 2840 45 — Y 2 — 4
R iR £ (MMMTA) , — BB — 5 AR #f iR 38
(MMDTA), = H 3 — iU R E (DMMTA) #1 —
H3E R AUER R EE (DMDTA).

O (b RAK ) S PRI v 3 B0 As HE ORI L 78
Y T R NI = R RN P S =y R (S ' S RN
TR I 2 o W A TR (X B 52 45, 20195 R/ R4
2019) , #A 5 As % &t A & 36 125 mg/L (Guo et
al., 2019). IR AT MR 6, an 36 = 5 A 4
SRR L As IS e HLaR A A A g A L
b A As 23 i 3k B 83% M1 6.44% (Planer-
Friedrich ez al., 2007) , i P4 2% #4 5 Champagne Pool
HH A AR A B T N R As 19 8.3% (Hug et al.,
2014). T IOR BRI 2] AR A 0, Hh Y As e
145 FIOE 8 Z MU 54k TR HUR Fh i 2 As
JE 25 & 3 52 £8 (Ballantyne and Moore, 1988) ; £
PR b TR o R A A T A R B
T 2 I 5 AR R S I (F BE Ak ) AR 4% Fl JC HIL AR
A H (Planer-Friedrich ez al., 2015, W1 ) W = 1 F
2) s T ARSI M 3RS M T AY G W T Bl AT A AR
V. i R RN AR k22 B] (09 A L FE Ak (Langner er al.,

2001) , B nl 38 i A AL 5 As 25 A B9 i 4 B T 0 i
— AL 7 (Planer-Friedrich ez al., 2015). 1L4b, Z 1
F 50 2% B K B0 356 v 1 ST At 7 6 T 4 — SE A B |y T
oy B AR W i Ak S B 3L i (Planer - Friedrich ez
al., 2006; Qin et al., 2009). 7 B Ak ¥ 17 76 1 7K 3R
B v, PR A v ) 35 R T e i RE R (B AR A ) T B
B LB A (Conklin ez al., 2008). KM, 78 & &
it A ) 1) 30 DM AR R i AT R T Y R i AR
3, e — BB TE Gl W T 3l 8 2 K R v A
R F A i A 2 R B 2 A i LA PR R AR 2
TE 79 b 2% 70 2436 A2 10 7K B 85 vb DA R T R A AR
i ) 2 1

[H,AsO,] +S*>[HAsSO,] +H", (1)

[HAsSO,F +[HS] —[HAsS,O.F +[OH] .(2)

S N B BIF 5T 3R B RR AR A ) B T
fitf 12 £h A0 — FF 3L W f R £ (Naranmandura er al.,
2007, 2011) , fEA7 & R SR 7K B 555 v Y B A AL 9 F
FEATIIR LD, FRATTRS B B A A A 7 7K B 855 v A A
ARG T T A R — SR 5 R BT B 3
TR YR TR ISR R KRR LB K b A7 A T AR
iy, JHC o B A 0 Bl R AL PR R R AR L i
H 07 25 PR 3R T AR A (6] D7 T 52 e PR A AR R 0 O
1 % fk (Planer - Friedrich ez al., 2007; Li et al.,
2011; Hug et al., 2014; Wang er al., 2020a,
2020b). B 1 T R AR K FREEAE i 9 B 5E L & N
B WIF 5 2 B pH 2% 44 7T 25 5 i R BE ol ) i R A i
i, I EE e AR AR B Y ol pH YL I 7E 5 81 7 22 1],
pH 2 A 1 R 5 v 2R T i B 5 B A 8 2 T pH i
T B Bl A A 35 A1) ) 350 1K 3 A 9 % A (Conklin ez
al., 2008). WeAh, =M ERBYAFAE 2 IR DMDTA Ji
Hi 7 DMMTA # 46 (Kim ez al., 2016) , 3% F & 8
PER) DMMTA 7 i H 7K B 55 v BE Bl K A # & R i
W, FE =R RS 5 AR T As & 4R i B2 (Kerl er
al., 2019a). INEATWHFFE AT A, KKK b iy FE BE A AR
X N A At o A S, HG — it B 7 v e 2 1
H & & w4 W 09 38 J5 M K 3R 58 b, B 7 o B eT
AE 2 HY A A A ) B A S ke 45 1 T = A0 Bk O AR AR
CIpIIEESH S e SR AR TR e SuN

A7 F [ 74 R & Y 5 ol X R S i
P 7 X, b 3R R Y AR B e Tk ) 20 b
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A(97.5°C)(Guo et al., 2012). Bsrh X R HH £
AR KRR G, R A & R KA S R BUR
HF As & & BALY & B pH S A T sh A
J7 1 B 2% it T b R S AT RE R R AR A A 1 B
K 385 (Guo et al., 20125 2017b; FE W+ %,
20165 Wu et al., 2017). SR , &6 A7 W 5 41 18 1 v it
Rl E R AN N PO = c IR 2 R A
Tt 7 PSR BR55E h (19 JF B 3 A FEE S e AL AR AT AN
8 7 fif A SORE R B P P B 55 rp A O HY R A A
TEA M1 K ARGE . AW 5T LARS wh A 1 ) 538 T
ORI As TR S Z R IR T Hh As i
SEAC RN B LA AR s e IR 3R D R HE R A AR e
POR AR E R TE S FE AR X F — 25 3 48 M AR
B As TG IS 72 FTAL As X >4 HiL JE 4 il B XU A
AL

1 BT XM

Hy T L 09 Ll R S SR B T i X
T TRKREAR KL A W ERNELS:, F A
T ICE A R Gl A A R A e
RIRAE OARBHAB AN KA —BRKHE =&
RHATS PG LBt 0 4
B s ARUL A CIn & 1) B vp L T i — 5 5
P 4> BR AR AR B (B AR R FORF, 1999) , 32 %]
R A B R 5 KA S KT SR R e X
PRAF 4T 100 JAE k1l S 3R 3 A i KL R X X
DAL b At s S R B s S TR SR e R R K B AR A
E(Guoetal., 2012). KN H #&09 E 2 k1A
FEB T AR U ) 2 i s I A
2k E FONE ZRA AE, R R BRI 1 000
km* (AT M ZE 550, 1989). KIRNE T Z iR T 5
Iy A R e L R R AR A R KA A
PR AR A FIAE B B AR R A5 M A X
5 ) A5 Tk 42 A A AR T BE R 4 TR R AR
fith B9 L2 . L Ah 7 M BR W B R 0 W ek 25 B s b
POXCF Oy e iR 7 km Ab AF TR SR (OB S
1994) , 48 7% 1% X 38k 5k 20 A4 30 8 7R ] B 5 0 A
KA EVIEE R

2 A RS S I

AWFFEF 20194F 4 HAERE thioRET 7 M X

CHATE B L, I 2, BT L SRR, P e R R i ) iy B
THOT PR RS . I L4 T 45 FF o i) i B A5 5
DX 353 5 MR 00, BEE 36 180 T AROR B S B S A
T IEOR [R K AL A8 5, B RE S BRAE T Ay, BT
A RE S E I 2 0.45 pm I8 B 0B )5 SR 4R R AT
KA SRR 2838 590 R TR L 4l 7K FAE R A 4y
S Ve 33 5 PR ARE S W T AsTE B MRS,
¥ 3 mL i U85 IR BB A S mLRAEE N, oL
BIH T oG R, % 7 4k & B R SR AT A
A7 pL DTPA E A R LLBEARR R 2 AsTE &
0 649 5% 0 (Wang ez al., 2020a). FH 25 F Fl{d & IC
FFE A 7E 26 A 50 mL BRI 2 K WO A BT
3096 SR IK AN 7~8 MR , & ikt 6 B Bt 2 A DR AF
iz iy . B1ES A1 DOC 5 34 o Er b 32, 4353 FH 50
mL ¥R A 60 mL A% (L B FE A R A . AsTE MR
TE T VK IR 55 v iz i 2 7 [ FF 0P R K 2 B0 05 b Bk
2B L8 AT As TR

SR A A1 110 FRR R B i K AR IR R S B D
pH 1 EC f# J1] % Bk & Orion Star A320 ff 4 3 /K i
S3 AT ASCRIUAR IO A A 7E B0 37 K, pHL AL AR A g U
Z A pHAE 43 %18 4.01,7.00 F1°9.21 By pH #5 #E 2%
PO HE AT A HE L AR AL R TR L Eh SR B RG
DZB-718 1 ORP 44 3k 47 B0 37 W 4k . A 6 i 3
FHO.1 M $h R Fn H SE 48 o 50 76 B S 0 2 1T, &
PHREEQC %% fl WATEQ4F 48 [ 12 k8 5 vh
1) COS , HCO, M A CO, & & . i, M
SR F O PR 5 R 408 3F 25 ok 43 0l o't BB 3 G 0 A 5
) 38 T £ A R A i 0 R G Ay DRO0O F- 4%
oot 3047 M. RO FE AL P Y Na, K, Ca, Mg,
Si, As, Li, Rb fil Cs & & fli F ICP-MS ( %€ Bk &
iICAP RQ) ML ; H @y F o, CI, NO, , Br ,
NO, , PO, fI1SO,” FW &S m BBl B
28 19 B T € (322 1CS-900) 3R, £ ] Dionex
AS23 BB T3S WA AR R 4 B A . AsTE A i 73 B
1E B ¥ 038 — Bi% 36 & 48 (IC-ICP-MS, Dionex
ICS-3000 F1%E 2k € XSeries2) g , & ] 100 mM
NaOH ¥k P& W # 47 86 B k%8 (3 2 : 1.2 mL/min,
0~3 min: 2.5 mM NaOH; 3~5 min: 2.5~20 mM
NaOH ; 5~10 min: 20 mM NaOH ; 10~20 min: 20~
100 mM NaOH; 20~24 min: 2.5 mM NaOH) , ¥ i
AsTEA T 7 WK 2.
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£ 2.03, 58P R pH fe i ik B 9.67 (B3R 1), $406F M
PIX IR i M IR B 2 R X . AR Eh Y Y Ay
F—540 mV %] 550 mV Z [a], &AM Eh 2 H #AE
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A7 %

(TDS) (#4141 235.95 mg/L) ¥ i =5 T H Ath #4531
(#4916 542.04 mg/L) , 7] B 5 4 5% A B o 3 44 of
5RZMCTDS K MR A BB AHOC . FERFAE 4L 5 T
T, PV 0 3 T PR B9 SiL As Li Rb fl Cs 7 85
R, T e R R g AR v S e 2 3 i AR
32 HAsRE

Hh P i BT BCOR R Als R B TR PR AR,
T Ko J 300 DX R M RO T 78 RO A R A A
(Guo et al., 2017) , B WK & X Se PR AL 52 52 T IR &8
ZIRA 5 (A HLS 1 CO,) I A HAx 4l 4 & 5 (n
AR FEAE 7 JZ H0 R K B9 1E 8 K . A,
B AR — Oy R b B A T S R R
PARAE R Z D1 T KW K A A B AR, AL
W4 Wk g K & ) As (Webster and Nordstrom,
2003). SR, SR AE — e B pH R T, HAE As &
5 T AR 25 S, R AR R e TEL A 1 e
PR As F I 1 000 png/L, 1 o — &8 4 b vk
PR PE R As & AT 200 pg/L (E 2a) , 85 EI-
lis and Mahon (1964) BB 5% , 7K 5 1F FH I 2 A0 44 i
[l T ) 2 5 e PR T As 5 5 1Y OGS TR R L Ak,
PR 5 2L As R K TR & 7EFRAR As B 5 i [ B
A2 8 3 s i H pHE, B pH B2 3T 19 BE S P As
) 25 5 R TS [ b B XA i I R R TR
Y1 22 5, 3 A ) 30 X P9 $UR 54K As KIR A 2
JER 2R UR Eh S As & i 2 (B 77 4 3 A 56
KR 2b) , AW 5 R WAL G 35 B R SR
o AT BB T SR A ORAE L — IR TE AT
T URIG I 5 S5m0 J5 |, B R B R 5 Eh Y 22 B8 R
THREERBZLETIRA (R BREMNZES WL,
40 v M O B AR R B R ER AR As iR IH S
PORFE M R S D IR A I B A E . T KA AR
FH A6 AH ] b 4 X #AUOR 1 As & 55 TDS & 1E A
X F (K 20), 25 Eh, TDS f I 78 3t Fib B2 B | 45
AT HIR5ETDS KR A It = 7] BB U8 B #UR 76
T M e 28 D7 TR W B R A L UL, As Sy
B & TDS (1 Tk i b T AHZ AR 56 R AGE H Tk
B IA) — M B 2R S8 B PR A SR R T L AR R
FE B O 60°CR R As i BT T 0.3 mg/
L, {H I = A 00 0 R 8 U s 4R As (I 2d). — T
T PR IR As B TR R R SR 7 Hi R 2R VR I LB TR AR 4
Gy 1K BN B R EE L O — T I, 32 B M T SRR
il R SR T B 5 e, S I AR M A A R B B OE Y
Ml $A R As B B I IR K A ELVE TR . R, SR

I3 AN B LA A T B IR As B e S IR HE A
JUE NI, R TR AR HOR — BN AR As. B
(UL, s T Pl 3R R B A A 26 R BRI A
SHES5HpH,Ehfl TDS % VI X .
33 BHRRPHASES

BT W LA iAS" L iAsY, MMA #l DMA , J#% i #k
SRR K T T HLR B SR AR A (B R 2). 7
JRA K AsTEAS P, 7 He Rt B As & 2096 1)
& 25 4045 iAs" L iAsY, MTA,DTA I TriTA ( fff %
2), U I JC AL As 550 He A0 76 1 h B OR v i AR A R
AR UL, 76 BT A SR 4 W RE v, I A 752 6 R R R
di ik As G 3B 23 3 ok 27.2 %6 F149.8 % , 16 BH
T2 6 FA R £h 2 28 AsTB A . SR, 16 Bt F1 3
JIES 5 0 v O B AR L X AR S — P
P R As AU 58.5% M1 58.2% , i W Hifth As
TE 75 78 3 T A~ b A X e i B 1 AR R Al B i Bk
FE 24T S 05 T A S AT 200 ) 52 i, AF R, B RN K
HEROR H LT T 1 As 359 8 0 A R 3 52 A AR 35

AWM GE R b PR AR Y 7 3 L Dy
22.4% , B SR UL, 6 ARG BT G OBIE E
UNDRE S N7 T A T AV LR T o
25.5%, 12.2%, 0.6%, 41.7%, 24.2%, 21.4% i
0.4 % . G AR - 357 L 451 f5% v 1) i B DX Ay 0 S 2 s 44
X, {H 3 AT F5e e i AR EL 3] %) A SR AT HE B A BRI
(HTJ-L). 9830 1 1 45 (2017) B9 0F 7, B AR &0 A9 5
5B R A OC G R A B A X
Bt Ak 5 et AU TR P AR IO A, AT vl Al L
FHOR B AR A S 38 ) T SR B 41,490, 5 BB
P AH Y . P2 Planer-Friedrich ez al.(2020) 09 W 5%,
HoAth (28) 4 J&@ oo F 76 & i Ak 4 28 5% bt 7T JE Al A
4B LG W, H R 3 PR b i 8 55 oA (28) 4 )8
JCE S H ALY TP S AR SR A I o v i
(F-14 248.1 pug/L) W] B85 As M il 35 4+ X 2 , T 75 4
HHROR TS EBARCE 52.2 pg/L) X KR
Xt As 1) % B A0 52 e B /D, 3 S8 AR08 R v B
R L 1 R 22— . B s U R MTA, DTA,
TriTA Fl TetraTA 5 & As 09 F 2 1 @) 2 51 K
6.0%, 7.3%, 8.9% M 0.2% , TriTA J& F Z 1Y L HL
T AR TR 25, 11T D A A LT 2 A SR R N AR Y
TALBRACIIE A . de Ak, TR IE S & ik %
AR S/AsEER g sZm (& 3), 24 S/As/hF 1
B, 2% B AR A B R 100,17 24 9% il ok F 1
B, 4 Fp e AR & R TS . MTADTA #l
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1.6.10.4 F1187.3, # /% T #4 IR M85 v As 19 5 Ak
FEREAE S/As L BISE M T (1A (L HLAE B % S/As L
i 1) T I ER 31k As 19 LB ARG, s S Sk Mk As 1Y
Fe A9 T

As I LA IR 25 76 i h PR R S b R T
WEILA , As 1 B Ak 50 72 22 2 602k W 7 3 1 4% 1l
(Zhu et al., 2017) , H#if i A& 76 KSR A 55 oh & SR
A= W A Ak A R b A AR BT AR 34k RE T Y Bk
A TR e TR A TR TR R LA R AR R A )
T P 32 2 32 3 A R R R i 0 A A T R A A
124518 T E BT 0o 28 B B A A T BRI
fift B3 Ak F 7% o 9 56 30F (Qin ez al., 2009). A HF5E
HR R R AR 0 H 3 Ak As TR S A B SR 07 B O
NE A W IALBE F A, 5 Y L TE
A v U R RN B AR R W AR R A A
b AsTEZS AT 100 M HIR R 11 AT 23 H0EE
PR I X P e A X 3k B3R SR 2 LK
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