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ABSTRACT

ABSTRACT

Methylmercury (MeHg), the organic form of mercury (Hg), is a broad public concern due
to its neurotoxicity, bioaccumulation and biomagnification in food chains. Previous studies
have reported that rice consumption is the major pathway for human MeHg exposure in inland
China, especially in Hg contaminated regions. Multiple biological, physical and chemical
factors determine net Hg methylation, including microbial community structure and function,
Hg speciation, temperature, pH, redox, or natural organic matter (NOM) quality and quantity.
Among those factors, the speciation and bioavailability of Hg is considered one of the most
important factors controlling net MeHg production. Iron and sulfur was widely distributed in
the nature environments. Due to the nature of multi-valence state, iron and sulfur could
respond to the redox changes sensitively. Wetting and drying rotations in rice paddy soils
promoted the redox cycling of iron and sulfur. In addition, sulfate reducing bacteria and iron
reducing bacteria mediated Hg methylation are major pathways for the production of MeHg.
Currently, understandings for the role of iron and sulfur cycling on Hg biogeochemical
processes in rice paddy ecosystems are limited. In this study, therefore, rice paddy soil was
selected as the object, and influences of iron and sulfur cycling on the biogeochemical
processes of mercury in rice paddy systems were studied. The major results from this study
are as follows:

(1) MeHg production, a microbially driven process, depends on both the chemical
speciation of inorganic divalent mercury, Hg", that determines mercury bioavailability for
methylation. Here, we conducted incubation experiments using a multi-isotope tracer
technique including '*®*Hg(NOs)2, natural organic matter bond Hg!! (NOM-!* Hg'), ferrous
sulfide sorbed Hg"" (=FeS-?" Hg'), and nanoparticulate mercuric sulfide (nano-*"’HgS), to
investigate the relative importance of geochemically diverse yet relevant Hg"' species on
mercury methylation in paddy soils across a Hg concentration gradient. We show that
methylation rates for all Hg" species tested decreased with increasing mercury concentrations,
and that methylation rates using NOM-'"° Hg'! and nano->*?HgS as substrates were similar or
greater than rates obtained using the labile '**Hg(NO;), substrate. =FeS-?%° Hg!"' yielded the
lowest methylation rate in all sites, and thus the formation of FeS is likely a sink for labile

19¥Hg(NO3), in sulfide-rich paddy soils. Moreover, the variability in the methylation data for
\%
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a given site (1 to 5-fold variation depending on the Hg species) was smaller than what was
observed across the mercury concentration gradient (10° to 10* fold variation between sites).
These findings emphasize that at broad spatial scales, site-specific characteristics, such as
microbial community structure, need to be taken into consideration, alongside the nature of
the Hg substrate available for methylation, to determine net MeHg production.

(2) An understanding of Hg transformation processes in paddy soils is urgently needed
in order to control Hg contamination of human food and related health impacts. Sulfur (S)-
regulated Hg transformation is one important process that controls Hg cycling in agricultural
fields. In this study, Hg transformation processes, such as methylation, demethylation,
oxidation and reduction, and their responses to S input (sulfate and thiosulfate) in paddy soils
with a Hg contamination gradient, were elucidated simultaneously using a multi-compound
specific isotope labelling technique (*°°Hg", Me!*®Hg and 2*’Hg"). In addition to Hg!
methylation and MeHg demethylation, this study revealed that microbially mediated reduction
of Hg", methylation of Hg’, and oxidative demethylation-reduction of MeHg occurred under
dark conditions; these processes served to transform Hg between different species (Hg’, Hg"!,
and MeHg) in flooded paddy soils. Rapid redox recycling of Hg species contributed to Hg
speciation resetting, which promoted the transformation between Hg’ and MeHg by generating
bioavailable Hg" to fuel methylation. Sulfur input also likely affected the microbial
community structure and functional profile of Hg" methylators and, therefore, influenced Hg"
methylation.

(3) The newly deposited Hg is more readily methylated to MeHg than native Hg in paddy
soil. However, the biogeochemical processes of the newly deposited Hg in soil are still
unknown. How iron and sulfur cycling influenced Hg transformation is not clear. In this study,
a field experimental plot together with a stable Hg isotope tracing technique was used to
demonstrate the geochemical fractionation (i.e., partitioning and redistribution) of the newly
deposited Hg in paddy soils during the rice-growing period. Our results showed that the
majority of Hg tracer (*°°Hg) was partitioned as organic matter bound 2°°Hg (84.6-89.4%),
followed by residual **°Hg (7.6-8.1%), Fe/Mn oxides bound 2*°Hg (2.8-7.2%), soluble and

exchangeable 2°°Hg (0.05-0.2%), and carbonates bound 2*°Hg (0.04-0.07%) in paddy soils.
VI



ABSTRACT

Coupling of poorly crystalline Fe (oxyhydr)oxides and autochthonous dissolved organic
matter played a predominant role in controlling the redistribution of the newly deposited Hg
among geochemical fractions (i.e., fraction changes). The expected aging processes of the
newly deposited Hg were absent, potentially explaining the high bioavailability of these Hg in

paddy soil.

KEY WORDS: Paddy soil; Hg transformation; iron and sulfur cycling; redox; enriched Hg

isotope labeling
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K (Hg) fEA—Fhaie R S i 5 & B 5 e, RE WS I K 47 K B B 1%
(Ariyaetal, 2015, FRiep R IE 3 ITEHLATA HLIFERATLE, LA HUR I FER
(MeHg) FYERSR, 8l 50t it bbb I 5E i, %t A A 22 81 (Clarkson,
1997). 2013 4F & 7E43H 5 B 42 BR A AR HEROR F I E BR A L) (6T RIK R A
29) AL, IFTE 2017 4EIERER. Bk, VRNTTRE SRR 5 AU 3k F PR 1R
PHFRE, tEREETERRALKNERTER GEE®E, 2020,

111 REVEMH IR FEIR

EHRESRGH, ANV LIRS) Hg AR ERSIF
b, A Hg(0) MY Re s X gifkH, I RS (+ OH. Ha02 03%5) 3K
BT RAEM, BRI X FFE R He® 2RI TR, BIKS Hg 54
(AMDEs) Cffili&E%, 2004). Hg Béb)a, KA I AR5 BORLA R FE
Tt B S5 He MRSV, BRI BRI TUIRER QDEHxREE, 2009).
BeAh, KA P He" ReRe A & R AT R AR M AL, (A3 KRR IT R
B MeHg 1B ZOR VR (Gardfeldt et al., 2003; Hammerschmidt et al., 2007), +3
I Hg F 2ok B T BEE IRt ke, o n] LTI A0 Hg 2D
He(IDM S Lk s & . LIRS T (He2+) A% Y5 Lewis 3Bl (Anxifk
PIRERACY) ) TE AR R IE AN G, e Lewis BEBR () JB RUE 5 I L 1 £
(Skyllberg, 2011). Z-LIR20h. WA, BV SRICEEER, 81 Heg Xt
NIKE S AN . toh, HHEREERE He WM EZE R, IR A TR
AR HANGTRR R G

IKAEAERS RS0t Hg BT AR SRR EORTE R X3, BRAN A Heg 7T LA
BK JIVE H SR BT 41, He' 5 He' AR 5 . S He' #% k. Hg" 5Fdfk
g4, oML He" 1 R0 5 MeHg 1925 &AL . Hg IR R 5 UK S5 i R SL R 44
T Hg TEKAEAD RGN A MERE R . Bk, KR TR B
PIRIAE AR N AT A IS R . MR HR SR R i, KA ) He! AT BUE S EOE
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J7%:4k 9 He® (Zhang and Lindberg, 2001; Poulain et al., 2004; Driscoll et al., 2013; /&7
WRAE, 20090, JEEEFEFHALRE: (D KT BA BT R ) A PLUT E
TR RER; (2) WRUKREE S TE A ML Heg(IDie A He® (Ariya et al.,
20150, fEGADSGRERIMAEL Y, —EE0™Y) (Wiatrowski et al., 2009; Bone et al., 2014)
MEAEFIEF K JER (Jiang et al., 2014; 2015) [FIRERERS A S AR AE W) He 3B JR
B He(IDMIR 54, SKAMNEIST CRemlZ UV-B) fefiB s He" %4k, H NOs~ (Sunetal,
2015) M1 CI" (Garcia et al., 2005) [IFFE7ERIREMEEE He® AR M e SBE AL . TERZEDY)
RS, MRS Z B REE F2 B RL BEE 77 A4 (1 R 5l AT S8 L8 S B
(Ariya et al., 2015). KA&H Hg® (AR R R KSR, REREFRAR/K AR T ¥ He IR,
RIAKEES REMB RG] Z — o KAEPEE AR He"1EN Lewis R, JLFA
SLLT B He R AEAE, &L Hg(OH)' M1 Hg(OH), &L 171 . fEKEAT RS
i, R ) Hg " TEAS ZVE R B LR (DOMD 54m ;s  JREUKAR 1 He &2
TR (HS H1 Sy ) AL (R-SH) #md; AWk He' X% R-SH Al R-
SH I A i 520 (Zhang et al., 2004; Lemes and Wang, 2009; Wang and Zhang, 2013).
IKAAD R G TOHLR AT DALE AR MR AE AR B R A W 864K (Ullrich et al., 2001;
Celo et al., 2006; Merritt and Amirbahman, 2009; Driscoll et al., 2013; X &4 1 T #iz4E,
2007). Hr, PRI EEEMERELIC)EE (Compeau and Bartaha, 1985; Choi et al.,
1993). BIEJRE (Fleming et al., 2006) FlIF=H % (Hamelin et al., 2011) IS5
BEAT, TIARA W AL T R AEAE B S A HUB AT (Ullrich et al., 2001). 7ESRE
IKAR, R 53 2 K AR A ) DR 7K 2 R GURR P ) A8 A 3 R S THT 250 mT LAEAT TEHLR
WA AL (Zhang et al., 2009; Feyte et al., 2012). fEMUEYI/ER T, A Hiff) MeHg
A AT IR R 25 AL R AL 25 AL (Lu et al., 2016; Du et al., 2019); 7EGHR/EH
T, ATRLAT L 4k (Kim and Zoh, 2013; Sun et al., 2013), H34k 5% H 4k
FIN AT, HIERERE TREAET RGN MeHg & &, HEE8 0 R H
MeHg fEAR ARG “PE-I0 7 RFAE
1.1.2 FERHDIERERENIERFRERBXRERTENERIR
UREZH AT IR SR, KRG RIS 9 1k — I I BOR B S RAEY (Qiuetal., 2008;
Meng et al., 2010; 2011; Zhang et al., 2010a), F H & FIFEAK & E 5 77 P B B R FE ok
BTN TEERIE (Fengetal., 2008; Li et al., 2012; Zhang et al., 2010b). K, KI5 HIX

2
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ARG TR e 5| T BIPRS00 AR, B s 2R ot A AR
BRGEIAEN AR ARAE 55RO FERIFESIT R T KRG LAE,
AR T —2e Bl D FEH LI AR R HIRGE R, RRK e & AR
F G CEPREK A B oK 2R T 38D (Meng et al,, 2010; 2014; Zhao et al,,
2016a; Qin et al., 20200, 2) F%H 458 Hh oK I FE A0 e R AT H o 1) 2 F A A
LAY T REERIIIEE (Zhao et al., 2016b). 3D BRERELIE IR 5 8k 1) F A I8 JF it 72 2
R FH - 438 7R R AL R 1) B 4R 248 (Rothenberg and Feng, 2012; Zhao et al., 2016b);
77 HBE R AR F 07 B e i R e T SR 1 25 M ER (W et al, 2020). [RIIE,
ST A FH 33 B R OR B AR o AR R SR TS G AE IR IE S AT I, R FRIR AR & A
FEK U R EOR B F R o sk . Hal, B NS EF S AR KGR A
YR ERAL 2L FE TS T RE 9T TAE (Rothenberg and Feng, 2012; Liu et al., 2018; Li
etal., 2019; Wang et al., 2019; 2021; Du et al., 2021). {H/2, 7% H 13 F E R 14 sl F2
N R AR A%, HAHRHLEIEANE 2

113 HMmEAERFEAIBRTMREEZEAE

—H LK, AN T T TN R IR R A R I A A Hh R 0 R 52 R0 OG
HRE M. ZIERZEZMAEY RIS wESEES) S5EEME
= (AR AR & &, Bk G2k, R, BIR. pHA) M E R4
HiERAL 223 FE (Li et al., 2019; Tang et al., 2020; Zhao et al., 2020). [&FALEIRIR . BRR
#h I JE AN B A I AR R B A BE R G A, A R IR S R AE A RO IK SR A
(Skyllberg, 2008), W] LUl IE S8 R AEMA BIER 772, R F AL R . B Tax
PRI, H TS BRI o B s L F e T ORER R (B 1), FESE
WAELFHA T 1D SEIREES SRR, BN SUE REDA R, 2) %
M 7R F AL A M OBV A0 S e . BB — AN 5T, B0 R B SR B 5 s
A LT B R B 5 IR T8 B0 R I T UE BOK 43 IC A W T R A R I AR A R
(Ravichandran, 2004), {H 885K BE A 4 G0 IR BRANK R (¥ 30K
N R (A0 4 %% 1 (Skyllberg, 2008; Graham et al., 2013; Zhang et al., 2012; 2014).
41, Zhang et al. (2012, 2014)HF 50 KB, RS54 BB GOKBUR &S5 LR  (nano-
HgS) hRet i HEAb . W MRVEA HUR I AATEIREE T B AR B SR AR AR e, 38 0m T 4
KERATRAK R IFRE 1, #E— DI T R IEY A % (Graham etal., 2013), 45
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ERRSNEEY) (EPS) tHHEA S DOM HEIKIYEA (Zhang et al., 20200, 537k, &)
PR b AR B R R AT P R % DA B BRI v 1) 7 2O R [ e R R, PRI A
G R (Jeong et al., 2007; Bower et al., 2008; Wang et al., 2020). &G RARiE, ©BJR
PERIER . BRSAVLIE R AN TRIE FOA AN R M 7T 2 5 LR BIFFR (Gu et
al., 2011; Zheng et al., 2012; Bone et al., 2014; Han et al., 2020). %5148 — )50, A0
Bt 70 2 1AL JFUS AR AR B FR AR T S B 2 A A, (R T B T
SR I R A K . WA VR BN SIS ST ARSI RE, iE
A ARG T BRI . T, BRERAE PR R T A B A I 2 ) o s ) PR R
(Skyllberg et al., 2021), fE7KH AT FE R #3iEE A EZM M B (Rothenberg and
Feng, 2012; Li et al., 2019).
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R f o SEXE TS RAGIRH J,
© PUKIMRIAHYSHIZERY f © EH YhFe-HoEiR ‘
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e 4 e
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(1) BRBRAGH e B 3% b 2 5 H AL [ B R TE2S

CAAN [R] 7 i B2 66 B2 A B BN BIE FE RS R, SR B — B SR AR ok A AL R R B EOA
I N T A U R i AA R R TR RS, BRRERAR (PHgNOs)) . AN
HAK (NOM-"PHg(11) KPR ASHK (nano-2"*HgS) LA AL MF 2RI i A5 7k
(=FeS-*"Hg(IT)), LMRF FIRRILATERG H LI b AP0 sk, IR 06 34 %
IR LS RS 2 5 AL OB

(2) R AL A SR I B A A S Wi e P - 38 mp R R OR AR R

AAS [F) R I EA PEE A T R NI FE T R, SR B — ' SRR e R R 3R B BOR
WA BRI R R ER A COH, HECORFARLRARERS (Me'”Hg) BLAE M
RIFIRLFRERF (COHE?), 7 Al7s EiAE H g oR I Bl 2 AL 38 )5 DL AR
Wik, 74, WEREAMEAIMPIR SR &Y (R AR R 8D, R ITAFIE
TR IN B AR SRR X AR A F AL 2

(3) BREAY)-H BT R A R P2 B 3 Pt ek B L BR AL 22 T 25 701

LIRE H 3090 FE0 5, R — R AR R AN R BR R, i 2Hg" #44t
WURER, S RIESIRMEOR, BB ER BSOS HETBL R
T 3 b BT DRk IS 70 ARk DL S AR FOd R o A AR P 338 m i R S )
SRR (0 LA U
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5 2 B OBRBUIEIA RS H L b 2 5 AL SOV R B A

F 2B REATWBEHIRTS SR EAMR NRKRFES

2.1 XES|F

KRG R VE Ny — BRI B VBl RS, 2R (Hg) HI AR Py 3 A8 (A
S (Gilmour et al., 2013; Parks et al., 2013; Podar et al., 2015; Liu et al., 2018). A ik
BTECALIESE, K AR (MeHg) ST R H 33 sh L ALK 10 JEAL B 31k
AR (FH %, 2018; Meng et al., 2010, 2014; Zhao et al., 2016b; Qin et al., 2020; Liu
etal.,2021). [Ah, FFH 3582 ok LA 7 #4 i X 38 (Rothenberg and Feng, 2012).
RFTRA S, REP AR Z Z R AEY . AL R R, R s 54
RIES. WA, pH. EMIEERE. RIXANTEE (Bravo and Cosio, 2020; Regnell
and Watras, 2018). HH1, RIEA SLIHLAYA BNER 2 EF MeHg A I EE KR 2
— (Hsu-kim et al., 2013; Wang et al., 2014; Regnell and Watras, 2018; Li et al., 2019).
I HORIEAS 2 Z M2 RN, R By MM RPRIE SRS THE 7 (i HS)
ZEE VAR (Jonsson et al., 2012; Liem-Nguyen et al., 2016; Zhu et al., 2018); S5
AL (DOM) 454 117Kk (Jonsson et al., 2012; Liem-Nguyen et al., 2016; Mazrui et
al., 2016; Zhu et al., 2018); KBRS K (HgS) (Zhang et al., 2012, 2014; Tian
et al., 2021) DL WL B ZERR AL 2RER 7K (Jonsson et al., 2012). AJ WL, ZRERAEILT
TORMTEASRABEWER . R, BEIEIEH TR AN R AR AL RS H 3%
(AR AT R ner 2 FO T FROR AR B DTk an e 2 5 ANIE A o X 4 H ki G
e S E TAE R TR IIPkER . Rk, ABFRCR AR e KRN ZRERAR, 25l
H T EARASTR (PBHg(NOs)) . AN AAR (NOM-"Hg(Il)). BRALIEEIN F AR
(=FeS-2Hg(11)) YK PRI TK (nano->2HgS), & & A F & KR H
Berb g ORISR, W B RIEASAE AL IS R A R, T R EERR
FEE X} 7R R A AR P S e

22 B E A%
22,1 ARXREHAFRE
ARSEIGEE = Ab Hg MR Z S8 RPIKAEH, Haml A+ 5o & di4- 5 5 1L X

7
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RRF R XAEH (T, SKO. HiEBokIXEH (g, GXD MEM G 51 H T 1EiE
X SXAEH (HX). Hd, YRR AR X, % X80 H L ok HER TS
Geo VRN LIEHORIX, 1ZIXI0RE H - 8052 L HoRIE B, KA RIRIER &,
T 73 B R I A 12 DX el e FH 338 B okV5 44U (Zhao et al., 2016b); {82 X F%H
s P REIF RS AR

R SR, TEKFBA KIS 50~60 K, & H L3S MeHg 4 ER ),
Hg I RALI IR (Zhao et al., 2016a, b). [, FEIZ I HASRAEAE FH 39 RE 5 At
FHKEER . SR 1~5 em REHI/K L, R E 500 mL RN, AR
XK RS AT 250 mL kS 2%, tHoREEE 500 mL SRR . i LR S
IKFEYIE R Parafilm®3 M2 H 5, WEAFEGLR, RETRIEABA TS, IHE
24 /NI IE I BRI E A, AT ORGSR = R RS KRR . AR
FOAR R FE R B AL AR AR N3 2-1 TR



5 2 B OBRBUIEIA RS H L b 2 5 AL SOV R B A

& 2-1 /KAFAE KRG M LI A RSB & &

S — T RIX TR IX R F R X
(HX) (GX) (SK)
+ 15
.7k THg (mg kg™") 0.27 +0.10 ¢ 3.34+0.97b 48.9 +9.78 a
7k MeHg (ug kg™') 0.37 £0.23 ¢ 6.56 £2.28 a 2.50 £0.49 b
MeHg/THg (%) 0.14+0.10a 0.19+0.04 a 0.0051 +0.002 b
THEH LT SOM (%) 7.47 +0.27 a 4.11+0.19b 3.28+0.30 ¢
PR B pH 7.52 7.51 7.53
iRt SO42 (mg kg ™) 486 +415b 489 +21 Db 1039 +121a
5 NH4* (mg kg™') 3.55+0.30 b 5.86 £0.95a 1.69 +0.07 ¢
HIR &k NOs~ (mg kg™') 5.67 +0.87 b 3.18 +0.55¢ 22.3+0.88a
IR R
TR (%) 34.0+0.0a 30.7+23a 15.3+12b
ki (%) 33.0+42a 347 +23a 36.7+2.3a
WHL (%) 33.0+4.2b 347 +46b 480+35a
A 3EFLRR K
TRERIR SO (mg L) 0.23 +0.09 b 1.28 +0.16 a 0.83 £0.02 ab
BAE S(-1) (mg L) 0.025 +0.004b 0.059 +0.002 a 0.018 +0.007b
TSR NOs~ (mg L) N.D. 0.025 +0.008 b 0.086 +0.034 a
T RSEEAR NO2~ (mg L) 0.009 +0.003b 0.21 +0.03a N.D.
B AR NH4* (mg L) 35.7+221b 25.3+3.39¢ 60.5+11.9a
TWAKE T Fe?* (mg L) 0.48 +£0.04 a 0.93+0.22a 1.15+047a
BB T Fed* (mg L) 0.76 +£0.03 a 0.38 +0.06 b 0.69 +0.15a

e AFE/NGFRERBFR bR A RN SR 2R B (p<0.05)

2.2.2 ENLE RERFIR & & SR

AHFFAE *Hg (ZHFF 95.3 £ 0.15 %)« Hg (4i/F 92.6 £ 0.15 %). *®Hg (4l
& 98.2 £0.15 %) £12%Hg (4lifF 99.2 +0.15 %) PR TEHLR A7 2 LL K —Fh B LR [7]
fiiz (Me'™Hg): Hrt, THURFEIN A T/REEHEAGERE, Wi AR A 2R BR 2
LSRR . BTl R R R 2300 5 36 E ISOFLEX 2], A Ll %15 2 A A [
AWM ENRFEME, 2l NERER (PHgNO)) . AHLE A AR (NOM-
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9Hg(I1)) Btk WAL I & 7K (SFeS-"Hg(I)) M4k FkifiibK (nano->"?HgS).
HLAR 1) 2% 777240 F 3

8Hg(NOs)2: K SH A M T IR IR TP (4> 99.9%), 4153 *Hg(NOs) fik
HW (20 (pg mL™")), I A#ELIK (Milli-Q, Millipore, FEE) FBAZKEN 1
(ngmL™) TR

NOM-'"Hg(Il): 7ERATFEAMh (PLAS-LABS, FE[E) H40 L [ [ b f 5E 5 1
SIbRUE S JE R A S Suwannee River NOM 5 "Hg(IN SR A, HA LBl G GIR
(4°C) #E 5K (Jonsson et al., 2012). ffill&43 2K NOM-""Hg(I)ikE A 2.95 (ug
HgmL ™),

=FeS->’Hg(Il): ¥ Fe(NH1)2(SO4)2 Fl N2S-9H,0 7F KA T B4 h A i T i S 4K,
#1592 FeS(s) (14.9 (mgmL ). Kl 2545 2K FeS(s)iEBE =X, LLBELILE HIHRAL
Y. SR 2 Hg(I)MA S FeS(s)M M EUB 2Kt , il 33N 23.8 (pg Hg mL-
) [¥=FeS-**Hg(Il) (Jonsson et al., 2012),

Nano->“HgS: 7EFLHI N2S-9H0 ¥ A 29He(1). W% A [ K5 i h 2
() JE BB AR HERE By Suwannee River humic acid (&F 10 (mg C L)), 0.1 M NaNOs.
4 mM HEPES R (pH 7.5), LAEEsE HeS 9K BikiYy. iz BiFlaRaFEM T
WiRERE A, B2 EERZ/NT 0.1 um (Zhang et al., 2012), #3%] nano-
22HgS, WEN 10.03 (ugmL ).

Me'®Hg: K F H 56 5 e 3 o WY B kK & 045 ) Me'”Hg (Rodriguez Martin-
Doimeadios et al., 2002). il %153 2| [1] Me'®Hg i & A 3.77 (ugmL .

il 153 2 f=FeS-2"Hg(I1) M1 Nano->2HgS i Fi%& Ht 8% (TEM) (Tecnai G2 F20 S-
TWIN, FEI, £ED 5 X Skt OH0E (EDX) (EDAX, EE) HHTHRAE, RIS
R 2-1 FE 2-2,

10



o 2 B BREIEA Y

i

Wi e 3 b 2 5 B R4k S B R T 25

Energy (keV)
vE: (a) 500 nm TEM FE1%; (b) 50 nm TEM K% (¢) EDX feiltF BIRE W H 177
Fe. S Al Hg T

& 2-1 TEM-EDX 1k ] %15 2] ft)=FeS-2"Hg(1I)

800

8 Acaue EOX
(c)

600

",
N e
5 10 15 20 25
Energy (keV)
VE: (a) 100 nm TEM E1%; (b) 10 nm TEM K% (¢) EDX Rt BIRE R AEAE S f
Hg i3k

K 2-2 TEM-EDX ALl 15 2 ] Nano-2*HgS

11
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2.2.3 ##F KRB

EREFEMT, BREAR O mfEH LIRS FEKFEMEE 2 L BT,

5 P RS S B - B 5 A WKL S R A AR AR S KRR LIRS EAKI SR G KR
N T5%IIEKFE b BB S VK AR e N 100 mL MIEHIH, B R K
50 mL. ARAEEEAEFCIXFEH 38K (THe) Ml MeHg IAJR(E, %18 THg & &1
10%LL K MeHg & &1 100%7r AN 2 Fi il & HTEHLR 5 2R REE 7 (Gilmour et
al., 1998; Zhao et al., 2016a; Wu et al., 2020). Ff)5, BFIMIEM %S, FH7ERREIAE
HREAEEFRM R . T H ToREE 2 AR ER (Me™Hg) FrH KR =5
SHg(NOs), —#(, #5104 "SHg. Ft, HEMIEFEE 2 F AR AR AR 7R,
IARER, HAR RS A PSR GRE 48 NI, R4 B Jy X FHEALSLE
(B 48 DGR (W 2-3 o). 7 RfEREFRIES 04 025, 0.5, 1 A1 2 REEAT
TR EURE, N RFE R IR BRI =/ PAT (38 9 MREFRI = 3 /N PAT =< =AM
FoXOo 30 mL AR 50 mL BO0E S, S #0502 BIE T pH. S
Y ([SCIDD. BiEREL . [Fe* IMI[FS 1R LKL 3% DOM & & . BUSERIEAEmEE T
1.5 mL ¥R A7 1 9F-80 °C 147, I THRHU DNA #Efh. HARFAES A 1 mL 6 N HCI
ALSE, -20 °C (RAFIRAT, FTodrRFNIER. B e TR, BIERAFER S
BEAT,  DAIBE A KA XA i ) 4

RETFER
AN

OOO 195Hg(NO,),
OO 0 NOM-19Hg(Il)
198Hg(NO;), =FeS-*"Hg(ll) /%ﬁu A
nano-22HgS [F] %,T)t
GX SK HX
199Hg(u)

Me“’"}
\ 5B
Aﬁ“ : Q AL
Nano-202HgS
GX SK

HX

& 2-3 seis it s A

12
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224 DA E

8 FHAOM 0% - FUBR R & S5 B TR T (GC-ICP-MS) il 58 384 it v 225 TE L
FRANERF A AR B FRASSR [RI AL R (Me'”®Hg. Me'®Hg. Me?™Hg. Me*™Hg) & &,
Kl B 165 rRNA J BRI 7 B 07 VR0 = ASRBEIX JR G R 3Re i, AT I E IS 2
B ME > Bt oo 16s fRNA 2 [H B 7 #% 51 ¥ v 341F-805R  (341F: 5-
CCTACGGGNGGCWGCAG-3'; 805R: 5’-GACTACHVGGGTATCTAATCC-3") . T
Hlumina PE250 #ll 71 & X 3d 3 AT 2EAL B DNA BEAT I, Rt 42 )= i3
BEAT R 204, RARBUE R T 97% ) 7 9 RN — DM RAE 72K ¥t (OTUD . T
OTU #EAT Alpha Z FE¥EFI Beta Z R, AREHEE (Chaol) 52 %
(Shannon) FEFRFIFAAARITHT (PCoAD. BEAL, EEXTR AL INAEREE hgcAB HEAT
Wt E & PCR 7047, ATHE 99 ORNL-HgcAB-uni-F/R PA AR AS Al 3EAL AL 1) Clade-
specific hgcA in Deltaproteobacteria (ORNL-Delta-HgcA-F/R) (Christensen et al., 2016; Liu
etal.,2019),

225 HHITESREES

HRYEA I TCHLIR H B4 AR R B LR [ A67 3 1F 5 F B K% (MeHg/Hg(ID) (%)),
FRPE IS I FE LR R R VH FE R B 2 % (MeHg demethylation (%)), 5
ASV/IE

AL (%) = —etel 000, (A 2-D
[Hg(I1) Jspiked

%@g{{% (%) — [MelggHg]spiked- [Me'98Hg] ~ 100% (/Z_\\:T:t 2_2)

[Me'™* Hglspitea
Frf, [Me'Hg] A&id i in i e LR FA7 25 F R4 AE B MeHg:  ['Hg(ID Jspiked &
AN T AL R AL 3R R B2 [Me' Hglspiked A2 RN Y HH 2R R A2 3R ER s 1 45T 198,
199. 200 #1202,
X R AL FR AN 2 R e, E— D S A R A (K 25 FRR AN G 3E
W (Ke) (Hintelmann et al., 1995, 2000, 57750 F .

[Me'Hg]s- [MeHg] o
[Hg(ID] x ¢

In([Me1%Hg].0) - In([Me'8Hg],)
t

Km: (//}:—EE 2-3)

Kq= (A 2-4)
Hrr, [MeHglo M[MeHglg 73 A ARG BE (o) FIASEHURERT 8] 5 (5) B AR

13
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A B MeHg B & ¢ NRGFRI TR j 8 025, 0.5 1812 K,
AR5 ERMCC580 ([MeHg] = 75.5 + 3.7 (ugkg™)) N MeHg 73 # i (A5 1
Vit JEEME KL, ERMCCS580 H[EI# Ky 111 + 8.86 %, Ju[EH N 99 %% 125 %.

AL, THERE IR SR IAMFAL R =T, RO S = RIUCEIES 100.0 +£3.59 %
(B 2-4), BB IR LI0 R AAFAE [FIAL BRI 15 G .
130
B HX-1 @ HX2 A HX-3
v GX-1 @ GX2 <« GX-3
120 b SK-1 ® SK2 * SK-3
) 110 -
n <
2 B T e P caansaii Wiasaas
$ 100 g ¢ ﬁ "
g : 1 N
I e " J ® T
(14 90 - )
80 -
70 T T T T
198Hg 199Hg 200|._|g 202Hg

7E: HX. GX. SK 73 AINTEIR « SuiR AMVYHTRAE
] 2-4 BRI 5 AR R R AL 2 BT 11

2.3 AEESKEMNRREFNBREACSEREX

2-5 o RTINS TR TEH R RN R ERFG AN FIRAE AR F 3 ) PR
fe (MeHgHg(l) FIFAEMLEAHEH (Kn)o WL, H=FeS CHg(Isk, FHfls
TEAMTHRIIA BEFHREAER; + H MeHg/Hg(IDFEE H 13 He &= 138 i
BERAK, HAPHEERKX (HX, [THg] = 027 (mg kg D). HikHEKIX (GX,
[THg] =334 (mgkg™)) RMEFKE X (SK, [THg] =48.93 (mgkg™)) FMH LI
MeHg/Hg(IT) 73 314 2~5%- 0.3~0.35%F1 0.002~0.005% (& 2-1 Al 2-5), FILALHE %K
WA (Kn) BITEAR FIAL AR R AR 5 AR % — B

FEF R IR R A, P Hg(NOs): ) MeHg/Hg(ID 5 (4.85 + 0.13 %),
SRJG KR NOM-'"Hg(Il). Nano-2"HgS MI=FeS-*Hg(Il) (p < 0.05). 7FH K5 %
[y 9 0 R X RS B B R 95 K ), NOM-"Hg(IDf MeHg/Hg(INf% i, H ¥k /2

8Hg(NOs), il Nano-*“HgS, H_-FHZRARE . RIKEHR&ENER R X535k
14
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RIXAHAL, NOM-'"’Hg(Il)#) MeHg/Hg(I)#xm, HIKZ Nano-2HgS (p <0.05). H 5
X AR FFRA X 3355 725250, MeHg/Hg(1D)BE B 18] [ A8 4k 34 2 Je 36 0 J5 1% 25 ik
FIPAT, T R X 3%t MeHg/Hg(I1) 26 I0 H 437 482 () 88 ik 25

7 04 6
M- """Hg(NO,), ® - NOM-""Hg(ll)
6 ~A-=Fes Hg(ll) - nano- M2ygs (@) (b) & . (c)
Py . L]
5 o - i
§ *z—"/iaA—"—A#. = :°- 4 F { *
£ 4 - < L 15
z / - G - £ o0z S /?
= - 3 // > 34
5 3 * £ = y
I / 3 ) ;,/, -
= 21 ‘ = v 0.1 /, 3 21 . S
S — ) o= ——
& v = _;42___,-—‘ 144 N /
! oo jh—A—2 4 —§ )<¥
N T S . A ,
0.0 05 10 15 20 0.0 0.5 1.0 15 20 00 05 10 15 20
Time (d) Time (d) Time (d)
0.14 3.0x10° 1.4x10*
2 (d) (e) . (f)
i 2.5x107 1.2x10* 4
0.10 ~H- "™Hg(NO,), 1.0x10* +
\ -®- NOM-"**Hg(ll) 20x10° 4 [\ - \\
0.8 § -A-=FeSHg(l) | \ . p s
k) ~¥- nano-*Hgs b2 1sxi0? J¥ \ u| = \
& 0.06 * v \\ o 6.0x10° - ¢
: o 1.0x10° \; < ®
0.04 ’ o :
v R — 4.0x10° - —. :
8 Ty— 8 e 10110’-+ e B ’
R e g
0.00 jA-—A R ) v e , R |
05 10 15 20 : 05 10 15 20 ' 05 10 15 20
Time (d) Time (d) Time (d)

] 2-5 FIJEAL 26 15 FRL A0 T 2 4

FEARB T, BFRATHA RIS LHRN K B85, BERIME TREESR,
X5 Gilmour %A\ (2018) {EAIFFRIARTHERILIR —Bl. B FXMEFHRN XHE
H 338 tP R RS TN IR AR BRI Kon B B 1] PR3 R R 2R P A T v oK X A L
B P AR HIRM K RILH RS MAES, HIERFFARMN Kn SYHHEE

([:=FeS-*""Hg(11)).

2-6 Fn A HHERORERR (Me'Hg) 192 3L 28 Jo 5 BB R W4 (Koo
FERFRAR], HX. GX M SK 2 R RN 44.26 + 6.79 % 47.03 + 6.45 %Al
80.99 + 3.86 %. SK Ml HX ] Ka 5575 8] (A AEARL, 73 2.28 + 0.18

(dD) A 1.38+0.17 (d) BPFHEE 084 +£0.12 (dD) (p <0.05) F10.31 +0.04
(d™D (p<0.05). GX K Ko MAEFEFEMIZE —RNIREM 1.03+0.59 (d7H) FFFEE 033
+0.06 (d°D, FFLEREE MG TR IRERRRE .

15
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100

25

(@) |+ (b)
g \
£ 80+ - 204 \ %
c i \
o — 3
S, 60 * . 1.5-
£ v 3 <
5 i T
-§ 40 i%/+ % x-u 1.04 +\
// - : ~,\
T //’ T = §
3.;, 204 / T —A—HX 0.5 é
s / \ / —m—GX ’ I .
-— SK
o -* T T ' 7 T o'o T T
0.0 0.5 1.0 15 2.0 0.5 1.0 1.5 2.0

Time (d) Time (d)

B 2-6 2 HBLALZR 5 2o HI Ak a3 4

2.4 FEHLIBF TS5 REAMIERNKRESIRA

AKURLAS HeS |2 AFAE TR ECE A SR L (Enescu et al., 2016; Manceau
et al., 2018; Zhang et al., 2020), Jf HABFFTIRIEGKBR A HeS REW 4 AL (EAE
%%, 2020; Zhang et al., 2012, 2014; Zhang et al., 2020; Deonarine and Hsu-Kim, 2009;
Slowey, 2010; Gerbig et al., 2011; Graham et al., 2012; Tian et al., 2021). ZUKEFRIZS HgS
KA/ T HAa s, bR N9 BURLA HeS 7T BEAE A £ (1
MeHg (Zhangetal.,2012). fEABFFH, W% A BT nano->HgS (K42 10 nm
KA (B 2-2), X5 Zhang %N (2012) Hil&HGOKBRLA HeS RiAEAMAL (3.2~20
REME AT S S 4 R4 TR AR . (EAERINR, R4 nano-2HgS REWE B 1 JEAL,
NOM X T nano-**HgS HIE FHATIAN ] 200% o AHF FUAE ] %% nano-**HgS I, AT —&
E I NOM, HE5REPIKRE HeS 4Rt E . (Slowey, 2010; Gerbig et al., 2011;
Graham et al., 2012; Ravichandran et al., 1999; Pham et al., 2014), A 2%#& K, MIME
&% (EPS) tAA 5 NOM AHLMK T ke

FEZHTAR T, ZFHIEEVCARBEIR (NOM) FIFERS Hg KT
E5EKYE Hg-NOM & &%) (Hsu-kim et al., 2013; Chiasson-Gould et al., 2014), MIfi
B Hg WMAEMAE R, #Emind] MeHg 4R (Barkay et al., 1997; Ravichandran,
2004). fR1M, ABFTTEIL, NOM-""Hg(IDFERE M H L IR, geg A Ruhd:
% Me'®Hg, I HAHE AN S TLHIR T 2 1) MeHg. BT 13 DOM [ & B /EHE
FRRIAN LR R AR (B 2-7), SHISEE EgEOAMAE VI ARIEHR At 1 78 2 I BRIE,
A A A R A T R A 52 BURRIEAS SR (52 o BESRBRIR 19 B A 2 AR F 5 )

16

nm),

(Zhang et al., 2020),



52 B BRBRIG IR S A L 2 5 R SR R T A

SAGE M R R R, A4 I RIRAER DOM W fgilid 5 A [FJE A Hg IAH BAR
F, WSS AR SR MAEM A (REESE, 2008). £ 54 Wi kg sk &
Pl (Gai et al., 2016), SJEERRE: &1 He(ID A M He-Cl/-OH 4541, He Fi4H
KRS HeS B Han iR (mobility). AL, EFZERE, Hg()5 NOM [
G R W > Hg(I)AE HIEFE A A5 FC (Johsetal.,2019). Zhu%¥ A\ (2018) F
FITE Nétraan V7] UTRR A HEAT FHBRAE R R 050 K I, NOM-2Hg(IDM K £ 25T T
THg(NO3)2, Ui NOM-2“Hg(ID 2 AEMH RS Heo B8 B E # Desulfovibrio
desulfuricans ND132 BT 215 7252560 4, Biswas 5N (2011) 23 NOM-Hg(1) A
BRI R, BZsSeR AT K NOM FARF 7T —8, #5958 E bR IE R P2
SRNOM. F&T-SCHRHRIEFIAHT 7R &, FATEE] NOM-""Hg(IDiX — kLA BA K&
iR s 5 A Rk, 7ERS B 38 b BB B F Ak

3 2.0
K @ K (b)
, 73] °
6™ $e 1.6 Ewl | .
= wl / \ — 25 — .
— 24 W \\ '_l o/ o® : g;
(=2 @ - - o oo os 10 15 20 =g
E . £ 1.0
& A & o A
g A——A/A\; frd A/+ 4
A i 0.5 +
— - [
-\ /-/ —m—GX = = = \
o —A—HX u
0l . . . . 0.0 1+ . - : -
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
Ti d i
- ime (day) — Time (day)
(c) —m—GX (d)
*—o —e—SK
60 - *\’ i %
e R
(=] \_ o0 §
= 40 z ES £ s00
4 e &
: @ A
& i:;,/ \.}»%‘ S
20 ¢ 600 - /§\.
—11 i a
0l : : : : 400 1 . , . .
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.6 2.0
Time (day) Time (day)
3.00 ©
e
2.75 -
£~ 2.50 - f/.\ +
(=] P S
k>3 ®
o225 -
o
a ’
= 4200 o SR §\+
1.26 5 =
075] *—a—m g
0.50 1~ . - . :
0.0 0.5 1.0 1.5 2.0
Time (day)

& 2-7 B WA 918 Fe*' . Fe*'. S(-II). SO.% LK+ DOM & &
2% F RO KRG HEER FeS % Hg BB R MRS, fevsiful 5 He 45

17
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&, M0 He B IE1AER] (Wang et al., 20200, Skyllberg 28 A\ (2021) 7£Fi i &
2RI PRI, FeS WA iz il Heg MALFEIEAS . EAB LT, BraRsii
)G, SK RIEHRIH Fe* & & M R L& SCIDTRIEM R (B 2-7), X%
W E A S B0 PR i R P AT BEAT FeS A e X370 #T A4 ) FeS B it %8 b 2 i WL B 1)
7 GG PP Hg(NOs), ik fetEil s Fe-Hg B #1177 :UAE A HgS (Wolfenden et al., 2005;
Jeong et al., 2007; Skyllberg and Drott, 2010). IAb, ) S(-IDH 2L 3 MeHg [
EAMFHFHAL (Jonsson et al., 2016; West et al., 2020), XA g SK & LR
T GX A HX W EHZ—.

2.5RWMEBEXNTEH TP KRB EAMEREALNR N

FEARMFFH, BATRVIBEREE L3 Hg &EMTHS, TTHLR M R 5 F AL
AR E G R, ARESTHRIER — UG A ZE S (% 1~5 5
/N TAFES R Z 8] (FHZ 1000~10000 %) BZER (KB 2-8). X— KL, fEHE
R BE b, R FAL RS 38 B B ke e xS T Hg F A0 F2 AR 0 KT ()
—f S5 H AL F Hg 4.

° HX GX SK HX GX SK HX GX SK HX GX SK

A
]
24
£ 3
X '
o 4
(-
64 [ ]25%~75%
1 Range within 1.51QR
— Median Line |
o Mean ' : C (b)
+ Outliers 1”HQ(N0’)2 NOM-'”Hg(II):EFeS-mHg(II) nano_nZHgs
'8 T T T '6
HX GX SK

() BIURMEHIRESE A, (b)) RETHRESEANFNL LK T
Kmo HX. GX. SK 73l NAEE . YR MU RAE A
B 2-8 AN [A) A i TR) 28 06 B3 e J 14 R A 85 4

PRI, ANFIAL AR Hg AL R DL &g MeHg BRI ZE R [ REH4GT: (1) Hg
TR HRIEA K Heg IS ZER: (20 ARSI LED B RN ZE R (3) &
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5 Hg WA PR IRETE 2 2 5 (4) MeHg 2 HIIEGIS R 72 5 .
2.5.1 RisFEMARBURKESHER

FEARB M RX (HX), ANEEHg 4R, SAMfEH L THe & & (0.27
+0.10 (mg kg") KIHEZE S T2EETFME (0.058 (mg kg')). X2 TTIAE HE
R PEoR e b, I3 Hg S &k E THURE & (Qiuetal., 2008). AW FEH:
IR K BERT 18] (132434 5 Jonsson 55 N (2012) SR T FIUAR A HEAT 1) FH A A
PRI —2, HHMFEG R R (E 2-9), XRPAAIE Hg 1545 H 1%
W, TENLR AW RO BRI E . Hg(NOs), > NOM-Hg(I) > Nano-HgS >
=FeS-Hg(Il), H.HIEALIETELE 24 /N NI, [l 80 FEAIK

TVEHORIX (GX), HITAAELEBORIES), KAPH H IWERERETHRKX
KA (Zhao et al,, 2016a). MAh, ZXEAEHE A MeHg &8 (4.16~9.93 (pg
kg ™)) PLA MeHg/THg HIELH (0.19 %) A=A RAEEX i m ) (£ 2-1). HHFR
PRI ITRE ) He B85 T4 H A NI #4649 MeHg (Zhao et al., 2016a), XA REZ
52 RS Hg UTREREME X 45 MeHg & &8 S R IK . BRibz Ah, il B SRR IR He T
ST ARG R, AHEES He & GX FHLEP R EISRES, SRR
NOM-"Hg(I1)%¢ = 1) HY BE 40 22 5 AL T 20 0 4, FRATTHEI — 3B A AR 45 581
Hg A2 5 B0 RN [FIR, — 34l i R b ik A8 H LY He AT Re 2T
RN KRS HeS (Manceau et al., 2018), 1 X #4> Hg 5 B A % s I AE WA 2k

8 0.14
m "%®Hg(NO,), ® NOM-"*Hg(ll) (a) (b)

74 A =FeSHg(ll) w nano-***HgS

%8Hg(NO,), K, =0.04x T2 2=097
NOM-""*Hg(ll) K, =0.04 x T** =098
=FeS-"’Hg(ll) K, =0.001 x T*%, #=0.72

0.12

4 pbon

;@ MeHg/Hg(ll)= 4.45xe> T+ 4.85 0.10 4 nano-*?HgS K, =0.02 x T 2 =0.98
< gl =099
= .i;-----— o —8 —
> eHg/Hg(ll)= -3.68xe 03T + 3.86 '.'U 0.08 ~
T 4 T <
N o
g 45 o MeHg/Hg(ll)= -2.10xe292:T+ 2.18
=098 0.04 -
& S K i\& \m\‘\
%] = 0.02- = —3
7 MeHg/Hg(ll)= -0.06xe 3T + 0.06 ¥ S =R
Y, ?=0384 x "
0 A 0.00 {&—& & &
T T T T T T T T T T T T
0.0 0.5 1.0 1.5 2.0 025 050 0.75 1.00 125 150 175 2.00
Time (d) Time (d)

e (a) HEAEER: (b) HEEREH
B 2-9 15 5t XA FH 38 F LA S3ORT A B R i 30 22 0

M TR RS RIS A K BT U HERR, IR FTokF™ X (SKD ## H -4 THg
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SEE, 15 35.11~59.96 (mg kg 1); {HILH AR R LR HGE XY
ZIX A He FIESHAT OB R, RESEFE He B (FEARHESE, 2021);

%ﬁﬁﬁ%%&ﬁﬁi%¢fg%%%%@ 17 B R, B-HeS 1 HE ] ey ik
67.4~72.0%, T HgJEA (Yinetal, 2016). FfH, ABFFEERIMAFERSTHL
KR, SK R H I AN S Hg(NOs), T fi gl - 38 AR R [ 52, TG PRAR 7 3
AR, SR, AR ECRT T NOM-""Hg(IDAT nano->*HgS HISZMIRL/N, X2 P
N NOM-'’Hg(I)) Al nano->HgS F4t5 NOM LA KB AL iidt 47 7P, Mk 7 [
AR PR AR RO REM o 3 77 40 & i — B 3 B NOM-'"Hg(I)F1 Nano-""HgS [f] 2
Wt FEFF & — S zh 153 72, 10 S Hg(NOs): I F AL AE 78 PR I8 (] 2-10)

8 1.4x104
B %Hg(NO,), (a) (b)
74 ® NOM-""Hg(Il) 1.2x10*
= A =FeS-Hg(ll)
i 6- v nano-*?HgS "
9 MeHg/Hg(ll)= -3.39xe 1197 + 5.26 1:0x10: fio
g =097 - \ ® NOM-"Hg(il)
T 51 ¢ e | o ol W K, = 4.16E-6 x T°75, 2 = 0.99
= i e - \ ¥ nano-*"’HgS
- e i —F | ¢ ' K, = 3.57E-5x T°%, /2 =0.99
= 2 z 6.0x10™
D 34 S ¢ MeHgHg(ll)= -1.66xe-1 74T + 3.90 R
= =097 ¥
=, ¥ g 4.0x10° 4% e
1 'é - ¥ ; 2.0x10° -% i :
o T } T T T T 0 o !
0.0 0.5 1.0 1.5 2.0 0.25 0. 50 0. 75 1. 00 1. 25 ; 50 1 75 2. 00
Time (d) Time (d)

e (a) WAL (b) HEALEAR AL
B 2-10 JR 37754 X AR FH 38 R LA R AR R 2 B 3 1 2400

2.5.2 HIEMBAFERNER

AT T T 1) = AR X I AT o [l B 5 e R DXtk 9 L S R - 49 3
BRI (R 2-Do Bbdh, =AM 3R pH HLF—8, AFEAEER. @il X 5
LRATS AT AT DUE Y, A0 LR ) 2 A R AR BRI, R A )
(V172 53 W] BB A SR I TE MR H A A7 AE B R Z2 7 (R SR R
253 MEMBEEMNESR

AP AN, Heg I R0 2 AL IR 2 A ) = 3 AR Wi B AL 200 72 (B
MAE, 2011). SAMM, Hg X TN S, £—FEtEWm. EiF2mat, $EiE
R HTHRIENHE TR, ASEIRKE IRER . Bk, AEIREER Hg IRZI 5005 F
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H 3 P A R R R SE M AT D) RE . IS AR BT (PCoA) KIW, AHEFLH Prik
=R AR R S e A E (B 2-11D). BB UAEYIRER ) a-2FF
Ve Tl BLE , JRFFERYT XAE I 3R Ml e s2 2 s He {53 ipia, D
VRS I 2R AT UG . T8I 5 E & PCR AT RIN, IR X g ok A Bk
Thhe 2 R AR S B B VA OR XA S XIR (& 2-12). RS REH, AR
s RV A AR v A e i P 1) 22 AR AT e 3 AL TR B R A A B R R ) 2
JE B, HAEAEE 2P O

0.2- b el
LEHREKGX

_—
X o
I
N
v
= 00 BHRFIERSK | "\
P |\
(=] .‘x
2 -0.1 }
HRXTX \Y
-0.2
-0.2 -0.1 0.0 0.1 0.2 03

PCoAl (22.62%)

7E: HX. GX. SK 73 AINTEIR « SaiR AMPYHTRAE
B 2-11 3R A MR K 3 AR AR 0

3.0 5

(a) ORNL-hgcAB-uniF/R (b) ORNL-Delta-hgcA
2.5- &
2.0 oA
k34 [ ]
5 9
g 1.5+ ?\l
N ® 5
1.0 1 il
®
0.5 Ly
0.0 T T T 0 T T T
HX GX sK HX GX sK

vE: HX. GX. SK 73N . YaiE M PUHTRAE S
B 2-12 7k F LAk Iy e 2k IR RO AH o ik =
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254 ZREAMEENZER

o L3 7% MeHg A2 32 TEHLIR 1 AL 5 TR 1 25 F A0 36 [F) /R F s
(XI&F AT HRE, 2007; Wu et al., 2020; Zhou et al., 2020). AWFFH, JRFHFERY X
5 L3 Me' " Hg 7R 757 1) 25 FBEAK e DL K 2 R A 3ol 30 o HUE = AR AFE R TA] 3
HgE ) (B 2-6): S5G H IR AR BRI A0 2 DL K A0 T e ORIk, BRI
SK R THg & & f e, H MeHg & BT IVEHORXAEH 138, XU, & Hgik
JE -3 b AT e AE AR SRR it MeHg 2 FSML AN, (EAFE— 05T,

2.6 AARXRITEBHTIREENET

Hil, C&A%¥ENHgIG MR H g TARKEE FB (Wangetal., 2012;
Eckley et al., 2020), ARTIXEEF B 3 BAF LGN ARIAEN B NS Hg KRR, Wi
fit 5] 22 #e 57K (Qianetal., 2003; Piao et al., 2006). AHF 7 A HL, NOM-Hg(II)F1 nano-
HgS £ F AL A2 i 2 AT 5 Hg(NO3 )2 AHABLHE: 58 5 iy ) A B0 38 A R B AL e 4. X
— R Z 7T X T Re 08 2 50k B RAL S R ISR TEAS AR 2, I AE A% g
NOM-Hg(II)F1 nano-HgS M) F AL FEBARAS 7. A& Htat, SUXHHBEHA He
KiFAE MeHg 42 B2 A 78701 (Jonsson et al., 2012; Zhang et al., 2012, 2014; Mazrui et
al., 20160, FenlJE, A BT TR I ST T Lok X 38 SR vh T2 AR AE A 9K
KIS HgS (Manceauetal., 2018), X &7 Heg F AL 5 7= A A 558 UG 219 A %
ik B, FESE kG RehE H IR E R RSN, 415 SORKIE S LAY St
FedEE AL

2.7 REING

AHGr WK 2 Fida g R RN =R ERHOR, KL NOM-Hg(I) LA & nano-HgS 5
Hg(NO3), 7E FE AL 2 i B AEALLEL 28 0 e F) H AL 230 5 R b 30 4, 13
NOM-Hg(I)F nano-HgS & 4% H T3 fefg 2 5 AL ) B R TE A . =FeS-Hg(ID)
JUPAReR AL, FF B L3 37 A4 i) FeS AT RE 2> 25 FEIK Hg(NOs), IAEY)
AR FEANFIFRIR FERL R RORE sk, TR F BN R B R IR FE RO 3G N f T %, 9
H., FEH LRI EERLRE SR A F R OE R Z R (10°~10*F5) i KT [ —A07 i
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[EIANFIRIEASZ B ZS (1~515). BuAh, FATEKRIL, B 1 ARF H 5 ok iRk
TSR RS R R A, AN RS s 1) Gl 2 0 7 Al A e i P ) 22 S AR AT e 3 A
IR AR B R R B ZR N, HAES Do, kT 44 i Lea i
FE, AU RS R IX RS Rmm AN, ETANRES SRS PR BR
TR ZAFAE TG 3R R R SR AT B R B A R, ST
IR R
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B3R RAMNENEREARREETRFRERPIRAR

3.1 XES|F

FEH LR FEESR (Hg) AR, IR F A, LSRN, &
WAL S SRR, X TORMAEMIR R 5 AR FE R B E 2, AR, BT %
RETLHR (HeD mHFEL, RFHER (MeHg) % FHEMIEM (Zhao et al,
2016a, 2016b; Li et al., 2019; Wu et al., 2020), Xt Hg LB R FE T b . k)
A& He AR 5 Rt B AL AN A R AP AR R, DA AT R (TR 520 i A
A X AESRATEAST TR L Hg BEREAT RSN B, FHX
AL R He FIEAREESR (S) HITEH XA % Y) (Rothenberg and Feng,
2012; Skyllberg et al., 2021). —J7 1, BiERER1IE B LR AR ALY i P S I A2 e AR
[T J5 PR B G s 2 1 3 R R A 22 T s S LA 34 (Drrott et al., 2013; Liem-Nguyen,
2017; Skyllberg et al., 2021). F—7J71f, BiERERHIE B EH T BB ER 358 I i #2 R R
N E RIS T He F AL 0 E B2 4% (Compeau and Bartha, 1985). FItt, 7E1R K]
LISk, RABRITRE NS e RS R4 MeHg £ EE R Z 2 — (Coleman
Wasik et al., 2012). #RT, W FIEFERKRITER KD, 24 H b R I H R
EBRZHBLA (Hinckley et al., 2020; Feinberg et al., 2021). fE&RE, S ALHAIHEK
M 2011 £ 1) 21.85 Tg S/AECARRRE 3.18Tg S/AE (SiH4E%, 2021), HIMNKIHRAL
it B B B4R T3S (Li et al, 20190, £ESEE, AR HRALARH it & AE
20174ERY, CEM T 3.3 Tg S/, HHIEH %S FAHEZ (Feinbergetal., 2021),
I, ETRACEHE R N 2080 ORISR A KRG HE0 7). FiL, KRH
LIRS BALEHR NN Hg AN ERE— P0G, BT, £HxfgH g
BN REASFAL I FL b, BT A R %+ (Wang et al,, 2016; Li et al., 2019;
2022; Lei et al., 2021). I H, BAHALILFEEILTREENEL, HOSRERS
BRI TR TGS A RS 2 . BTk, AT A AR A R R AR F AL F R
EEHAR (Multi-compound specific Hg isotope labeling technique), Bt & IR [FH7
FonERA COHg", HECRFEIA R R EE A (Me*Hg) LA A F A oKk IR A7 2 7 5 7
(P2Hg"), 735l s ERRE H LR A . KR, R LR R . 4,
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A ANIRE IR S IR A (BRER EL AR AR AR 28D, IR AU AR SR G HA ) R
SHALITZ I .

32 MBELETTE
321 HERE

Ao NI IR G 5 % — 8 FREEEI =4 He W% 7 F R IMK RS
W, Hor o AT 5 A WA T 0 WL X R TR XA (DU8T, SKD. hiklokX
FEH (U, GXO MR MEHMAEXE FXFEH (HXD. X, WHONEF KR
01X, %X IEAE S R AR Y5 s TR VEOR X, X R 2
TVEGRIESR, KAP ORI BER R, TR A DR B 2 12 DX 4R 38 VoK
{5 YR (Zhao et al., 2016b); I X8 H 35K 52 FIK 15 Yeiomi . SRAEFS M 3R
FRF S EAE KA . SRAE 1~5 em RIZWIK TIE, FH % 500 mL SRR, A

B Ao X R KRE R ] 250 mL VES A%, HoREEZ 500 mL RIS . P

AR SKFESE ] Parafilm®F %G, W= HHSEL, RAF TR A
F1, JEAE 24 /NI IS Rl B SR E . AN AT IXORG SRR = ARG LR S B KR
Ml o
3.2.2 AR RERFIRF &

A TENLR R R BRI COOHED, FIER AL R R B (Me'®Hg) DL
AN IR AL R B (202Hg°)o 13 P 5E Me2®Hg Fll Me2*2Hg 4 iR B oL oK (Hg”

A HE?) KRR W iE Me'"®Hg HIWHFE, 7REE MeHg H)E WAL IR, 8
L E 2Hg? A1 PP Hg AR R ER R IS SRS R s b 2°H BIVERE, RERIRIY

FACECE FEAE RO R . B — B A R AL R KT ISOFLEX A #]. AT 5B H
AL AR UTR: 8 Hg ("®Hg 98.52 + 0.15%, "*Hg 0.10 + 0.02%, "’Hg 0.11 + 0.02%,
20Hg 0.59 + 0.02%, 2°'Hg 0.47 £ 0.05%, 2“Hg 0.16 + 0.02%, 2**Hg < 0.05%), 2*°Hg (**°Hg
98.09 + 0.2%, ""°Hg 0.11 £ 0.05%, '"*Hg 0.43 + 0.05%, '"’Hg 0.31 + 0.05%, **'Hg 0.32 +
0.05%, 22Hg 0.53 + 0.05%, >*Hg 0.21 + 0.05%), and 2*’Hg (***Hg 98.68 + 0.02%, '*°Hg
0.04%, '*Hg 0.15 £ 0.02%, '"’Hg 0.23 + 0.02%, *°Hg 0.43 + 0.2%, **'Hg 0.34 + 0.02%,
204Hg 0.13 £ 0.02%). 2Hg". Me'* Hg 1 22Hg® 7 50 i & BT 740 R
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20Hg!: ¥4 Hg’ (metal) WM TIKIAIR T (ZEE> 99.9%), il &35 2 Hg" fif
#ZI (20 (pg mL™D), FfEEEAK (Milli-Q, Millipore, FEE) FBARIKE AN 1
(ngmL™) TR

Me'*Hg: R H AL 5 ik 25 08 F 2 4R & i3 2] Me'®*Hg (Hintelmann, 2000;
Rodriguez Martin-Doimeadios et al., 2002) . il %15 2] [1) Me'*®Hg i % M LR A7 T 57 I BE
(% 100 uL Me'**Hg f# % M 10 mL 7 )

202Hg0: XA Wang et al. (2015)H (515, #l&755] 22H WAAR . Bk, %
22Hg" (metal) SAAVEMETIRIAIR T, JEMREH &R 2NKEA 100 pg L' ) 22Hg" b
VA BEJS, AR 22 Hg" bR 8 SR N & 10 mL SnCL (20%, w/v)H)
50 mL [T, B JEAE R 2PH . B ALE AR ECR, Kl SR AR ) 22He LA S
mL min~! IR ZEME KA 510 mL 2K S, 6l 815 2] 2P He  WAER, B R#AF
TP 24 /NN G, 2OH AN IR EEZ) N 3ug L. ZEMS A AT E 202 He” A
WK, MBS 1 ngmL™'.
3.2.2 EHRIERIT

EREFEMT, BREAR M RMREE LIRS FEKFEMEE 2 L BT,
5 FH AR S B 1 Bk o A B S R S, AR IR S B KSR G N B KR
N T5%IIVEKFE b . BB S VKL i ArEN 100 mL MUE I, B R K
30 mLo JEBSZIGALEE 4 4 BRFRER (NaxSO4) INIALEE. GHifCRIEREE (NaxS:03) ¥
INALFR L eyl e s K B A SR HE AR B . AR T RS R SR A B R (~200 mg
kg!, Yin et al., 2018), &%E 2 mg SR SEsINE, HARREA RS i ALEE A R s Tl =
—3, SRR I TN 20 e, Me'*®Hg DA% 2?Hg?, BRI X
FEH 8880k (THg) A MeHg FIARAERE (Gilmour et al., 1998; Zhao et al., 2016a;
Wuetal., 2020), 1% 3-1 fin. BiJE, SCRURIER S R%E, Z8%)5E, £RE
I8 rp RIS TR R
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& 3-1 [0 2R B i
THG"  [PHGT Bl Hg' [MeHgl Al MeHg LHGT Bl g

st mg kg™! pgmL!t mL 0| ngmL' mL ng ngmL' mL ng
HX  0.15+0.003 0.4 0.5 0.2 50 0.1 5 1 10 10
GX 17.24.7 4 0.5 2 50 1 50 1 10 10
SK 609 7 60 0.5 30 50 0.4 20 1 10 10

E: THo AR RS SEOR & . [PPHg"]. [Me'**Hg] FI[*2Hg A1 73 5l A [ A 2R
A ERFRRE IR o

323 BRI HMRE
SATEREFRINEE 00 120 24 F0 48 /NIFEEAT B IR PEHURE, AN RAE R BE NI HL

SAPAT (BE 9 AMREFRM = 3 APAT x AKX ERR SRR Z AT, A RS-
GEE RN IEFRSCHAT He® FERIREE . BT R AR RS 2 /N, Rk He® B
ISEPRIEFRET TN 20 140 26 F1 50 /NF o SRFERT, AT A TRANE ki anie s, [
FI 25 4 AL () i 0 R /< A 300 mL min™! (K37 BR S, 20 min, LABA{R T AT
LA i) Hg® (purgeable Hg®) ¥E &£ L &8 Lo M RESEHITFE M 1) purgeable He'
JG, WIS B IR A T B P AT BIAERRE . BT 0 MeHg [FIAL 3 10V AT
a KA 50 mL B0 (JET, BIOFIL, H1ED ', 1 mL 6 N HCIB{L/E, -20 °C {RfF

(Gray et al., 2014; Liu et al.,, 2022), HUbEJR KM T 1.5 mL %75 (Nalgene®,
Thermo Fisher, 35[E) H13£-80 °C {17, HI-TH2HL DNA FEdh. HARVBKFEKEZE 50
mL B0, B0 B AR 2 BIEBUE 2 B ([SIDD. [SO427]. [Fe*'].
[Fe**]. [NOs |MI[NH4'.
3.2.4 METTE

P R TR R A A5 B TR R A (ICP-MS) Wl 8 & U8 28 b A BB A ok A AL 2

(19%Hg", 20Hg 1 22Hg") & . ¥ O E R WS A TR E AN R FAL
PLHE, EEES TEEN ICP-MS (Agilent 7700X, FE[E) #EATHM, BREMKF
P, FTERBIEM R AR, A G- RS 5B TR (GC-ICP-
MS) Il 5E Y 3 AE i R 3SR AL R (Me'*®Hg. Me?®Hg Ml Me??Hg) & & . R
AR EEAT R B4 (Hintelmann et al., 1995; Li et al., 2010; Meng et al., 2018), Jf 4t
Fr (MeHg #1 Hg(NO3)2) K H T Brooks Rand™; H:rft He® [l 4 bR 4 id &AL 14538 5
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Hg(NOs), I3, A5 N BT AMR R [ A7 2 AL 5 RAR [FIA 2 2 — B (AR SEER
AR AL 2R ELE MeHg: "®Hg/'"Hg = 0.59 £ 0.006, >°°Hg/!Hg = 1.37 £ 0.014, 2°'Hg/!”Hg
=0.78 = 0.0083, and 2?Hg/'Hg = 1.76 + 0.020; Hg’: '**Hg/'**Hg = 0.59 + 0.004, 2°°Hg/'*Hg
=1.38 + 0.009, °'Hg/'*’Hg = 0.79 + 0.005, and 2**Hg/'*Hg = 1.78 + 0.015; KIRFJF LL{A:
8Hg/1"Hg = 0.59, 2°°Hg/'”Hg = 1.37, 2*'Hg/!*’Hg = 0.78, and 2**Hg/'*’Hg = 1.76, Blum and
Bergquist, 2007). [SO4* JFI[NOs R A& F i (ICS90, DIONEX, £ ED. [S(-ID]KH
WA EE kil g (Cline, 1969). [Fe? THI[Fe* |k H 3EM I LE a7k 5 (Viollier et
al., 20000, [NH4"[RH#EM I 00GEENE . LIRS AL (DOMD R KT
TR, DKL 10:1 34742 LA 200 rpm (EEEAE K TR 254k % 16 /NS,

B, € (0.45-um JREBGIRA4EJEMRL, Whatman, £[E ). DOM FIREMFHSH
HUBR AT G 52 (TOC-L, Shimadzu, HA) WlsE, HHBMEEA VLK (DOC) Fix,

DOM AR I v 15 6 6 1R B Aqualog® Y614 (Jobin Yvon, Horiba, H <) il
E o NFRAOGIE 3 A 72 o Y SRS R I, A FAEREAT DOM JGi 4 AT,

W HTE FES I DOC & R XFFEE 10mg L' LU (Jiangetal., 2018). JBIEFEM I DNA
¥ FastDNA® X7 (MP Biomedicals, Irvine, 35 ) #HTHEL, FH4H ] Qubit™ 4 %
F64% (Qubit™ 4, Thermo Scientific, FEE ) X HEHIF 2 DNA WK #4172 (Pu et al.,
2022). FKHEHE PCRE (ABI 7500, Applied Biosystems, SE[E ) %€ 7k H Ak Th g 3k
Chged) FRIEJZEGHEE (merd) . FAHIRKMEGIEE (merB) . TR #1147 F ]

(dsrB) FIBREMIER (soxB) WIFFE. T AW EY G KWK 3-2 Fis.
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T A=A

A GUERBRAE AR 7R A ) ER AL 2 R 2

R 3-2 qPCR 5| 59 14 5% A+

e EIE/EA S 51751 (5-3") T4 %A SR
94°C for 3 min; 40 cycles of
o Delta-F GCCAACTACAAGMTGASCTWC 95°C for 155, 65°C for 10 s, Christensen
c
& Delta-R CCSGCNGCRCACCAGACRITT 65°C for 10 s; 72°C for 4 etal., 2016
min
94°C for 2 min; 35 cycles of
A7s-n-F CGATCCGCAAGTGGCIACBGT Schaefer et
merA 94°C for 10 s and 60°C for 1
A5-n-R ACCATCGTCAGRTARGGRAAVA ) al., 2004
min
94°C for 2 min; 35 cycles of
Box-F CGAGAAGGAACATCAGAATCCG Schaefer et
merB 94°C for 10 s and 60°C for 1
Box-R CGCTTGTGGCAAAGAAAAGGTG ] al., 2004
min
95°C for 30 s; 40 cycles of
I DSRp2060-F CAACATCGTYCAYACCCAGGG 95°C for 5 s, 55°C for 34's, Zhou et al.,
sr
DSR4-R GTGTAGCAGTTACCGCA 72°C for 34 s; 72°C for 4 2020
min
95°C for 5 min; 35 cycles of
3 soxB693-F ATCGGNCARGCNTTYCCNTA 95°C for 30 s and 55°C for Meyer et
SOX.
soxB1164-B AARTTNCCNCGNCGRTA 30, 72°C for 30 s; 72°C for al., 2007

7 min

K hgeA PRI P A B R 2ZH 0 1R 7 v,
W % ¥ b & & National Centre for Biotechnology Information (NCBI,
B DRV e bA% B 2 5 20 0]

https://www.ncbi.nlm.nih.gov/). hgeAd & KW ¥ A1 %2 3

PRINA950218 1 PRINA950935,
324 HEITESRERH

BT AW T P Hg. 2Hg f1 2%Hg, FHIRATRARBME PHe (55 CK
g G R, HTHrARMKFEALZRIFE 100% ' £40%, 7]
HAhFEA KK T4E (Hintelmann et al., 1995; Qvarnstrom and Frech, 2002). K,

BATRA 72T HIHE R 2R 0 ik i FAAR R R FENLZ A (Qvarnstrdm and
Frech, 2002):

RAHBD KiFFEE 5 H
RETFA

PR B A eV 45k, I

2 5199 = R199/199x X S199x + R199/198,a X S198a + R199/200,6 X S200,6 + R199/202,c X S202,¢

(A~ 3-D

2 S198 = Ri9g/199,x X S199x + R19g/198,a X S198,a T R198/2006 X S2006 + R198/202,c X S202,c
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(n33-2)
25200 = R200/199,x X S199x T R200/198,a X S198,a + R200/2006 X S200,6 + R200/202,c X S202,¢

(~33-3)
25202 = R202/199,x X S199x T R202/198,a X S198a + R202/200 X S200,6 + R202/202,c X S202,¢

(n33-4)
Hrp, YSeMEAEIN He FALRES (=198 199, 200 F1202); Rij 2 2 15 211
'Hg/Hg LUfl; SiRAEIER HefE'5: x RanEARRHMNE 5t Hg (ambient Hg);
a RN Me' Hg brifils b RRFLHI 1) 2PHg" bRl ¢ FRonALHl i 22He" Fril -

BT A AR 8 Hg 2°Hg F1 22Hg /R iR A BT & 1 Hg S R=IAEHK, 4

FALE 0.11+£0.02%. 0.31+0.05%F1 0.23 £0.02%, FELEFR—ERINEAL R KRR, 7]
DA ER oy RIS 2= I DTk e PRI, AT DURE 5 T 20 R0 B 1) 22 B AR A M A o T ik
T i

Ambient Hg = ’Hg measured/16.94% (A503-5)
S Hg ambient = '*"HE measured/16.94% x 10.04% (A3 3-6)
8Hg cnriched = "*Hg measured-' " HE ambient (AT3-7)
*9Hg ambient = """ Hg measured/ 16.94% x 23.14% (A3 3-8)
20Hg enriched = 2°°Hg measured->""Hg ambient (A 3-9)
*9°Hg ambient = """ Hg measured/ 16.94% x 29.73% (A 3-10)
22Hg enriched = 2*2HE measured->""Hg ambient (AZ3-1D)

Hr, Hg ambient (0 = 198, 200, 202)F1 'Hg enriched (i = 198, 200, 202) 7 K~ 5t Hg F
IR Hg [FAL R 'HE measured (0 = 198, 199, 200, 202) yilid ICP-MS il & 75 £f¥) 'Hg
(i = 198, 199, 200, 202){5 5 . 10.04%. 16.94%. 23.14%F1 29.73% A '"*Hg. '"Hg.
20Hg 1 292Hg [ RIRA % (Blum and Bergquist, 2007)

FAb, BATRECR A IR i fai 4k (14 7 72 5 B T B A B (1 LB R I A1 2
HH 199Hg FI& &, RIFEMTEET 233 MR R RZEUUN 030 £ 0.17% (B
3-1). Kk, BATGLIEA T LR BRI EIT T RRS &,
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2.0
3 16}
F~
2
L 1.2}
5 0.47 0.1 %
8 n=83
2 08| 0.28+0.14%
= n=76 vy
® e = o 0.14 £ 0.05 %
> _ e | =74
0.4 oz = “
e a—
0.0 — ' —L
HX GX SK
B 3-1 R WAL VAT B 5 2 T B A PR i 5B R B S 28 E & P He SRR R
E 14

PRAE AN I TEA LR Ak AR BRI R SR R R TS Rk R (MeHg/Hg(TD) (%)) Xt
JSL AR R A (KD ARSI F SR (R 7 R RV A v B s AL % (MeHg
demethylation (%)) X8 2 HIEALIEREE (Ko BITIEREE 2 mAH—50. 7EHEE
b, AT TRIERER Sy, FMCRA Zhu et al. (2018) 2 i3t — 251t
BT TR HgO FR AR e DL R SO F AL (K-

[zongO]
Purgeable 200Hg0/200Hgll (%) = [

200H gl spiked

x 100% (~33-12)

[198Hg0]

Purgeable 1%Hg"/Me'%*Hg (%) = ="
spike

x 100% (A3 3-13)

[200Hg0] 4
[200Hg!spiked * ¢

K,-200Hgll = (A303-14)

[l 98H gO] i

- 198 = —_—
KV Me Hg [Melgng]spiked X t

(A3 3-15)
Horfr, ['Hg'lg #on It He® FIZEAN RN TE) A () BOZEXTB & (= 198 A1 200; j =2,
14, 26 F1 50 /NF )

AL, U 22Hg 5 E R A ATkt 2 Hg® (purgeable *2Hg?) VAR & [l |
22Hg MM B AR EEVE R, BRI A B 2 it S R

[ZOZHgO] spiked = [ZOZHgO] purgeable

[ZOZHgO] spiked

AW T ERMCC580 ([MeHg] = 75.5+3.7 (pgkg ")) N MeHg 70 #7 i (K h5 v

202Hg? oxidation/immobilization (%) =

x100% (= 3-16)

32



55 3 B RN 1 LI SR A S M A FE 3 o Ok AR 2R

Y. EE R, ERMCCSS80 I EICR N 852 + 9.07%, JEHEN 76.2%% 108.4%.

3.3 TEFUEFRTR S 115 DOM HIRLHHE
3.3.1 HS—SO42", NH4*-NOs  Fe**—Fe* f AL FE

WA 32 fis, BRI B NHS IR NOs IR R 2~3 MRS
NOs W e i HIAE K B AL B b . 7ESRPEAS S URINAb R, % Lo AL B Fe?* (4
BRI =T Fe’™ (p < 0.05, & 3-3). 41l 3-4 7R, NapSOs F1 NazS203 4b FH Hr 1

O4> Fr BARb A FALEAL A HX A1 SK AR, H HS7E B A A a5 (1 & R4 SO ik 3 4

0.08 10 - 160 -
@ Autoclaved (a) o[ (b) ® Autoclaved . | e (c)
@ Control 6 1 + @ Control % * R S
e Na,SO, e oI FW . ® NajSo, )
= Na,S,0, o Na,$,0, = 02T @® Autoclaved
= E’ 0.09 | E’ @ Control
£ 004 o X ® ® Na,SO,
o \ S oot o L ¥ Na,S,0
S y # \ X | 2 il ; 29203
.02 F % B | + “NES.
o0 LN /e - é 0.03 SR—— - ? b
Vs é -0 6 — ‘
" L] T
0.00 L M- . e 0.00 . L . 0.0 1 : 3 -
’ i 16 2 52 4 16 28 52 4 16 28 52
Time (hour) Time (hour) Time (hour)
80 %0 100 -
(d) (e) . (f)
T
0 80
o /., T e} = _®
E’ 7 - = § - 60 i e
b o
= a0 e g . £ o b 3 . e O\ @~——
51 3 i ‘. = = @
o 4 b : z ) Y o = 40 s "
= Z 3t o0 e + S
o/ <8 55
4 g @ I
®
° ; i i A 0 i ; i i 0 : ; i i
4 16 28 52 4 16 28 52 4 16 28 52
Time (hour) Time (hour) Time (hour)

B 3-2 NH4 Al NOs ™ fEAN R 7 B 15 77 I 18] (142 40
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34

Autoclaved A

Fe?, Fe* (uM)

5
ET
# AB
&
L
w
0!
¢ ‘. "*

Fe®, Fe* (uM)

8

30+
-Aiii

ikl

o
Na,SO, i NaS,0,
‘B
: B
: A
A
u:-uunu:‘--
Time (hour)
[CIFe* EAFe* (b)
Control Na,SO, Na;S,0,
A

Time (hour)

[JFe” [EIFe*
Control Na,SO,

A
"

Ei AB A AB A
AB :

Eh ===
ab =2 0

Tlmo (hour)

Na;$,0,

A A
B

SK

Bl 3-3 Fe® Ml Fe* fEAN A 1 B 54 IR I 8] (32 4k

HX

GX

[ (a) —@- Autoclaved Lo g (b) —@— Autoclaved
—~@- Control ~@ Control
© Nayso, 120 + ® Nayso,
@ Na,S,0, 5 Na,$,0,
2%
L T ~—
: ; <3| o "
L) 8 : -
30 =
®- O———— @ — — a3 o
L e - "-' f— o8 g —o—9@0
4 16 4 16 28 52
Time (hour) Time (hour)
- 200
@ (e)
160 |
* T:, 120 \
[ 2 ;
by / ® sl e
g e e T x .\, i \,\‘_ P
: R .
e —"0 — 00— ® 40} P R~ ©
b4
r , , oL@ 5
4 16 28 52 4 16 28 52
Time (hour) Time (hour)

250 - (c)
200 l ~ o
= ® -0
:E,; 150 - ® +
;."' —@ - Autoclaved ®
o 100 ~@- Control
@ ©® Na,SO,
50 Na,S,0,
o g— g——a-—9
4 16 28 52
Time (hour)
80
(f)
il +
> \Q__
2w e
] -
- £
2| *—,_—— &— o~ §
5 $——9
0
4 16 28 52
Time (hour)

SK
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332DOM S ESEBENTL

DOM )& B R HEEEA NI (DOC) KF£r. ME 3-5 7] %1, DOC HAXEA
G A7 S AR ZE 5, SR Rl — AL SASFEI AL B 2 (8] ) DOC NEERFZE R, X1 SR
B3k A ol Fg H 4 DOC 12 &

a
2.0 HX
[ |

1.6 | @
‘Tm
(o]
~E— 1.2 F
Q
o
o

0.8

0.4 1 1 1 1 1 1 1 | 1 ]

o o” o o> O°

» o X
& " o & P ov & P oy
PR E QR

Bl 3-5 A [A7 S A1 AL EE T DOC 14 &
AHFFER FH DOM (148 SRS 1% R 5% 56 3 5K S e DOM ) 28 RN 45 K RFAE
[/l DOC 2Lk, SUVAzsay 275-295 K ERAMDGIHERIZE (S25205) 355 nm BAKIOE REL
(a(355)) TG, FEMEATE S (HIXD ATEAEREE (BIX) S8hrEA A A
B JLP AR REER (K 3-6). U SK LA, T6E A R CAE S IRinAb B i 3%
T BERACEE . TEAT A GX, W8)6IE B AN T LE S ISINALEE A SR BT iR A #E (1]

3'6)0
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Y = H U S
st =
= 6 = 21s00f
S £ <
£ 1.2f 5 .;':
:‘,3 § ab 21000
0 o
ﬁ‘ 081 o 2
35 3
) 2f 8 soof
04} E
0.0 0 0
P
7
1000 - HX GX SK‘(d) 600 600
_ a —~ 500 | -
g soof ¢ b [l 3 e
LA = s
Py o 400 | P
x 600 3 £
o @ @
£ ol 2
S S S
> do0f 2 2
o @ 200 ]
g - :
E 200 E ol E
! :
L _ 0
S o O & o O S ov O
o of " of
‘JQ& *"" w (‘é& *‘l" e"?’ Oﬁ e’“ *"»
19 HX GX* SK (g) 15
18}
17t 12}
09}
x x
= o
06}
03}
10 & & 9 & o 9 < O O L #‘) o 9 . & o0 S o O L & o 0 & £ & O 9O
9
& et & @ ‘x"? & & @7 & & e’?’ & @ ‘\9‘?‘ oés ** ‘x"? & @ e"‘m & @ o & @ \X"?

B 3-6 AR s AT AL B T DOM 5 AMR SO 85 A1 9866 1 A AE

34 MRRERERSRAEAMEME TSN

3.4.1 hgcA, merA, merB, dsrB Fl soxB B H {9 EHFHE

AR FE S X R HEAGIE DR (hged) RIBIRFEIER (merd) FHLIK SR K
(merB) WRERIEFEER (dsrB) FBANIEER (soxB) 73 AT € &0 HT. WA
RO, REFEFEM T mer BAETIIRE R (merd A merB) ¥R THRHR (Cr>31). K
W FE Al T hged, dsrB M soxB FE PRI F B 5 W EARTJEK A (p <0.05, B 3-7). £
BLRl GX, R BEALER P ) hged FERI B m T SUSINALEE . SR1, 7EL7x SK, SN
AER A ) hged FER F R s T AL . BT 3-7 T L, 7 50 GX HT SK K hged 1 dsrB
SR A B EFHAM AT, NaxS:03 AP soxB R FEELE T NaxSO4 4k
H,
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HX GX SK

307 I Autoclaved (a) 0 (b) Il Autoclaved 30F (C)
I Control i Il control - Autoclaved
_2s [Jnaso, = 25F Enaso, 0 ﬁ-::ns"om
K] [INa;s;0, @ Enass.0, H [~ ] NaZS,O‘,
220 220t t‘zo.
@5 gz & i
$% 5o %
<=15 §§15 3_5 15
) ?7- _g’ g 52 Ac
< 80l S a0k 0
S o B 1OF e
% :-’.‘. E s AB A B_ﬂ
~osf 0.5 05h K 2
0.0 0.0 00 Cy| BCy| Ay ABY|
4 16 28 52 4 16 28 52 . 4 16 28 52
Time (hour) Time (hour) Time (hour)
3.0 3.0
3.0
(d) ” (e) (f)
= 25 — 25¢ a8 25
3 = Aa =
: g E
o § 20} o £ 207 & 20
g,‘?u 3 B¢ g2
@ 2 15F ‘:’?15- 28 o, o
55 Aa S 2 Ap Ap @ 8 A
° 8 ABo % 8 k4 A"‘ g 8‘
2 10 o 10f r N 4
e ABa ) o
B3 Bq % =~
0.5 = 08 RS
AB gl Ap A 28 %) a8 %8
0.0 ABY| By| Ay Ay 0.0 Al
4 6 28 52 a 16 28 52
o Time (hour) ib Time (hour)
(g) (i)
_ 25 E = 08}
. =
K 20} aap [ g
i ¥ Ba ¢ T
gz a8 A8 ag| Aa S 25 o06f
8o 15 o @ 52
m g i 3t 28
H 2 pr 3 8 g8 94l A ABa
% 8 10f 1 fos o o A A T age
- 2 o
=) < & L
% o X % o2l mY & Aa
K ag AB) By 'BBGB
0.0 .
4 16 28 52 4 16 28 52

Time (hour) Time (hour) Time (hour)

B 3-7 A[FEAL AL FE S hged . dsrB M soxB 3R &

3.4.2 KRB E YRR

ASHIR G 53 T A5 ] higeA 5 R4 18 300 737 g AR 2 66 TR 2H B AR 3 7 ok R A T AR
LEEE A . I hged FERIY I, KIHX F GX ALAI S TRINAL 2 &
TIRBREHILJEE (SRB) FEH 7R H EAL A ) B ARG = FE 0t FRAL B 1.04-1.56 AN
127-1.82 1%, I H EE iR &2 SRB HF Z AL B AW A Peptococcaceae
Desulfovibrionaceae ! Desulfobulbaceae (K| 3-8). #t—30, TE 775 F ZHEH h ik 1
A hgeA FEH ¥ SRB 7K FHIEAL A, RIS IRINALER 2 39 I T 467 2 HX (7R H
FAG AP
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(a) (b)

& HX GX SK
[ Others Dasulfobulbacese
® Rhodospirillaceae L] gz::gg;z:g::ese
o I Rhodobacteraceae =
3 Comamona daceae mss 4
_? - I Conexibacteraceae (% E
T3 Bradyrhizobiaceae B2
E = I Intrasporangiaceae o >
2 Pseudoalteromonadaceae & B o[ —
82 [0 Burkholderiaceae 5 &
52 Micromonosporaceae 5% —
BE I Desulfobulbaceae 2 2 o L
2 E Microcystaceae 0 S
© © 92L [ Desulfovibrionaceae 3 —;
.g L Geobacteraceae % £
£ 20F [ Peptococcaceae © "E’ 1F =
© Unassigned
4 .
0 b— L e P . = " o [ " L = " . "
conrol Na;80, |Na,8,0 [ control | na,80, |Ne,9,0,| comrol [ ways0, | Hays,o) control | Na,80, [Na;8,0, | controt wa,80, [Na,8,0, control | nayso, [Nass.0,
(c) (d)
HX GX SK 10 HX GX SK
L TR T— T | [ Desulfacinum - N Desultacinum
[ I O O e Syntrophobacter Syntrophobacter
= [ Desulfatiglans
96 8

- Desulfomonile
I Syntrophorhabdus
Desulfobacca

©
=

N —— L, Se— | Desulfatiglans
. - - Desulfomonile
. . . I Methanothrix

. . - Geobacter

£ 5=
: B
> » 9
£ -3

- 5 @
£E Hr — ]
T o [ syntrophorhabdus 2 = el — p—
o > Methanoregula [ —_

2 L]
§ o 90 [ Desulfobacca €% __ . [5]
g g Unclassified 3 ]

© ==
i 5 Gom | Eze
S E sl 23 | ==
@ ) _—
H 23 =
B 2% £ 2L
@
©
o LS BN BN RN B L 0 — L L L ' L L L L
cnnuol'm,lo. |Nu,s,a, Control | m;e‘lngsp, cm|N-,so.[N-,s,o. cmtmlm,so.|lhz!1°. Control I nn§°.|ucg5;0, cm|u-@m|u-m

B 3-8 AN [ o7 s FH AL 3 A oKk FR A B AR D BV S5 0
(a) A (b) N hgeA B:FYIEFMF; (o M (D RNEFEFHANT .

3.5FEHTIBEPAIRISHEATE
3.5.1 2°Hg!" 71 22Hg" R E Ak & pi Me?®Hg 1 Me?**Hg

FA A3 5 B Kin-2H g (4R Kin-2Hg? (d7") 70 27 s 2771 20Hg! il 202Hg?
M LR . B 3-9 FoR, B fis Kn-2Hg" AR kA% —5, B 4 & 16 /i
PORTE R, SR N R, SR, AR AR Kn-2He" E /7 (SR RN 2 5. HX,
GX 1 SK A7 s K-> Hg" 1) 55 RAE I HILAE 4 /NS, 433108 0.29+0.01d7" (FF NaxSO4
AEEEHD . 0.048 £0.006 7' (NaxSO4 Al NazS:03 4bEE—FD. 0.0015 +0.00002 d™' (FEXT
RALEE ). Me®Hg AR B LK A AL ] 3-10 #13-11 s AR ELEO B4k
HE, BRAINALEE R TR T AL A HX A GX F Me?™Hg M4 K. A4, EALA GX,
NazS,03 4b i H Me?™Hg (42 T NaxSO4 AbHE
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KyMe'®Hg (d)

HX
(a)

~@- Autoclaved *

® Control *
© Na,SO, +
Na,S,0,+

o B

E X

e

*
16 28 52
Time (hour)

(d)

~@- Autoclaved *
@ Control*
i Na,SO, *
._{w Na,$,0,%
?
L
a
= ®
—cfe $ ChY
16 28 52
Time (hour)
(e
X @® Autoclaved *
@ Control *
: © Na,So, *
Na,$,0,%
?
L
b
<
4
4

Time (hour)}

K, Hg® (d")
e o o
s a &

8

=
8

Ky-Me'*Hg (d"')
o S e N M e
F 2 st R es

o
o

GX SK

(b) 2o (€)
. @ Autoclaved » ~@- Autoclaved*
-@- Control
L. @ Control * e [ ] Ncn rol %
i) ® NasSO, » @ NaSO, »
6 Na;S;0, * ?’ 1.2x10°% Mo
\ o
\ x
EAE 8.0x10*
X
- ~
i., - 4.0x10* o g
. SN N S g
& ; o ot TS,
4 16 28 52 4 16 28 52
Time (hour) Time (hour)
(e) otor (f)
~@- Autoclaved @ Autoclaved
~@- Control @ Control *
® NaSO, $ie, ©® Na,SO, *
Na,$,0, = Na,S,0,
= o0 R
2
foml @
N \
. :
g - = by ab
4 18 28 52 52
Time (hour) Time (hour)
(h) w ()
@ Autoclaved® ~@- Autoclaved *
H ~@- Control % a ~@- Control *
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3
@ 6 \
b o
o-
3 W
< . 3 & &
b
— & o r—
4 — @ o | Ep—
4 16 28 52 4 16
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B 3-9 AN [Al 7 sl AN AL FH e ) 7 P 35 A 3o 0 0 5 2% PP R A T 5

HX (a)

GX (b) SK (c)

2 20 005
~@- Autoclaved « ~@- Autoclaved ” @ Autoclaved
2 - Control * . I @ Control
g ) 15| @ NaSO, « ¥ 1 2 %% @ Naso, «
= p = Na,S,0, * b b 5 Na,S,0, * a ]
£ 1s. ] “" ¢ ,. : gl ‘:2:: .7¢
. a a
L 3 , R S i B e T
& i {e h / = ol 2 002 /v ¥ = b
g - / £ . £ /& —® :
23 ®- 9 b $ois | S 2 / @
2 @ . 7 ® 0.01 o .G
= L 1 / —@-
1 o b 4 b o i o
0 ® s 0.0 R e —— ]
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o (d) p (e) - (f)
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" @ - Control i @® Control i @ Control
2 © Na,SO, * a 2 ® Na,SO, g © Na,SO, *
oy Na,$,0,% % Na,S,0. % N
?30 125,05 . gz:B 25,0, gi‘l a,8,0, .
L ; : :
20 y g 4 T
§ / o
] . / 2 2
= 2 / a /!
10 4 a / 2 g : -
By -
3 / L o b
o S b =GP ————Lg>
0 16 28 52 0 4 16 28 52 28 52
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100 100 h 140 i
® Autoclaved* (g) ~@- Autoclaved* ( ) ~ Autoclaved ( )
9 @ Control * S— 0. 9 @ Control * g120 ~ Control #
g L Na,SO, # e @ g 80 @ Na,SO, % . 5 ® Na,SO, %
a
] Na,S,0,% 2 Na;S,04% ® 5 NaS,0.%
z® a @ > 60 . ’ = 3
H] . . 3 ) N ) ]
5w I o fw i & £
b
£ : ©F L B 7
g @b y g B/ &
2 20 2 20 ® c 2 2
2 - 1% L% & 3
g &9 ; . O il ;
) 4 16 28 52 0 4 16 28 52
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B 3-10 AN[RIAL R AN AL B A ) R B S 2B B R 5 245 T A
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HX GX SK

2007 I Autociaved (a) 8000F [l Autoclaved (b) [ Il Autociaved (C)
2200} [ Control I control Aa Il control

D Na, S0, B - Na,SO, Ba 2 1200 |- E Na SO,

= 2100 []Na,S,0, [INa,s,0, I8 [CINass,0;

B
g

Me?®Hg (ng kg™!)

4 16 28 52
Time (hour)

4 16 28 52 16 28
Time (hour) Time (hour) Time (hour) 5
200 - 20 h 20 - i
(8 (h) (i)
175 |
— Aa
-~ o 18 A ~ 15}
E L o <
E’ 150 ; E)
=t 50 - £ =
£ o =
o 40 T 1 > 10
& g & Aa
g ® 8
Ny 30- = % Aa
= ol 2
20 st o 5 Aa
Aa
10 - AB|
1 Bal B
0

0

4 16 28 52 4 16 28 52 16 28 52
Time (hour) Time (hour) Time (hour)

B 3-11 A A R Ak 2 (1 R o [RL A 3R ) 2

[FIE, AR SR SR B 0 22He® /R BRI S AA7E Me?®Hg AR R, RUIBRERS
2020 2 5 W FEA s B AR R B R« 7E HX ALK, Km-22Hg® ) KAE A 0.66 £ 0.05
d', HILE 4 /NI ) NaaSO4 4bFi T, H KA NapS203 AL ) 0.49+0.05d7" (& 3-9),
52 %% NaxSO4 Al NaxS,03 A EE i 202Hg" [m] Me?Hg FIH LR 75114 10.98 + 0.85%F11
8.08 £ 0.89% (& 3-10). fEAis GX Al SK, NaxS:0s AbHi# H Al ALHE ™ A4E T 56 £ 1)
Me?“Hg.

3.5.2 Me'%*Hg {3 4L

oK B ANEE LLAN, HABFT A AL FRAR AN Me'**Hg 7 B 7025 R B AN R RE FEE 1) BRI
RIPLAAEMAEDER T LRGSR 7E HX 705, WL NaxSOs 1 NapS203 A2
(1) Ke-Me'®Hg NFTEE % 25 . 475 GX I SK, S U InAb BRI R AL B 3E T 25 H
AL RE, PN Ke-Me'**Hg 19110 (& 3-9),
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3.5.3 200HgII 5H] Mel98Hg E}Eiﬁﬁ 200Hg0 5ﬁ] 198Hg0

ViR R B K-"CHg" (dYA K-Me!*®Hg (d ) Bk 1 8 s B335 2%°Hg! A
Me!*®Hg A= Al R H 20Hg? Al 1 (R (& 3-12). HiZE eI i 20°Hg? () 46 %63 i
EAH (B 3-13), JEKEAM 2OHe B % & T KA, Ui BRI T He (I8 )52
AEIE R R RIS R . SR80, 2Hg" 1 SHE® 1= 2 (R 2°HgY2%0Hg"
(%) F1 198Hg%/Me'*®®Hg (%)) A= i MeHg 7= 24K 1~2 N EE % (K] 3-10 I 3-
14). {EERFRSEIGHIHEA (2 /i), X RRALER 1) K\-2"Hg" 5T NaxSO4 1 NaxS20s3 s kb
o TERLALGX, SUNINALER (Y 20H" A= i & 7E T A B[R] s 350 0 AR T 0 HRAG 3 s AR
fE HX ARG, S USINARER (1) 2°Hg® A= s AL AERT 14 /NI T 0 R AR 2

(a)

HX

GX
8.0x10™* (b)‘

(c)

SK

0.012 1.2x10% -
’:’ 2“'“"“"* -@- Autoclaved % @ Autoclaved *
- ontrol % 7.0x10* -@- Control * 5 -@- Control *
ool o Na,SO, * o ® N3,S0, * 1.0x10* - ; ®-No.SO, *
- Na,$.0, * e Na,S,0, % Na,$,0, *
o 0.008 | o S > s S 8.0x10 A 1,8,05
b & 50x10 b Yoot <
K-] o -]
T 0.006| T 40x10* & 6.0x10
g g H
4
¥ 0004} b ¢ 3010 X 4 0x10°
< 4 a a s [
0.002 . Hoe < o o, . 2.0x10° g
: . 10x10 @ ¢ LR o : -® \
< b _af, an, $ 273 2 Yy )\ ]
0.000 —.——J—@d =53 . ool T @@ — 0.0 " o8 e 3‘—
2 14 26 50 2 14 26 50 2 14 26 50
Time (hour) Time (hour) Time (hour)
0.005 (d) 1.8x10° (e) 1.0x10° - (f)
-@- Autoclaved * - @ Autoclaved * -@- Autoclaved *
a @ - Control % 1.5x10° 6 -@- Control * @ Control %
0.004 | + Na,SO, % ® Na;SO, 8.0x104F & ® NaSO, %
< Na,$,0,% T iniisd Na,S,0; % ;E ® Na;8,0, %
o 0.003 | o o 6.0x104F b
3 T I B
i3 b 2 9.0x10*} 2
b i [} @ <
2o0002f T = = a0xto*t T
; ol « 6.0x10* b .
< © . < :
~ a
0.001 | \a P e o —© 2.0x10%
?5”7 3.0x10 2 NG -4 b i N s
c . ™\ =C < "\A S
0.000 0.0 ——‘i——.ﬂ—“Q— 0.0 3,, 35——
2 14 26 50 2 14 26 50 2 14 50
Time (hour) Time (hour) Time (hour)

B 3-12 AN [ AN A 3 PR SR 4 R R B
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42

Purgeable ?°Hg° mass (pg)

Purgeable "**Hg’ mass (pg)

200

HX

Autoclaved

Control
o na;so,
[INass.0,

8
8

Purgeable 2°Hg® mass (pg)

3

Purgeable '**Hg’ mass (pg)

g

g

GX

Il Autoclaved (b)
B Control Aa

| Enaso,
[INajs;0,

2 14 26 50
Time (hour)

Purgeable 2°Hg° mass (pg)

o

Purgeable "**Hg’ mass (pg)
5

[ Autoclaved
Control
Na, SO,

[Ina;s;0,

2 14 26
Time (hour)

25 10 e
(i)
B H Ea
i & Py
] ] 2
- & )
o [~ I
I T
H i '§°
2 2 3
3 ] H
@ =
: ; :
a [
2 14 26 50 2 14 26 50
Time (hour) Time (hour) Time (hour)
= AN S ) 4 m g = [ A Y P=N
B 3-13 AR A7 fUA AL B e (1 FR A0 7R [R] A 3R R 4o 5
(a) (b) (c)
010 0.08 0.0020 -
@ Autoclaved * @ Autoclaved* -@- Autoclaved
g v Control * = @ Control * s - @ Control
<, 008 ® Na,SO, % £ o0af @ NasO, * ° & ooots| @ NSO, *
£ / Na,S,0, * § Na,S,0, * = Na;S0,
& 006 & o3 g 4
= o o /=
g g §x ” §z 0.0010 /
2 004 0.02 1 b 4
- . @ £ QM % 2 P ®
. 2. s - goo00sF .
E 0.02 o e 2—-0 E 0.01 & 3 -4 g 0008 / .
/ e i s a -~y o I 4 ° P
. . x g <4 < c J o2 - SR
0.00 = = 0.00 = — — 0.0000 x
0 2 14 26 50 0 14 2% 50 [ 2 % 26 50
Time (hour) Time (hour) Time (hour)
(d) (e) (f)
0.08 0.08 2 0.012
-@- Autoclaved -@- Autoclaved * ® -@- Autoclaved *
2 -@- Control 3 -@- Control * 2 @ Control % a
o @ Na,S0, » = s @ NasSO, s @ NasSo,
F 0.06 Na,8,04 | i 0.08 Na;$,0, % i e N-,s,t;, /
: s 3 : /
2 004 = -9 " P 004 6 b 2 0.006 @ /
i o % 6 P * i ¢ 4
2 * - : ® g 2 v / i
8 002 - o] § o002 : ® . S 0.003 8 a/
4 3 g o— 0" . : . i
a 5 ) s W < 3 [ - Ty
0.00 —-‘—0"—‘——;— oo s ® S 0.000° = il =) é"
0 2 14 26 50 ] 2 14 26 50 [} 2 14 26 50
Time (hour) Time (hour) Time (hour)
gol@e o o & g RS :
,g g e
80 % 80 80
3 K 3
E 3 3
£ 60 g e g 60
£ £
. H -:-Au\ocuvvn %
2 L gy s S Control S w0t -@- Autoclaved
é 4 c:';; o g ©® NaSO, é -@- Control
S af © NajSO, 52 Na,$,0, 3 2 © - Na,SO,
2 Na;S.0, 2 e Na;S,0,
H g H
o P . : R K ; : ;
0 2 14 26 50 0 2 14 2 50 0 2 14 26 50
Time (hour) Time (hour) Time (hour)

B 3-14 AN[RIAL s AL BE R B AT G HS 22477 7k 1A A Bl
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K.-Me'"*Hg 5 K-> "Hg" A S E BT A st A AL, BIICEE 2 /)N 1050 i Ak 2
B T RN A S U nALER (18] 3-12). FEA7 A GX, NazS203 b FE4L NaoSO4 AbHH ™
A 1S H B o [EAF RIS, BT A U Met9BH 4 AN R ik F 100%, A4 —
#8418 H® 1= AL AT RESRIE T4 i Met®8Hg R 4 (1 198Hg", T 34E Me'%®Hg. K,
AR AR T A28 T Me®®Hg (4 Al . TR T

[Mewng]
[THg]

W TR, AR SR Met®Hg 15 A EE N 83.2%, Ak 16.8% 175 *8Hg'",
MR IX B TR A BRI TS

Recalibrated 198Hg? (pg) = [198Hg?] — [198Hg!!] x % (A3 3-17)

Purity of Me19%8Hg (%) = x 100% (A 3-16)

[Me198Hg]spiked
Purity of Me198Hg

ASH, EA S HX. GX A SK 1, A fli) 198Hg° 435l 86.4 +11.6. 89.4
+10.4 f1 97.1 £3.4%K H T Me'®Hg. &K IETFREAE DAL IR P A4 20, AT
REF BN T HEORAE MR K S il . ABF AR IE, #E— B | R RE
MrREIF= 2.

3.5.4*Hg’ (S B 2 EC

202190 J BN N 5 FR T SR B — 3B > 202Hg® JUAT ) Hg (purgeable Hg®) #%
AFN T AR Hg (non-purgeable Hg®) , X — 54k il BEH Ho® A 44k DL K HAE
EAH BRI e DG ARFFH, JUTATE R 22Hg? /RERFIFE 2 /N P iAo s A Ak aR
HEE (B 3-14) o A4h, EALA HX F1 GX, S 8 b H s xf B8 Ab B 2 25 FRAE T
0240 E R (K 3-13) .

3.5.5 FEH T EPARISHATE

X LA [R] 7[R A7 25 7 B 1A 6o TR A R KR Ak 38 80 R L 2 A R T s PR RS FE 1 438
FURKIHIAG . £ R B S/ E A RS . I 3-11 /TR, K
AbEEH Me* Hg (AR R RS TR K AL BE, R UIHE H L%k Hg (9 H B0 7
WAEIREN )RR, ARAEY R A R I RAr fE, MR LS. 54k, 2Hg" Y
AL FE 52 SR IR BE R PRI, Kn-2OHg" Bl RS R8P Hg WREE & B0 T~ R4
K EHRNZ BTSSR —5 (Wu et al., 2020; Liu et al., 2022). A4 R 2 572

[198Hg!] = — [Me198Hg]spiked (A= 3-18)
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E I — R EJER (W et al., 2020; Liu et al., 2022). KA (1) AR[EML ] 3585
b5 PR 22 Ny (2) SR N AR AR LI AR B A AT B, SO
TR TR A Pl FA S R A R AR S AE I AR £ . (Liu et al., 2018;
Puetal.,2022). Bt4h, FEA7 A SK, FATIEKIEIAH DOM & &R, (Ha2H 5 &
5 HX R GX B3 CE Y SUVAssa). BEAh, ABFFEE AL Kn-2CHg" 5 i
AR DOM JEFHAGFE FE IHE AR Z A B UGG R (GR 3-3), XiE— B,
FETEAGTRFE T i) DOM MHIAEYI N S0 Hg HIGIE R @k, 2T ER
%, BRI BAR, FHHEMERKMN DOM (UM TAPLER. BER. A% BE
FEHALFERE S mi i) DOM 585 T4 AR, eI dEAT 2R 1) F BEEE 72 (Bravo et al.,
2017),

R 3-3 Hg WA HAAHZHES DOM & & 56 RHIE 2 [ R AH S 1 R 3L
DOC Peak A Peak C HIX a(355) SUVAss S»75.205

Kn-*Hg" 078" -0.58" -0.75" -0.49° -0.777  0.55"
Kn-2?Hg" 053" -052" -056

K4-Me'”®Hg 0.52"

K-Me'”®Hg 0.81" -0.63™ -0.74" -0.60” -0.88™  0.69™

K-2%Hg" 088" -0.63" -0.80" -0.55° -0.49" -0.87" 076"

AHITFE R HX AL i ) K B AL BRAE 35 57 J5 IR B R Hg LB R, RN
ILLE IS N Me*®Hg DL G NI hged LRI =EFE, X 3R i i e K & 7 iR A5 57 5
FRE S LA R IR LR, 31X — e ik v K B 5 v IR AN 7 2 ()RR A SR T
(Tuominen et al., 1994; Wu et al., 20200, N LIIEREMIE TR, TATHATT —
AN B 5 S A S 7R BRI o B FH vl s H K B S R il e M 28 B A 5 7
B (R2A BiflF, Solarbio® 1 E) ISP L, 37°C 5535 24 /NI, il J5 WL E2 2 TR AFAE I
Ly (K 3-15). FRENAMEMRE IR, R HMEY RN TIERFE (no
countable) ZEMI. HAE—RMZ, X HX AR AMNEMR IR G, 2°H" il
2020 1 U A R RS (] 3-16), XN 202Hg il 20Hg! By pe i Sk, I
Hix —# IS FE m R
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The 0 hour

The 12% hour

The 24t hour

The 48t hour

B 3-15 eyl et s K e Tl A 0 1 o 6 I S 5

log K_-***Hg’

0.5
4.0 | .’
7
P
15} /’ .
" 2
2.0 | . I’ .
R |
”
-2 5 -
L r=0.93, p<0.01
[]
-3.0 L . L
2.5 2.0 1.5 1.0
log Km_zongn

& 3-16 HX KA EEH logKm-"""Hg" versus logKm-"""Hg"
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ZHTHEBTURIN, Hg® FEREME e, AR5 iE— B AL (Colombo et al,
2014), I HiX—idFEAE Desulfovibrio desulfuricans ND132 % (Colombo et al., 2013; Hu
et al., 2013) Fl Geobacter sulfurreducens PCA ¥ (Hu et al., 2013; Lin et al., 2014) Fj4fi
IR LI R BIIE. F4, EARTETI, B 99%I1 202 Hg FEAR AT ¥ 8] Y sk 2>
WEEAGEICE [ AR B 5T . BARIX A AN TR 1Y) Hg BERe 8 DL Hg® (17720, SCRERS DL He"
177 N E BRI 455 (Wang et al., 2015). 1H5FH DOM B3 — L8 JRAMAEM AT
I, Hg® 38 % 2 i i 26 y Hg" (Colombo et al., 2013; Hu et al., 2013; Zheng et al.,
2012; Poulain et al., 2019). JfHWAWFdH, R SEURAYZ4 & He" Rk 2 5
FIEAb e B, FF42 % MeHg (Zhang et al., 2019; Xiang et al., 2022). 2 | (I 78 KB
MRS AL He® (Colombo et al., 2013; Hu et al., 2013), SR AHE 58 & I RIA% 78 K
AbFE, 207HgO 9 RE S TEAR K RIE 18] P Bl S A0 B [ A [ 58, X R B ARAE M AL R R 2
S He MEZRAR. ML, AW @A m 2P Hg" F1 22Hg" H BT F2 4 B
22 R A, SRS W EY R A, H AL S 1 2 H g L Ak R 200!
—,

B b SCATR B EA AN AL T FR SR A DAAE, FRATIE I Hg™ (34 J5 i A F
WL FERIILB U R R ESWEINN, BT Hg MG RIERES A A
TEVABAEK He', FICX WA ERAET S MR, A, MR H e
FIEALEFE LS (Colombo et al., 2013; Hu et al., 2013), AMTHAARE G058 . £EAHF
A, KRR Hg MILE S FREUFES KRR, X OHe" FEAEREL (Ko
20Hg) 5 200 JF R H# (K,-2°Hg') EIHEZEWIEMILR R (K 3-17). Lu
etal. (2016) iE—HIEHE merd Ml merB FEHR VLR E (FeRB) BEW [FIIN1 Hg"
F 3R Ak 3 38 L 0 R 25 R S A AR I ZE B He®s TEARHT 7, 20Hg! i H R (b R
Me'**Hg 1)2E FEREME R TR E AR KGR, I H merd 1 merB FEK KL H o
X R Lu SE4GE 1 H AR G0 5 25 R R IR R R AR AE AR L. AR, oAt
AL He iE 5 2 P e He” P AR M 2 Ae, Bl 38 C /v 310 He i 5 id 72
DA AR R B A KRR i AR BE ) He 1802 (Hu et al., 2013; Grégoire and Poulain,
2018). M, Z4UMitaE C A1) Hg b J5 i BT Mgk i 1443k, 140 B R B AE K
b FE R AEBE I Hg 38 SR AR AOR T 7] 1 & 1 S S B (Shi et al., 2009; Grégoire et
al., 2018; Grégoire and Poulain, 2018),
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[ Ssite HX (a)
44 W SiteGX <
@ sitesK

Vs
51 /  p<0.01
-z& 7= 086”
./' p<005 ;| T

-6 -5 -4 -3 -2 -1 0
log Km_zongu

A 3-17 A[EAL ST IR AL A log Km-2""Hg" versus logK.,-*""Hg"

SR, 200Hg! (IR S R R F LRI 1~2 MR (& 3-10 ATA 3-13), KW
FESR/D G R R H L33k Hg 1 (O R O R R s oy 2. 4k, BT IEJR
A A 2O BTG ALy 20 e, T HE— B L. BRI, FEH % Hg
Fy TR A5G I SR A A W] e e I S A AR ) RS He " 07 Uk A f . 448, ab
ZBUE M AE RN (8] ROBE T H 3% He & B BARIIEOL T, He 38 5 R ) KA HE e
Do PEAR T ) Hg &, JFFRHI Hg 1Y F A2

AT, BATEI Me'*He /R iR, I HASIHRHEE] T " He 155, R
MeHg 7] He AL /2 o AH R 1Z0d FR M AL 2R 8 MeHg )2 F G ZRAIK 3~4 MR
2% (E 3-10 11 3-13). T4 T Hg i Ji 2 ALY merd A1 merB 21K (Begley et
al., 1986; Barkay and Gu, 2022) FECTRMIFR, Kk MeHg 7] Hg® # AL it 23 4E
IR 2T R . A, AKHBT mer BT A 2L F B4 IR W] e 2 AN 7
MeHg 2z FIEALHINLE] (Zhou et al., 2020). AHFFLIEH, A2 AT FE N —24E
PSR ST R, HRENE A Hg" M COa, I W W T REFF I H (Oremland et
al., 1991; Barkay and Gu, 2022). fEARHFH, K,-Me'**Hg Al K.-*"Hg" F13L38 40 56 5

([ 3-18) BAK "SHg & & Al 20H" 1% & @ 2 ARG &R (18] 3-19), KRR
m Me'*®Hg £E B S H? (I FEA — AW P R, B Me!®Hg S840 2 B BEAG AR Bk
8Hg!, B JE it — k5 ¥ Hg s
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-1 7]
W Ssite HX (b) .~
v Site GX r=0.98 '/',
21 @ sitesk p<001
: o B
eoI =3 4 WI'I
g . r=0.98
& r=0.94 &
= p<0.01 / (:459 p<0.01
X 4] 7
o \ o
0
X 0
-5 '. 7 \\1%0
e 40
’I’l &%
-6+ T T T T
-6 -5 -4 -3 -2 -1

|Og KV_ZOOHgII

B 3-18 AN AL %) FEALEE A logK,-*"°Hg!! versus logK-Me!”®Hg

M 3-18 R LI Y, BT Hodls s 73 A 1E logK-Me'**Hg: logK-*""Hg" = 1:1 ff

, RUIFER] Me'"®Hg 2 HIEALAN 2OHg" I IR HI/E FIALHIAE L. 5541, Prd i s

20Hg" F1 2Hg? [ 1§+ 2 18] FIFEAAAE LA oG & (B 3-19), RWITCARERIN (T it 7]

R COHe". Me'™*Hg PA K *Hg?), HApk He® KIMLHIMHML. X B, Hg
JEAFA T A He'' St Hg FRAL AL SR T T $E o

HX GX SK

4 50 25
= (a) s |(b) s |(c) A
g 2wt O & 20
~ 3t o r=0.54 = ; 5
? <0.01 @ Ro) @
4 P o L @ A
£ oo E nl E s A
=] (=) [=] P
22 . £ Aoy E P
8 ] 2 I 2 10} e
] y g 0 20} <001 ° A g
o 2 2
5.l o S b B "
e'l.of g B 74 Bosl ABR
& & R V%% A A
0 59] 0.0 /A A
I 0r
0 25 5 75 100 125 150 175 200 400 600 800 1000 [) 100 200 300 400
Purgeable 2°°Hg® mass (pg) Purgeable 2°°Hg® mass (pg) Purgeable 2°Hg® mass (pg)
20 25 7
(d) e) (f)
—_ O —_ ( D 6r
g s 2 op OO 2 A
e o @ - 2 st
8 g e r=0.65
g £ 15} E A p<001 A
-] r=093 > L2  r=096 % 4
Zr . p<0.01 F 7 peoot & AL A T A
g g 1f e %4 & 3 A K
o o (0] 2 1A A A
= 2 oD | Sl N,
o 5- S st O S y
g e ) &-’ A
2 jx & a 1f
of 248
o ; ; i i ; oh ; i ;
0 25 50 75 100 125 10 175 O 200 400 600 800 1000 0 100 200 300 400
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&l 3-19 ""Hg’, *°Hg" 1 *°Hg" & & 2 [ L AL % &
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IeAh, AR K IN DOM JEFEAFRE FfEbR (peak AL peak C Fl SUVA2ss) 5
K.-Me'"*Hg Fl K,-Hg" $)5 2 [AfF1E & AR R, (HRHF Ke-Me'**Hg A 47
FERHRKR R ( 3-3). XKW, DOM P JRGEAMALL & (Es 7> 4] Hg" Bk, Bk
TE[E AR RBAE 1) TR R BE S M - Heg MRS RE . AR, K- Hg" 80 K-
00H" P A FTEASPAIERFE MK R GE 3-40). B, SENUmmitE
VAR 22 R TR A B 8] 78 1 Hg", AT #  Hg AP 24t (Wang etal., 2021; Liu
et al.,, 2022). SRTI, BRI BRBR AL 0 A 72 L2 AR Hg AEIA 2t (Liu
et al., 2022; Skyllberg et al., 2021)

R 3-4 Hg AR R H U5 BB Z 18] AR OGN R 2

Fe2+ Fe3+ Fez++Fe3+
logKm-*""Hg"  0.45** 0.40* 0.53**
logKm->"Hg" 0.40*
logK4-Me!'*®Hg
logk\-Me!”®Hg  0.37*  0.50** 0.48**
logK.-*Hg""  0.40** 0.47** 0.52**

3.6 BRI MMAMEBRE RN TEEH IR PRRESEASENR W

BATEIL A SN NG ,  Hoxt 7R B BE A/ 25 A DL R S TR PR R M AN 5 7R
I SIEEF K, BEARNSAR (E3-9f1KE 3-12). HTAME S AR Hg £
AR 22T, BAMRHMBA R (1) SNE S BInanfa sz R S AT R ?
(2) BER h AIBR AR R £ /2 78 I AH 7] (AR S R TR e Ak 2 gl % LR w4 1wl
B, BAVEFF FFI L.

3.6.1 ARMB MRS : REVHNMIRNIERHEYIRA)?

R BN RO RN 2 5 SR TR A T AN R A AR D T T 46 ) S S ) [ SRR R Hh R T A
Wi FE BN EE K PAE R (Hsu-Kim et al., 2013; Bravo and Cosio, 20200, #Rfi, X
AR WA RS B AR T I AR AR A . o, ARseset S
It N He ERE, MR T MeHg (AR, T IEA 25 Hg AL S
I Y RETE 458 (Li et al., 2019; Lei et al., 2021). fEARIFTH, RATRIEAE He
WRBEBRFEREH of, SR IR ORI A W T8 45 M FE 7R FR BN P i 3865 S [ 1 £ €
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FEAR Hg FIh &% Hg W B4 A HX 1 GX, 7 NaxSO4 Al NazS,0; 123 Me?Hg
(A B EL] T 2OHg® AR R, REA S VRN EE 2OHg" it LR, (HAMH] 2 Hg"
WL JEAER (p < 0.05, Kl 3-9 18] 3-14). il Hg MAMA SESE M, 4 S HIA
IRk He I H 2540, 2R3k He B IR, Feol7E 7R AR R R J5 A7 7 LR A0 1)
KEM . IFH, Hg FEAHMAEN He i JE AR A He (34 5 72 B2 ROZAR L. 1%
Y, Heg WA ot ol REA R X — IR N . FEFRATTZ A (k78 R 3L,
SRB s&fi7 s HX F GX B FE % Hg HEMGAEDZREE (Wu et al., 20200, KL, #i0
Na;SO4 F NayS:03 358 18 i A A BB A i 77 X SRB $2 it SO4*~ (Jergensen, 1990;
Schippers, 2004; Zopfi et al., 2008), e ML Thit 5/ F 1 He AR, £
WrFeH, AT R I 5 HX, BRA A A G T SO HI& BB T dsrB 3
I . 747 A GX, BATRIN dsrB ZER 5 hged H N (1) =32 FEA77F 2 (A 5%
KHE (3200,

8.5
8.4} '
@
2
8.3} ’ '

8.2
ai | ’“
8.0 |

79 " r=0.94, p<0.01

7.8 I Il I Il 1 L
7.8 7.9 8.0 8.1 8.2 8.3 8.4 8.5

log hgcA

log dsrB
O

& 3-20 £/ 5 GX H log hgeA versus log dsrB

I hgeA PR3 0G 100 Fe AR B DAL e, BAT I R ILAE s HXOA GX BN in
AbEEFR) SRB Y Hg W R GV 32 B RO TRAL PR By, IXR IR NazxSO4 AT
Nax$:0; {2t 1 SRB A Hg HIALAE G 75k, BATIE I SRB & Hg H kAL
WA Desulfomonile ) &5 logKn-"""Hg" W 3 IE5E K (B 321D, £
Desulfomonile W] B2 AW 7L 5 3 FHAL I Hg HEABZEY
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1.9
Ev 00
20l Desulfomonile
: YV C r=080,p<0.01 O
==,_.:,, r =0.56
s -21
"’ v OAO
S ., yAule O
o ' “5
EV«.) A O Syntrophorhabdus
O Desulfomonile
2.3 | Desulfatiglans
- @ O X Syntrophobacter
[0 Desulfacinum
_2 4 1 1 1

0.0 0.2 0.4 0.6 0.8 1.0 1.2

Relative abundance of SRB methylators
at genus level (%)

A 3-21 £ & HX 1 GX AN SRB M Hg H 3L TAE F JE versus log Km-2""Hg!

FE AR E AL 1 SK, 7RI NaxSO4 F1 NaxS0s 311 1 He' i 1 3 4b A Hg' ik Ji
{EEHE T MeHg £ AL (18 3-9 £ 3-14). EZHT, FRATRIAL A SK K AL
) NOs IR RN HX M GX my 1~3 MES, RATEALA SK AATERR RIZL T
NO; AL JFAEH (Yuan et al., 2022). AT, NO; W KEEESHEFES S H" Hi
W BRI ARG R . BB A= A D m i, DLURGEJE He' i it
& (Todorova et al., 2009; Strickman and Mitchell, 2018; Zhang et al., 2018). A5 H &
YL SO IR, K HS IR, Ik Fe? IR Z 5 mT UE W s EAR v #E . BEAh, ZRTHY)
BT R I e A] g e Al SK I 2R IMAEY) (Wu et al., 2020). ZEAHFFTHT,
W hged TP L Methanothrix F1 Methanoregula 75 SK ()3 = 147 /4
HX Al GX (& 3-8). ik, SO HAINAT RES 3 I SRB A7 HBE R 0 T~ A () 5. 5 »
I H B = A5 SO IR SR MR A, 75 Z KA Eh (Kdgel-knabner et al., 2010). £
A, FRATTR I MeHg 192 FEAL E 2R AN AL, 1ff SRB AR NS 5%k %
FIEAL A 258t 2 — (Marvin-DiPasquale et al., 2000; Barkay and Gu, 2022), Kt
WIL SOA WRMMERE SRB G, FIRERIFE 2 (2t MeHg 2 AL, 25 b, SN S
us i {2k Hg F B RAEvE PRI 7 AR 2 He 19 RS 72
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3.6.2 FhER L vs IRACTRER b

AFTE AN, BRER EL 2 S JEFAHH )R 3 73244 (Terminal electron acceptor), Tifi
KBRS FAIEFIEA R B Z R [A] 72 (Jergensen, 1990; Zopfi et al., 2008;
Orem et al., 2011; Santana et al., 2021)

AR IE He' BE95 5 S:0:% 45 & A I AE W A A I He-S:0s & & (i
Hg(S203).> Al Hg(S205)3*) (Wang et al., 2012; 2014; Vézquez-Rodriguez et al., 2015; Liu
etal.,2019), FFRFEILfEt Hg WAEARE . JRTM0, FRATARIASINE NaxS20s HEAFEE
H $:0:% 224k SO2 (8 3-4). Fish, TATE KW= FEHAF (Visual MINTEQ)
HHEEBL (K 3-22), JEAERMY (HSD K, Hg MIfbEEALL He-S KEWNE

(HgS>H™, Hg(SH)" 1 HgS»?>"), Hg-S:03 %&&W1E v LLABS AN .

[ 1HgS,H [[JHg(SH), [_]HgS,*
52] 7]
28] [ |
16 [ |
4l [ |

SK

52 [ ]
28] [ ]
16 [ ]
4| | |

GX

Time (hour)

52| | | |
28| | | |
16 || |
4] |

T & o= % & & % ¢ uy ¥ & B @ k% T2 &% 6o n 3R

0 20 40 60 80 100
Hg(ll) (%)
A 3-22 Na,S,03 A # i Hg" itk 22 2540 A

HX

% NaxSO4 H1 NazS20s Vs X Hg A2 TEASHIRENAAL, NaxS03 b SO 52k
YERIPTREE NaxS205 AbFHHL NapSO4 AbFE#E Hg HILAL BN 7E NasSO4 B HALEE
H1, SOL2 IR FREHEAT, RIA SO IHHEINAE. RIMTE NaxS203 B inab i,
S2057 AL K S20:% KA B AE R SOs* F1 S° (Schippers, 2004), 12 T
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SO ML . IF H BRI N NTOHUR B S L, e 55 AN R S04 77U 57 T 5%
(Jorgensen et al., 2004). 7EABIIH, £ GX H SO A B FAL T-AL 5 HX F
SK, & GX LIEEH S0 MEAKE . toh, TATIEKIL NaxS0s ¥ i 4b B 4L
NapSO4 s 1AL FE (IR A AL ThRESE IR soxB IFFEF i, H soxB R FE HHS 12
BEAIE P S0 MAALBENEFN TS SO It SS . IRk E AL E Y7 SRB
I3 1¥) Hg FEA I 2 v [ R 5 s L PR

25 b, S20:* F1 SO SLMA IR A HLHIA AR, H# 2@ gt S0, i
3t SRB (g et He FEMLMER . (H2 SO.2 AL R 8 71558 3% LA K A A= 0 F1
SO& IR RENAR, X FHT NaxS:03 A NaxSO4 b H 74 5 £ MeHg.

3.7 KE=|/hGE

Bk SR BAHIH He FRALAT MeHg 22 FREALI AN, AT 50 B BF 0 7 2k 9 0
Sy Hg W5 B, He (A AL/ B, Hgl B 364k, LKA MeHg £ i Hg? H
WA 3-23). bR, B He® HAAL/EAR SRR M ARA, HA
BRSO ME 2 S0 R . LI h B T B R B R G R T2
RIS

1 1 0
Hg Transformations Fraction of conversion (%)

H gl I Site HX Site GX Site SK.

Hg' — MeHg 143+010% | 1.05+0.03%  0.31 % 0.02 %o

(1) Methylation
@ Hg® — Hg'' — MeHg  0.44 % 0.11% 0% 0.11£0.11 %
@ Hg"
g (2) Demethylation MeHg — Hg" 83.8+1.78% 543+263% 784:257%
f\ Hg' — Hg? 0.20 + 0.02 %o 0.39 % 0.03 %« 0.012 £ 0.001 %o
(3) Reduction T T T

MeHg — Hg"— Hg® 0.31 + 0.06 %o 0.75 + 0.03 %o 0.089 + 0.012 %o

N immobilization purgeable Hg® >99.9% >99.9% >99.9%

—~_@® Biotic process @ Abiotic process
B 3-23 FfH b He ARG R R L Hefh 2
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5 4 & BREAY)-E AU B AR A% e B 3 PR I R 0 BRAL A TR S 20 1R

A E RS- BN RESHREGEE TR PIFEK
PRULERAS 18

4.1 KEs5|F

R R EE BT RMAE, H AN LU BRI S KIEE T KA,
AT KBRS (IHRkEE, 2009; Ariya et al., 2015). IE&Z T Hg x4k,
B 7E — e N BRI X, indbBREE Jb S sk B b, R I g He
GEM™EBFTIINE (Lucotte et al., 1999). [k, Hg KIKSUIMFRELAESRGEAR
A ZAM Heg Y2 —. TR, EAMAE A0 Hi ks He fEREHUAE S RGHIEY)
BRI FR B F T K& T (Hintelmann et al., 2002; Branfireun et al., 2005; Paterson
et al., 2006; Harris et al., 2007; Orihel et al., 2008; Oswald et al., 2014; Blanchfield et al.,
20210, KIHFUIFEN Hg (RN “¥” Hg) B FEARGFIER He (RfH “&”
He) W5 TH 3, KBRS KRGS, H¥EWEIHIER Heg EH F IS,
W5 TAEKAEMR IR S &4 (Paterson et al., 2006; Harris et al., 2007; Orihel et al.,
2008). PR AR HAS KRG RIT R I 7RISR, Rl K=t
BRE R 3R “¥ 7 He tb “27 He B 5 T H 4k, I8 KR 3T = 4
(Meng et al., 2010, 2011; Zhao et al., 2016; Ao et al., 2020). 4R, iR 4RES
BB Hg M “2” Heg (ER AP AR, WMAER. R, Hg A
A E LRI He H AL R B 22— (Hsu-Kim et al., 2013), i #iif% He £
T FH A v ) AR AU 2 B A PE SR RS . R, R LR AR K EH
HLB (Rolthus et al., 2015) . Z/4h % ¥ (O'Connor et al., 2019) . A [& ¥ 25 it
(Skyllberg, 2008) LK ZE 54 (Zhu et al., 2012) 456155 Hr il 1% He I ERL 7
B8t FE (Geochemical Fractionation)s HAREKIUAFEHIHIUIFE He EA R HER k2
AR Z RIS Bafi. Bk, WABFFORTTE He E55 M LI bRk 2R
IR AR TR B A S B A A G IR AT 5 . FE T, ARPARAE R —F
B R AR Z R EEHOR, BN 2°Hg SR BURS b TR “ 3 He,
CARABAHG 80" Hg(EA RHERGETE A Z R B 5 F A A, R <57
Hg HiBR L 22T 73 18 0 32 B A TN
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4.2 AR 577%
421 ARRX EXR&IT

A SO TE Bk PG 4 e TR PE AT . WEFE AN, S p AT KR R RS BRUKR

(GEM) HJKREAN 1.0 (ngm™) £9.0 (ngm™>) ZI[E], ¥WEHN48+2.0 (ngm>),

% GEM R FEAUIE & T K A I A BRA R 3 5 (1.60 £ 0.51 (ng m™) |, Fu et al., 2012),
KT X3 (s FHX, 10.2+£7.06 (ngm™) , Fuetal., 2015) FIsRIGHX (4N
JIZRE X, 403 + 388 (ng m™>) , Zhao et al., 2016a). K, AHFFIX KR Hg It
PG, E /KRR REL 0 [R5 3o KT e N8 FH L 338 P33 49 Hg 7T LA AN

ARSI E F AL JE I PVC A (K %E50: 54 cm x 42 em x 33 cm) {E#E KI5 H
N, BEATKFEE TR SLEG . KGRI H R AR BRI SUAL S M AT ARG 3 (USOk THg ik
JEH 784+4.6 (pgkg ' ))o ERFFEF PN 2 mm Ji 5 (1) 145 40 kg, fHFE AN TIE
JEEERT 20 eme AN —E RIEMK, DURFRE: IR H L5 M) LS i Rk R,
VEWE/K THg IRFE N 1.37+0.45 (ngL™"). U3 FASEIUNE 4-1 Fios.

1 P T FE b R

HRAL AT s

SR (THE) 75.29 591 (pgkg™)
FRIEE (pH) 7.93
SANER (TOC) 1.03 +0.04 (%)

B (TND 0.14 +0.01 (%)
R (CIND 7.03 +0.14

S (TS) 1.00 £0.26 (mg kg™

Bk (TFe) 32.10 +£2.16 (gkg™

BER (TMn) 0.40 +0.01 (gkg™

AHIEFE I [ A LIRS N R AR E R R E (CPHg), B IS KT
HENFEH IR “#r” Hg (Hintelmann et al., 2002; Branfireun et al., 2005; Oswald et al.,
2014; Blanchfield et al., 2021). H T KU H Hg LUAAKEST 4Rk NE (Ariya et
al., 2015; Fu et al., 2015), DL, #HAREH LI *CHg Oy *Hg®' o KWK A L[
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ISOFLEX A 7] ) 2®Hg (4iifF 98.2 +0.15%) A TIRASIR T (4ifE>99.9%), &5
F| 2Hg(NOs ) il & fFA#EAEK (Milli-Q, Millipore, EE)D Fikt 2Hg(NOs), fiti %
WAREIREE N 12 (mg Hg LD I LAEW, JH8H NaOH #i% LA pH E A Z= A1k,
Kl 4543 2001 2OHg(NOs), TAEMEH— KRS 38, DREZ KM PVC £5772568+,
HILHEW ST, B 24 he @5E, FHFRHEHMAR P HSZ IR & EN 115.09 £
0.36 (pgkg ™,

M FH KRR bRy 2 i B A SR, KRS AR B 7RI = h B 1 30 Ko Bk, ki
20 PR AR FIKFERRE LA 10 em x 10 em [TEEE, FE N PVC ¥53246H . /KRR HE
AT FRIBEE K O SR AK, FRTE KRB A KA AT AG LR HE 3~5 om PR IUHEACIRAS . i b 4N
WAE IR I ity R IR AR S, AE KRG HE F7 0 1) AR AL AT AT AL BB B AR 2. DOKFERE AR
Gk, FEREFE 110 K.

422 MR E ST E

FEKFERIRG B 0 Ry 30 K. 60 K. 90 KA 110 RBEATRE MRS . FEICKEE
HIBENLREE 3~5 MEPRLIERES (10~20 cm), SRR AHE RS (AEE
o I Parafilm®3f DR SRR, DL/ RE Sz g i) 2L . B85 R
TRAF T WA, JEE 24 A Z WBR B0 E . fERREN, HAE T L
(FD-3-85D-MP, FTS, E[E) K3k md&T0%, Jrd 200 HiiM. H4h, R
B IR, A ROR 2 (RA-915+, Lumex, % W) &k 10 s K
NS RPURKE RS, FFESIE 1 /ML L.

423 DA E

(1) RFESHIESEIRR
RIEASHIELLARIE R A IE1T J5 1 Tessier TP R (Tessier et al., 1979),

S E SR EE (Mg(NOs)) $REUEM S A #eds He: EABEEREH (NaOAc) #2HL

MRS A3 Hes AR TEERMEBIRANE (NH,OH-HCD 2R/ AL &4

Hg: ffHXEK (H02) #RECHHLTLE A4 Hes A H TR AR IVRE S He.
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(2) TBENROESSIER

T HUR AL AT o AR HUR (DOMD. JEHEIR (HA). & HJR (FA).
LTS EEEHRE (C-HA) DLEF L& &850 E BR (C-FA) (Carter and
Gregorich, 2007). H:1 DOM FH#4i/K (Milli-Q®, Millipore, 5 E) LLA/KEE 1:10 42
HY (Jiang et al., 2017; Liu et al., 2021b). TIEFE)E (humus), FF HA. FA. C-HA
1 C-FA X H NaOH #2210, #26, fFH 0.5M b bk B3P TR AL 7> (E BRI
;). BEEMH 0.5 M NaOH $2 LT 5T SRR P I 6 M HCLIRAL, bt
HA VUUE, TR FA USSRAFAE T LG OB BISWE FAJE, 0.1 M
NaOH FR RV AR BTN, 53] HA. C-HA Al C-FA HISEHUATE HI5RE R in N 55
FIKIHFHEFHRY 10 min, BHEMKIER (4 °C) FHE 48 /M. 738 C-HA 1 C-FA [J71%
] HA 1 FA —%(,
(3) SKHASHIELIRIR

BRIEASIE LR BCK H Poulton 1 Canfield (2005) 75k, #8k (B SL¥4y
NESRERT LA Fe (Feexen) MIRIERGE G4 Fe (Fewaw)s ZIEJEZS Fe (Feo ). T]
L JEA Fe (Feoxa) KN Fe (Femag) LAJEHERT™ Fe (Fepy)o H A MBI 5k i
Fe @WH5/KEH" (ferrihydrite) FEFEkH™ (lepidocrocite); MR IBJRAS Fe 4541
BT (goethite) FAREN (hematite)o & X EIRAFTEA Fe Z MMM Fe (Ferr=7
(Feexch + Fecars + Feoxt + Feoxa + Femag + Fepy) Do Claff% A (20100 Fl Slotznick % A (2020)
KA Pk R, AEBIARBIA RS A VRS 30 A0 X S ERAT S BRI T & 0 BT
AT HEE

4.2.4 METT %

i P LG A 25 B TR B (ICP-MS) (Agilent 7700x, &) 52 4 He#E
R RFEAI R (T Hg) & & (AU k- B &5 5 T (GC-ICP-MS)
DE F3ERE R AR R AL R (Me®He) &, i AR 772661875 (CVAFS)
(Brooks Rand Model III, Z&[E) 5 KAHE ) THg WKE. EHIEHERORZE <D
BT (RA-915+, Lumex, fRZ'H1) Ml GEM K. +3EH ) TOC Ml TN RH L HE 4
#r4X (Vario MACRO cube, Elementar, #2[E) JlE: LHEAHRARHA ST (DOM.
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HA. FA. C-HA Hl C-FA) W& R AN AT (InnovOx®, GE, M) J5E;
3% DOM WSO AR G SRR R H 22 635 {X. (Aqualog®, Horiba, HAS) i
ITME . Horr, ZAM-AT RO T 5 BTy 230~800 nm, ###EIFEJY 1 nm.
NG T B R B KB BN 230~450 nm,  REFIKIEE 250~600 nm, {H#iE S
HOTITEA 3's, G 150 W G SLAEINKT, R 40 H Sl IR 3G N #CH Fhs 88U . %
Fl Wilson #1 Xenopoulos (2009) LA Murphy 25 A\ (2010) 441 5 125047 P RN
KRIFE. ANFAITES Fe SEXMIMEIEIR, FEWHE (ferrozine) . 8 11 /7 45 &
(Viollier et al., 2000). A HF A" Fe JeHGI R A T AT, FULTHE" Fe
HEE (TFe) MEH (TMn) PR KJEE TG (PinAAcle 900T, PerkinElmer,
FED WE. S8 (TS MM W6 G ETHE 420 nm K@ 1 Bl &
(Soérbo, 1987).

425 HHITESREES

I JEARTEAER) Hg FRONTS 5t Hg (Ambient Hg), HAEMEE R 52 prilll 2 15 2 (1)
T2Hg Al Me??Hg LA 2?Hg (I RRFEHEAD], EAF TN “F7 He AW
FEN UG 2O Hg 7R FIAL R R ER7R], FLRe e @ 2 15 21 1) 2Hg & S BR A5
JEAAEAER 2P Hg 133, AR FTHIEMR “¥r” Hg (Maoetal., 2013; Mengetal., 2018)

CGFE VR 2 5 2.2 99, MR4E 3% DOM HIMIL-2¢ 661, tHE 53] SUVALs-

a(355)~ Sarsas~ WHUE AL C. BT, JEHEALIEEL (HIXD. HAJHEEL (BIXO. H
H1 SUVA2ss 4 254 nm K T HIOG R ES DOM & &R HAE, Skt DOM K75 &
PESRSS; a(355)4 355 nm K TR R %L, Bt DOM H45 & DOM (CDOM)
AT EE s Sarso0s ARG TETE 275 nm £ 295 nm ALHIRIE, KiLt+3E DOM 4 F
BRI/ R A NSRRI, FOiE C ARE BIRIE. 2OiE B T AKEH
I, HIX [t +3% DOM HIJE AL IR ; BIX K Mt3% DOM ik [ P A WL HI4]4%
47771 (Hansen et al., 2016; Jiang et al., 2017; Liu et al., 2019).

AT AMEH GSS-5 1 ERMCCS80 PiFbRitEYI, EATHE S 2 A (10 5 4%
#l. Hrh, GSS-57F THg 43 #THS FIEUCE N 109 £ 4.7 % (n=8), ERMCC580 7£ MeHg
SIATES IR 92 £ 10.0 % (n = 10), /2 SEI = MR . e 2R3
AFTER 2°Hg Z A5 T*Hg Jit &-~F47 1) SR 86 %% 108 Y%, R HIAHT 5T T i
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SRS 1 AT H 107F U HSRACE T4 HET 4025

4.3 FEH TIEP HIREA D SHESHS BT
HARM S, AR B YR He 094 P BRS04 v 36 25 2200 A 6

(Xu et al., 2021), FFHANRLEEA He & HIEP EE K He BRI HIESZ —.
b, AT TN AN [F) 25 43 G LT 10 2 5 DA S S AR kA L0 11 45 ) AN AEL AR A 3
ATT S W 4-1 R, EKREAEKMN, FHLDEOAENR (SOM) &&
KRB (p <0.05), MHEMIEAIER (DOM) MR BT (p < 0.05), fFEAREEK
I 60 2 110 K, FAH LIEHM &8 (ORERER HA FIE B FA) S35,
SR T3 LA SIS R S & (1 C-HA I C-FA) RILH R . it
— B T KRB AE KRR R O N AR AR DL, AW TR T RO R AN 5
e % 43 DOM 412 34T RAE, Bk DOM (45 #5407tk . 38 Wik,
CDOM HIAHX & EAAK AR P B W (p <0.05); 1M SUVA2ss (38 0 £ 90 K,
p<0.05) Fl Sr715005 (55 60 2 90 K, p<0.05) HJfE—EREE 2T HE/N#A. B
FKFER A, FEH L3 DOM thRE AV & & (Peak B Ml Peak T) LAAHFRAE
7277 (BIX) AW (p<0.05); 52 X002 REH 13 DOM H 5 5E i i1 A B i #E
RKINEEAFEER L (HIX, p<0.05),
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12 12 (b) 0.30
a ® oom - Clay associated HA c
_ a ( ) _; 10} -W-Ha : =% _; 035 -4\~ Clay associated FA ( )
g" a 3. ""; : a «E it
s 2 2 a
o ¢ . 08t - 02008 o ab
§ 10} b b § - ““a a a é @ b b
& b| Sos = e S o015} . ] E)
i SN aanen s e
é 04 b b b = 5 0w}
4"
8 3 . . 02LC N 0.05 .
0 30 ) 80 10 0 30 ) % 110 0 » 60 00 110
Time (day) Time (day) Time (day)
50 40 0020
@ (e) ()
¢ ~3 oot @
= a a a /‘ = ’a b ab
£ 40 T = a R
g o9 af ;| 0 g ove| ¢ be
7'!,.', 35t ! 328 ‘ : = '5 c
§ sol ;.” \% d /‘n: 0014
2. 15+ —& 0012
uo Q l‘o " 10 19"’ :‘o llo vo 110 o‘owo 3‘0 é no 110
Time (day) Time (day) Time (day)
20000 10000 3500
TR : (h) ST
18000 | 9000 3000 a
b & : % a -
E 16000 E 2000 b E 2500
< c pry ]
< c ©
i § o) N £
12000 |- Mc 1500 b
10000 i _ . 000 " i " 1000 n s
0 ) ® 90 10 ) 30 60 [ 10 (] 30 60 ) 10
Time (day) Time (day) Time (day)
3900 08 0.92
ool ia D 1) (k) U]
| b a oso} @
3 5 2’ B e
8wl C _— L .
- » ; c
! 210 . 0.86 + c
2400
21 e
1800 B + 04 - 0.82 A "
° 30 ) %0 10 o 30 50 90 110 a 0 ) 20 10
Tume (day) Time (day) Time (day)

H: () BHESEHREGE: (b LEEMEEIR. BERAE RREE: (o FLimEasEEmRS w1
[ivgEn o () & (D AT DOM MRS 5OEEIERE. H, (d) Sh CDOM X & fE; (e) N SUVA2s
fH: () K Sorsaos s (g) ATOLIE A IUSRIE; (h) P06l C SR (D 2Ok B IR () 6 T i
E: (k) BEAEJERS BIX: (D BRI HIX. AFE/NG FRER I IEKRE A KN AFERZE 2R (p <0.05)

B 4-1 AKFEE KA R 7y EA LS RS LR A DO I RrE

BRAHUR AL, TR SRAL A RIFEE SR He BT T, 75 B R34
Birh, BREAACI AL SR FAR IARAY, BB S %, H T H BT N BN
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B} (Tessieretal., 1979; Liu C etal., 2021). fEAMF H, FEHLE TFe & & (31.2+0.8
(g kg™ T T™Mn & E (042 £ 0.01 (gkg')) (B 4-2); ik, AHFFLL Fe
R, B ARAETES Fe B A S50 ES, DU /A S s He shEkib 2

TS 7T RIS

36

[Irre [ T™n

30H - : —9—| I

e N
o o
. AL

+ 3 K Fefll 5 Mn (g keg™)
o
i

o
N
T

o
=)

0 30 60 90 110
KEEKYE (X

B 4-2 KA K EIE R S B & &

N3 4-1 fros, KA RS, I38ETE Fe (Fenr) & & BLA Fenr 15 TFe 1)
LI R FERE XA 8 o FEANIF] Fenr TEAH, Feoo SEfmr, FLR N Femgs Feoxin
Fepy~ Fecabs 1M Feexen &K (p < 0.05). R4 Fenr KM EANTERE, EHAIF Fenr
T Z BRI K B S 8A, BlinfE K FEA KT FE g, 3% Fecans Feoxi
H Fepy i E G, 1 Feoxa M Femae W ZEFFAL (R 4-1), FRILH Feoxo 1 Femag [7] Fecarb
Feoxt Al Fepy IFEAL. IXULBH, 5 HIRAKIAN, 458 BT A i 55 45 a7
B TCE TS PEM N LR BRI A R o % 3R S AT X SR AT b7
AR R A ARG, 0 — 20 U B 4 A ARk SR D L T K P e T 3 e o) 55 285 o
R, HEIE YA EAL (Ratié et al., 2019; Bishop et al., 2020)
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% 4 5 BREN-A DL A 4 RS 8 PR TR R B LR AL A T3S 20 1

R 4-1 KA H LB A RSB N S &

IKFEAE K Ferr Feexch Fecarb Feox1 Feox2 Femag Fepy
(R (9kg™) (mgkg™) (9kg™) (9kg™) (9kg™) (9kg™) (9kg™)
0 11.2 +0.2ab 1.29 +0.5 0.005 +0.00¢ 0.37 +0.03d 8.43 +0.3a 1.77 +0.1ab 0.59 +0.03b
30 10.8 +0.2b 1.20 0.2 0.067 +0.01¢ 0.87 +0.05¢ 7.34 +£0.4b 1.95 +0.3a 0.60 +0.04b
60 11.1 +0.3ab 1.31+0.2 0.23 +0.02b 1.19 +0.06b 7.13 +0.4hc 1.84 +0.09ab 0.75 £0.1ab
90 11.2 +0.05a 1.37 +0.2 0.45 +0.04a 1.42 +0.01a 7.01 +0.03bc 1.65 +0.02b 0.70 +0.09ab
110 11.0 +0.2ab 1.28 0.5 0.49 +0.10a 1.45 +0.05a 6.56 +0.4c 1.66 +0.1b 0.87 £0.2a

VE: 3P Fe (Ferr); MRS TI A Fe (Feexcn); MKFREL4E G Fe (Fean); ZIEJRES Fe (Feox1); FIIEJRZS Fe (Feoxa); MEERH™ Fe (Femag); MEW Fe (Fepy).
Feexchs Fecarbs Feoxi~ Feoxan Femagﬂ] FepyZﬂﬁ\J‘?ﬁﬁ Fe (Feur). Z:IEJ/J\:':,;?‘%%E7K$gﬁi'&}%ﬂﬂlﬁ‘jﬁ?£ﬁ%§%(p<005)
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44 FFEHIIEDRFREB"RNESESBEES
FAHI +3ErR “¥r” Hg (T*Hg) 5 “%” Hg (¥ THe) MEEE/KREE KN
TR, Horh T2OHg (&8N 104.04 £2.91 (ngg™') % 120.65+8.56 (ngg!);
B THg S 8N 73.07£429 (ngg!) %9504 +17.12 (ngg") (K 4-3), HEER
2, AWt AL “#” He MR ZEREFIKRE 5T & Hg S &L, RHER
I 7R TR 2 B SR R 5 A RO W B S Rg 38 He 3855474 (Hintelmann et al.,
2002; Branfireun et al., 2005; Oswald et al., 2014). “F” Hg F F: Ak p= A4 i) B 3L ok
(Me*®Hg) & JEH4371°8 0.019+£0.002 (ngg ') £ 0.49+0.10 (ngg); “2&” Hg
FEAEH MeHg (55 MeHg) s HIEF AL ER MeHg &84 0.30 + 0.07 (ng g ")

% 0.48+0.05 (ngg) 28 (K 4-3),

0.8

200
2 i D i ]\-’le’""Hg b
-O-17#t MeHg (b)

(a) -0-1""Hg
-O- 5t THg

150 |

THg (ng g)
>
=4
;
Y
o
o
o
MeHg (ng g™)

50l a a a a
0 1 1 1 1
0 30 60 90 120 120
KRS (R KREEKE (RO

7E: (a) THg &H; (b) MeHg & . AF/NG FRERFIERRE LR AL EREZER (p <0.05)

& 4-3 /K FEA K WA P 75 FH 135 THg A1 MeHg 15 &

TEARWFEH, “¥” Hg 5 “%” Hg Wag (Rl T*Hg M5t THe) fE/KMBEAK
WIR TC I Sk B, b T?Hg & &7 104.04+£2.91 (ngg ) % 120.65+8.56 (ngg ™)
Z I8, 5 THg S EAE 73.07 £ 429 (ngg') £ 9504+ 17.12 (ng g ZIA] (A 4-

db 5L

3o MHAFERIE, AT H TR “¥r” Heg MR RZRERARESE 5 Hg 5 &
Bk, RIS R B RE e A 20 B B S/ 3% h Hg 3855474 (Hintelmann et al.,
2002; Branfireun et al., 2005; Oswald et al., 2014). “3#i” Hg =4 # MeHg (Me?®Hg) 5

/\El—|+

“Z” Hg re ) MeHg s 35746 1 MeHg (55 MeHg) S =V5H 274 0.019 +
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0.002 (ngg') £0.49+0.10 (ngg™ F030+£0.07 (ngg') £ 0.48+0.05 (nggH
Z 18] (B 4-3).

- Soluble and exchangeable Hg ) Carbonates bound Hg [ Soluble and exch ble Hg C. bound Hg
( a) & Fe/Mn oxides bound Hg "~ Organic matter bound Hg (b) Il Fe/Mn oxides bound Hg [_] Organic matter bound Hg
- Residual Hg [ Residual Hg
1000 100
g
a a b b b 7]
100 4 — N VR -
A4 v 2 4 v—Vv _% -
©
o ab a be =
21010——6— b & | 2
o I
£ a a a b1 14
~N
o b b -
I 14 o
(=3
& S
- s
c 0.1
o
@
o
0.01 T T T T 0.01 -
0 30 60 90 120 0 30 60 920 110
(c) Time (day) . 1(5:' Time (day)
100 Tab N3
- T b bc [ <
. s 4 —— t —y @
2 S 10
- 10 g
=]
= a ab g
o ab -
= c bc 3
14 2 1
t <)
e
o £
e} ©
£ 1a a z
0.1 - a b b g 0.1 4
S
c
e
[
0.01 1+ ; , : & 0.01
0 30 60 920 120
Time (day) Time (day)

I (@) AFEHERLZETBE Hg &8 (b) AFEMERMLATEE 2OHg (5 (o) ARMEAZESTE & Hg & E: () AR
WAL Hg it RNRVNS FRERUIE TR KN EERZZ R (p <0.05); EFRERRERELZER.

B 4-4 RFRIHEREE S Hg COHg A1 &= He) MEES S

H “¥r” Hg #t NFEH TI85 (EPYSIN 2®Hg J5), 4K57 “#” He 5 HIEEHL
JREEETE—E, ERENURS A *He, H b T*°Hg 1 84.6~89.4 %; HIUCNRES
20Hg (7.6~8.1 %) H/AREAMLE G 2 OHe (2.8~7.2 %). AR5 A[3cfeds 20Hg A
BRIR Eh 45 A 45 2°Hg Fir 5 I LL ey, A9 0.05~0.17 %F1 0.04~0.07% (E4-4), “&”
Hg fEANFIHBRAL LS 04 5“8 HgZi L, (HERE A He o5 HoN 23.9~37.9 %,
BEET W7 Heg ikt 2Hg Bl (p < 0.00). 14k, 55 He /Ay
GEEAS He (2.4~62%) FIEHURSE A7 He (57.4~73.5%) W5 BT “¥” He
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(p<0.01).

EKRFEEK AN, HSa s Y Hg, RRELLE &8 2YHe, GRS ES
WHg DL RFRER Hg K& &2 FKESE (p <0.05); /AR
200Hg 7E 45 30 2 60 RIS F I T Z M, M 3.30 £ 0.24 (ng g") HZE 6.01 + 1.13

(ngg") (p<0.05, K 44),

4.5 FEH HIEP I REF IR F RS BRI EC

TIEAHURAMGE “2” Hg, 2 “¥” Hg KW “IL7, HAENLEES He N
Fa e BT He B08 BRI E ZE L5 B 5 L R R X R
gL, HAVREEGE He HEREEMN 62% GBE, 2016). TETTINE BRI L
X RS2 RS e s st X RE H s, B HURSE &4 Hg & THg LI mT ik 87.8 %  (fii
REGEE, 20210, AW, AFEKGRFEERE 8P, GRS ESES He B8 Heg £
R IR EIERS, OB R FZA LA JTm: (D BIEAPRE S S Hg™ ')
SiaRe TR (2 A NTUE R 5 L IRUR Y IR TR A HLENLE A
(Lalonde et al., 2012; Riedel et al., 2013), T LA ¥)EBR B 5 5, XA
TS & PR BE NS 2 2 0 FOX 5 42 Js iR Y 5 181 € e /) (Zhang et al., 20190, JUH2
MEAERTEAE WAL (W33 (Skyllberg et al., 2006; Skyllberg, 2008). 73
Sh, TR MR IAZIE, HroikE He EHEAREH LS, 0 2RI MK Bk
A HgS Bk A4 HgS (Manceau etal., 2018), 1 H3EA N X TiX T EL He (9K
Rk HeS BURMAZ HeS) MAREMEEZIEM . AR KM, 7E DOM fE1E IG5
Mg, Hg A% L Hg-S-DOM W=7t E & RIERAELE, HiXE G R L&
2% | Z4%5% HeS S5 K E K (Gerbig et al., 2011; Graham et al., 2012).

800N, R IX BB Hg 1N HgS (Yinetal., 2016), KRS 435 s /K
IR IR R I P AR I BRAL Y (HSD Befig 5Bt b1 He JE pita € 1 HeS UivE, A
Wrig RS He & &, 2R, AREFFHERER 2He X 5 T*®Hg 1 7.6~8.1 %, 1X
FE—DRAFVIFE Hg TERIRIER HeS MIERM T H S LIRGHURE G HESE, A
MUT IAFAE IE A2 HeS PUIE TE St FE R i B R IE P IR (Gerbig etal., 2011; Graham et al.,
2012; Hsu-Kimet al., 2013). #t4h, HIFAWI7EH TS K& EEZFEMT SOM, HiEHL
AT AR JF A B 26T, AU /DR “B” Hg BALBUNRIED *Hg.
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4 W UIRER He BEARGE LI a5 (INEERRER i), Xk e Ar
FIRIERS He (Tessier et al., 1979). A H TR & FIAENIR S G 2OHeg & EMEAK
MERIAE RS 2 Hg &5, VLB He HE NI 1 B Bl N4 di ks R SR AT AR T 3
S5HENUR T 45 G

BRANLUT LS &3 Hg I Hg LASL, BRARENMLE &7 Hg & AR 7T HERI SR
= B HgAPRS . ZaloA REDFREY, L sk Hg BA 5
SR B B /7 (Bonnissel-Gissinger et al., 1999; Feyte et al., 2010). #R1, HTHEIE
E%ﬁﬁ%%%ﬁ%%ﬁiwwaﬁﬁﬁmﬁﬁ,ﬁ%ﬁ@%%%%m“%”Hg%
RUVE AW sh s . mFHvik Heg MESRE L H? 3, HAH T
}m%mhwmmﬁﬁmegﬁ%,@%EﬂxﬁﬁHg@@ﬁﬁ%w%%mi%¢
“¥r” Heg M EEWMAFTEA . S8, M-S0 A8#as 2°Hg A &5 T*Hg 1 0.05~0.17 %,
%%mﬁiﬁ¢ﬁﬁﬁ%%Hgﬁ%ﬁuﬁ(M%E%Auﬁx%fPﬁ@&ﬁk&
H 398 5 23 I8 5 X RAL S SRk e, I HAE SHTSRI 56 1F LEeRe VA
AR TA LA

4.6 FEH T IEP T REAEMIRA SO TS5

fERREA KRR, ARRFA 2Hg & RIS BMAEIL T “8” He (A RIHLBR
WERHZ MM E IR AT, “B” Hg EARMIR LA Z [0 F 510
WRERIA MRS AR *OHg, IR G4 He. AHURL G4 P OHg fik
7 *Hg M ARG S 2 Hg M (K 4-4). Hrh, W50 2°Hg
FBRBR Eh 45 G4 2Hg /M F2 1 R AR TKFEFE AN, R 30t X 2805
YRR ) OB Hg TR HA PR M E MR o X8RN BT [ AR B AR RAFAE
i, WRAS 2OHg ASFaE (Skyllberg et al., 2021), FHA] AZEAL 22 P 122 (0 /E FT R
TRGH A B4

BARANNE ST O He IR S F 2O Hg MBS 2°Hg M E L
i?m%$&3m%uﬁ,%%wﬁm%@NMg%%ﬂﬁﬁmﬁﬁm%%¢,@Kﬁ
[E AR R 2 TR ) A A I B AR A T — s R TR, X — R S 3O P AN A, 22
B E AL JFE PR BT SUR 1 WS T AT (K B P AT I R . ZEAE VIR AL 3 PR B 4 2 AR 1
H -3 (Kogel-Knabner et al., 20100, %448 [R5 25038 X 5 i AL 2 B P16 it
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“¥” HgEAFIMER A Z M F A E SRR Flan, g A U )RR
(SOM [IF#%) A1 DOM [ (B 4-1) B E5EHLTRLE S 20Hg & &1 FFRA7 S
BREF, RPEKRBAEKLRES, AU E S50 S S BRI 0 5 AR
AN “H” Hge H4h, BRI, AVRSEES *He 5 DOM & &
(Spearman’s » = —0.68, p < 0.01) UL K +3% DOM F A EAHXKIES (Peak B,
Spearman’s r = —0.71, p < 0.01; BIX, Spearman’s r = —0.82, p < 0.01) ZZE 5, Fik
AW RHE DU, fEKRRAERKIE RS, TSGR AR B R AN P 280
(Liu, J. etal., 2021b), HiZSFEESRBEN—E2EASHHRSE SR “#” Hg. Mo,
IKFEAR B Bl e % 23 WA K= HRAR PR 70 i), X AR BR 7 Wb 38 5 oy T B 3R A LR
BEBERYIIT . AR Z DL — S8 KA TR EE B BRI G, XENGTHIR
55 T AR A, BRI mT Rk 38 G A MU = A “BORBORL ™, Tt
— BRI ARBONEE AN R, AT PRI S ARG Hg. A
PRI AR SRR A HLS AR AR A R - XS E ROy Hg 1) “UR” JF 7R
WEAEM) Hg Wi/ B (Mu et al., 2020)

AT, BT 5IEEZE Fe S8/ A S 57 2 He IRBUN— 2, oy
BRFENG: DA, Zid)Eas Fe MG (GR 4-1) DURBRARSAE NS &4 *PHg & &

g hn (B 4-4), RWEZH “H” Hg B HOAMAEIHLESESE LB SREA Y
Hr, AEARERARELE “B” Hg B e Mo 907 MPER . JCHRAEK
ARSI, FEH LA Fe IR A MG A Fe A1 3545 i A B E EE Fe
(K54, (Kappler et al., 2021; Huang et al., 2021). AR K, 5945 RS ELEHLS
Fe AW A Fe AN EA T RILLRTF, AW ILTTREEE WM E 21 “Hr”
Hg (Tiffreau et al., 1995; Bao et al., 2021). [FI}, 5945 H&HE T E A Fe At
setigEd DOM [ “IL7; ez, X3 Fe ANl 5 DOM 2k Fe-OM E &4k 5 X
REm BRIl B B 0AR 2 (Aiken et al., 2011; Lv et al., 2016). HAf, %1% Fe-OM &
HGRRCEHFERIT T KENHIA (Wang et al., 2017; Chen et al., 2020; Zeng et al.,
20200, ARifIHXTT Heg BT AN UE LG IR, R AR SR A4S & R85 e
Fe-OM S &R Hg MIER 0 DL AW B RS e A B, B8 — 0 A
(RERE, 2019).
FRIEA 2Hg 7£ “¥7” Hg MF A fidfE & & TR, R m H AR A id
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2. LigEN (2022) #RiH, o-HgS VARG T Hg FAAGE FE b AW 2 tksh,
LiuZE AN (2019) 5 Wang % N (2021) fE[REI& WK L8 5Kt kI, i)
58 BB BN 2 A fe s 5 HeS 10 He & He-Z Bk s &4, Mg {EH
W0 HeS WIVERRIE . R, BB Hg HHHTAE R HeS 1 FHAfF PT BE 2 Fo B -3 h ik
& 2Hg TR R

4.7 SERLE R T 3 Jr R ER FFES 2 TR AR

HE— AR RR BT Hg MUBRAL S TS S VI ML PP, A FUR AR S 43
Wras & R BIH ST, S 07 HgfE A FHIRAL 3 B4 I S5 e A R T 3828
X FR (E 4-5); RAMRSCDN R (PLS-PM), /MWL T 5 R sk 1k
HIGA CHORMFRK R (H4-6)
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22 Qg |1 & o g e |¢
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< o .‘ ® g - 1500 LY o .k s
&= ° R0z =039 2% £=042
*h 1000 5% oas P=055 | o4 pooss | o 730
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°
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K] 'g go ?‘m ~ 086 ] 10
[ (] ] o &
83 3 4x @ * ¥ % | ol yx ®e | o xx ’ * % .
5 o o3l 2042 #=0.40 oot r*=0.48 oast 2=0.64 =067
7 W 7% e Car R W O Ca—
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= =0 =0.48
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o (ngg”)
T 7 b o BRIFOREE (p<0.05) SHEE (p<001) XK. 2 NPsE gk E R E R
B 4-5 A [FHLER (b AT 20 Hg & 5 5 A8 R HUAK R 7 1A OGPk
A BT I, TRAFEEAFIESHE “#” Hg %85 DOM. a(355). BIX.
HIX. Fecan Feoxi fl Feo BIFEE R EMAHRK R (B 4-5), KL% DOM K& EYS
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SEFRFAE DA R A BT He 78 39 v (R A 2 P 25 A0 A7 A S S 5
BARRUE, BRAREMSA G 2 OHg 513 HA. DOM. KE AWK (Peak B) LA
K BEAJETEE (BIXD R IEASE, RIEREAN 5 AU 4 1A LT 3L A4 1 25
VL% He fEREH RIEAR TS AR . [N, AHURSAE 2 He 5 Fid kA
THRbR 3 ARG, R\ERRERKE RS, HHLIEP AR RSEHELERES
PEAY)-DOM E &1k . — DG H IR G OHg LR E 464 2O Hg
Al (E4-4), FAHEWT— M SHEVRE G0 “H” HgRiUs, BEHksa4s i
S T E RS TEMNY-DOM & & 44#3k, JEM Hg-Fe-DOM I =t B &K &R . At
TR, As (Aftabtalab et al., 2022). Cd (Duetal., 2018) H1Cr (Liao et al., 2020; Xia
et al., 2020) tHAEEME 5 Fe-DOM JE BN =i ARk R . X TiHM S #Hss *Hg
PARBRIR #h s 57 *Hg T F, M LIPS E M 5 E P 2X 5 He 19 “IL7,
FLREOS A LR H 7 Hg ST, J34h, WS el 2°Hg URBRIR 4564
*Hg )5 1:3% DOM ) BIX &3 fiAHG, LI NJE DOM MG N 2 IS 11X &4y
TEPE He PER A

BRIRDT “Hr” Hg S SR 72 [0 (3L 300 R AL, AHIEFE 30 R F i e /s — 3
PR (PLS-PMD, ik R +5 “¥” He IEAMER KR, PLS-PM 43tk
BN E, 20l (D LB eER, S8R 1% TS, TFe. TMn. TN,
pHFI C/N; (2) TIEBHEHR, BEFEIRNSOM. HA. FA. C-FAF1C-HA; (3) *
1 DOM, L5485 DOM MK E . SUVA2say Sr7s205« Peak AL Peak B. BIX 1 HIX;
(4) BIA, BEIEIN Feexchs Fecans Feoxi Feoxo A Femago B8N Y [ fif % S5
(GOF) £ 0.57 % 0.60 Z[i], & HIAHIT 7T Hr R e 6 0 - S AR 8 22 W) ) BT 2R 5%
%o HE4-6 7R, A E DOM (e 5250-0.42) MERIEES (BRI2RH-0.39) &M
BRSO He ) ERER, MEERE DOM (Ff12 R%0-0.50) 2RI 45 A
& Hg MFERE . T YA G P He 5, WL DOM =2 o EE 1
SR K, M2 RE0E 0.86, KU Fe-DOM A EAEEHE T “¥” Hg 8/ AR EAL
ERIEC. MRE), BERBYBESEAIRAEGS *Hg MEZPIEER (B2 RE-
0.43), R LIFHHRSYEMRFIIE Hg Kswgaia. —Bekil, BAMEH
AN L IRRIL B Iy R i Rty 52 A ) BRI T 456 (Kleber etal., 2015; Bao
et al.,, 2021). Kk, “Fr” Hg 5 Fe-OM R R &SNP 0 (1D “Fr” Hg ¥4k
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B EGE R THFIESE—E, A Fe-Hg-OM E44); (2) “¥” Hg 5 Fe-OM &
Bk L, TEHL Hg-OM-Fe E 41K & (Bao et al., 2021). EIRERERRSHE—B %
W, 5T He S8R DOM JERL T =08 &R R0 T8t 4R 1)
HOER AL 5 TS 0 TR T I

GOF =0.59 GOF =0.57
TE: 2°Hgr NS A4S 2°Hg; 2Hgr NRRIRERSS £ 45 2°Hg;  2Hgrs NER/AR AL 54 2°Hg; 2Hgrs
NABUREL G 2°Hg; 20Hgrs NFRIEA 20Hg.  #ik LIRBT AR I ER 1 R B R2 x5 A0 B R e
GOF R ffE i

&l 4-6 fhi /)N —IeFEATIEY

4.8 IR B R

FUTFE Hg 7E 75 H L3 b (R b BR AL 22 TR 25 2 TR R e T Bl b He HIAED A 350,
Heatt— M ORI He PSR . A 238 o 78 H 3 rh “3F” Cd 3R BEAT
NBEFERIL, BT NFEH 3N Cd Reig ik 24k, RINRAERS Cd &= RE 1N

(Dong et al., 2021a, 2021b). ZA1M0, AHFFIFAREINEG Z RURZHERE, REFDT

BEI) Hg fEEANFEH LIS, VIRAEBm RGN, X IEGFWR 1 m He Uk X REH 1
Herp R -4 THe & B, tHEAR ST MeHg &% (Meng et al., 2010, 2011; Zhao
et al,, 2016a). 54k, AHUALEGA PHg 5 Me*Hg & &R L, XRRERES
WHREIR S P ACHAS Heg R 2 5 IR BAh, AL G4 He 7T Re L AEWS 1k FH
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JeAb. DR, FEVPA R He HIMEXRI, BRiEMA Hg LLAL, HABESH Hg
BNZ RN .

4.9 ZAZ= /G

Ay AR B R E AR RN s BR B, B 1 T Bk A E A 1
e JE AN FIBERAL A TS Z R 0 Bl e fE o A i A o AERE T g rp, 77 ok B
HEEENRA G, UEIRSESRIEEFE, HIOVREESKR. BR/aRA
WG GRS MRS PSSR AR IR T 45 5 5ok . KRR S, LUA#S
RS IK . BRIRER 4G 587K AHURSS &SRB S RIS AR 87 KIagk/
AL G R . WA IREh I LA LB AR LA AL B A6 B B
2R EAYIE S F AL R fg T b “r 7 SRR A5 0 1. AR
AT SRR AR AR TS L NURTEA PSS 55 4G d R s T e R B AL
FE R B R 2R P 6 8 T R IR PR TR R T2 . BRAE ST NI RS m] S s ok
b, AHURLS A RMATRES S PN, A RS,

ﬂ
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FoEFELR

AR SCARE WERBRAE A A R R, 385 = A TAR SRR A 25 2R 45 P kB A1 255
SRADD I ERAL SRR R SRAF A0 R R BEAE D

(1) Nano-HgS 1 NOM-Hg(Il)/2 & [ -3 i fe s 2 5 B LAk e N IR TE S, T
=FeS-Hg(ID)JL-F- AN RE 4 1 24k, JF H RGBT 88 b 37 4 i) FeS AT AE & 12 3% PR
Hg(NOs)2 IAEMIA R (Bl 5-1)0 EAFZRI FERE FEFE I s, SR F AL Bl 7k
WREEROIG N R, JFH, R LIEORIKEERR R SR A AR ) ZE 5 (10°~10% %)
T KT [ — AR A FRES Z MR ZE SR (1~5 ). Mok, RATERKI, BT HEH
T RORIRIE . IR TS R R AN, AN IR AR AR R A5 ) B A I 1 2

o6 [H(l) tracers]
%0 "”“9"" EP o 4 ﬁ‘«.

‘93H9(N03)2\\ Nano-22Hgs
| Q Q
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-~ M- ""*Hg(NO,), ®| <
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(2) BrHE L CRIRI TR AL A F J ok 25 PR AL AR A, R R 3 R i A7 A
WY TR TEHURIEE SR F 7Rk 0 FH 34 LK SRk I SRS A . AR HEK KA
M8, AFEJESK (Hg", MeHg Fl Hg®) Z [AIFIAH TLFEACHFARBSIS AR, &l
Y R IR . T AR TR BB AN I8 S A S ok 1 R AL I e, A
PEAE A — 20 ST A 838 v o () SR 3 R I B LR PR R AR R K2 o MR
B NKRIE S ALK RALRIAAE A JT I, (1D S 58S AR A REE
GERA (2D SUMRIIAL IR . AR TR, IR O s 5 R E R
VAR EE— D RN AL (] 5-2),

2 Demethylation

'3 Reduction

3J
MeHg = > Hg’

‘4 Oxidation
=

B 5-2 SMEBRA I ARG H 3 HORTE S A PR S
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(3) fERH T, ¥ REES LRGP GAE -, DaRa a8k
WMIEEAFAE, FUONRBER . SRR G K RS A A SRR th 25
BAK. AKREERKERES, DA g HAK . RIREEAS 8K AHLR4S
ARV ARG ASAEAER B AR ARG ARt . A IEh 1 -3
BT AR Y LR SR S 2% 1 B B Bl ) Bk B A 2 e AR K R R i 25 v T - 48 v
B RIHERACEIES U, NIRTEA BB S 95 45 5 A B0 T R TR AR AR R
AR EHIER M L REP RS (& 5-3),

o
e

Rice growing period 4

Hg Partitioning of “new” Hg in soil

* deposition
'

Hg
Fe/Mn oxides
Residual Hg (7.8%)  bound Hg (5.1 %)

Soluble and exchangeable Hg (0.08%)
Carbonates bound Hg (0.05%)

e R

Fe-OM coupled
soM . . - » system _— - }

Hg ‘Hg Hg ‘ He

Carbonates SOM

. Hg Hg
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ARTICLE INFO ABSTRACT

Keywords: Rice consumption is the major pathway for human methylmercury (MeHg) exposure in inland China, especially
Mercury ) in mercury (Hg) contaminated regions. MeHg production, a microbially driven process, depends on both the
Mercu;y species chemical speciation of inorganic divalent mercury, Hg(II), that determines Hg bioavailability for methylation.
Methy ation Studies have shown that Hg(II) speciation in contaminated paddy soils is mostly controlled by natural organic
Demethylation . . . o i1 . S oqis .

Rice paddy matter and sulfide levels, which are typically thought to limit Hg mobility and bioavailability. Yet, high levels of

MeHg are found in rice, calling for reconsideration of the nature of Hg species bioavailable to methylators in
paddy soils. Here, we conducted incubation experiments using a multi-isotope tracer technique including °®Hg
(NO3)s, natural organic matter bond Hg(II) (NOM-'°Hg(ID)), ferrous sulfide sorbed Hg(II) (=FeS-2*°Hg(II)), and
nanoparticulate mercuric sulfide (nano-2°HgS), to investigate the relative importance of geochemically diverse
yet relevant Hg(II) species on Hg methylation in paddy soils across a Hg concentration gradient. We show that
methylation rates for all Hg(II) species tested decreased with increasing Hg concentrations, and that methylation
rates using NOM-'?’Hg(II) and nano-2°?Hg$ as substrates were similar or greater than rates obtained using the
labile '%®Hg(NO3), substrate. =FeS-2°°Hg(II) yielded the lowest methylation rate in all sites, and thus the for-
mation of FeS is likely a sink for labile 1°*Hg(NO3), in sulfide-rich paddy soils. Moreover, the variability in the
methylation data for a given site (1 to 5-fold variation depending on the Hg species) was smaller than what was
observed across the Hg concentration gradient (10°-10* fold variation between sites). These findings emphasize
that at broad spatial scales, site-specific characteristics, such as microbial community structure, need to be taken
into consideration, alongside the nature of the Hg substrate available for methylation, to determine net MeHg
production. This study highlights the importance of developing site-specific strategies for remediating Hg
pollution.

1. Introduction

Mercury (Hg) compounds are toxic pollutants, in which methyl-
mercury (MeHg) can be bioaccumulated and biomagnified along the
food chains posing potential threat to human health. It is generally
accepted that fish consumption is the major exposure pathway of MeHg
worldwide (Clarkson et al., 1993). Recently, however, rice (Oryza sativa

* Corresponding author.
E-mail address: mengbo@vip.skleg.cn (B. Meng).

https://doi.org/10.1016/j.envpol.2021.118321

L.) was identified as a bio-accumulator plant of MeHg (Qiu et al., 2008;
Zhang et al., 2010a; Meng et al., 2010, 2011, 2014). As a result, rice
consumption was shown to be the dominant MeHg exposure route to
residents in inland China, especially in Hg contaminated regions (Feng
et al,, 2008; Zhang et al., 2010b; Li et al., 2012). Moreover, Hg
contaminated rice remains a global issue affecting countries other than
China, as MeHg contaminated rice has been reported previously in many

Received 10 August 2021; Received in revised form 7 September 2021; Accepted 7 October 2021

Available online 8 October 2021
0269-7491/© 2021 Elsevier Ltd. All rights reserved.


mailto:mengbo@vip.skleg.cn
www.sciencedirect.com/science/journal/02697491
https://www.elsevier.com/locate/envpol
https://doi.org/10.1016/j.envpol.2021.118321
https://doi.org/10.1016/j.envpol.2021.118321
https://doi.org/10.1016/j.envpol.2021.118321
http://crossmark.crossref.org/dialog/?doi=10.1016/j.envpol.2021.118321&domain=pdf

J. Liu et al.

places including Indonesia (Krisnayanti et al., 2012), India (Lenka et al.,
1992), Pakistan (Aslam et al., 2020) and Philippines (Appleton et al.,
2006). Importantly, all of these countries are main rice exporters in the
world, which therefore make dietary exposure of MeHg through rice a
global challenge (Liu et al., 2019). Previous studies confirmed that
MeHg in rice was originated from in-situ methylation of inorganic Hg in
paddy soils (Meng et al., 2010, 2014; Zhao et al., 2016b; Qin et al., 2020;
Liu et al., 2021a). As a typical ephemeral wetland, the submerged paddy
soil is an ideal habitat for Hg methylating microorganisms carrying
hgcAB genes (Gilmour et al., 2013; Parks et al., 2013; Podar et al., 2015;
Liu et al., 2018). Accordingly, paddy soil has long been considered as a
“hotspot” for Hg methylation (Rothenberg and Feng, 2012).

Multiple biological, physical and chemical factors determine net Hg
methylation, including microbial community structure and function, Hg
speciation, temperature, pH, redox, or natural organic matter (NOM)
quality and quantity (Bravo and Cosio, 2020; Regnell and Watras, 2018).
Among those factors, the speciation and bioavailability of Hg is
considered one of the most important factors controlling net MeHg
production (Hsu-kim et al., 2013; Wang et al., 2014; Regnell and Watras,
2018; Li et al., 2019; Liang et al., 2021; Liu et al., 2021b). The chemical
nature of the Hg species bioavailable for Hg methylation is diverse and
complex, ranging from inorganic to organic-bound Hg (Hsu-kim et al.,
2013). Of particular interest in the context of rice paddies (Zhao et al.,
20164, b) are possibly Hg species formed by association with dissolved
inorganic ligands (e.g., HS™ (Jonsson et al., 2012; Liem-Nguyen et al.,
2016; Zhu et al., 2018)), dissolved organic matter (DOM) (Jonsson et al.,
2012; Liem-Nguyen et al., 2016; Mazrui et al., 2016; Zhu et al., 2018),
sulfides (as nanosized Hg particles) (Zhang et al., 2012, 2014; Tian et al.,
2021), and ferrous sulfide sorbed Hg(II) (Jonsson et al., 2012). However,
the bioavailability and relative contribution of each Hg species to net Hg
methylation, especially in Hg contaminated paddy soils remain

(a) wanshan mercury mining area (WSHM)

~

"0 Gouxi (6X)

R o
) Wanshan Town
o X
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unknown. Identifying the most relevant chemical species of Hg
bioavailable for methylation in rice paddy soils has significant impli-
cations for remediation strategies.

To fill these knowledge gaps, we conducted a 2-day slurry incubation
experiments jointly with a multi-isotope technique. Hg species including
198Hg(N03)2, NOM bond 199Hg(II), FeS sorbed 200Hg(II), nano-
particulate 2°2HgS and Me!®Hg were prepared to trace methylation
rates of geochemically relevant Hg(II) species and demethylation rate of
MeHg over a Hg concentration gradient in paddy soils. The objectives of
this study were: (1) to identify the bioavailability and methylation rates
of Hg species in paddy soils, and (2) to determine the influence of a Hg
concentration gradients on Hg methylation/demethylation. We expect
these results to provide a theoretical basis for remediation of Hg polluted
paddy soil and scientific guidance for risk assessment of Hg pollution in
Hg mining area.

2. Materials and methods
2.1. Site description and sampling

Submerged soil and corresponding overlying water samples were
collected from three paddy fields in Guizhou province, China from
August 13th to 15th, 2019 during the cultivation of rice (50-60 days
after the rice was planted, heading stage of rice growing). This period
was chosen because relatively high net MeHg production and Hg
methylation rates were found in our previous studies (Zhao et al., 2016a,
b). Two rice paddy fields are located in Wanshan Hg mining area
(WSHM, 109°07’-109°24° E, 27°24-27°38 N; Fig. la) as
Hg-contaminated sites, including an artisanal Hg smelting site (Gouxi,
GX) and an abandoned Hg mining site (Sikeng, SK). GX and SK are
typical Hg contaminated sites in WSHM, showing different Hg sources,

China

Beijing
*

Guizhou Province

% Wanshan

© Sampling site Guiyang, Huaxi (HX) \ o,
@ Town 7 :
42 Hg mine ' ~§:§7°’
. - ;;fﬂ;'/
o Glovebox (b)\
198Hg(NO3), Me‘"Hg
NOM-199Hg(ll)
=FeS-29%Hg(Il)
nano-22HgS
HX GX SK
\ Series A-Methylation Serles B- Demethylatlon

Fig. 1. Sampling sites (a) and illustration of the incubation design (b). HX, GX, and SK represent the slurries prepared by Gouxi, Sikeng, and Huaxi paddy soils,

respectively.
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contamination levels, and soil Hg fractions (Meng et al., 2010; Zhao
et al., 2016a, b; Wu et al., 2020). In artisanal Hg smelting site (GX), the
paddy fields were contaminated by atmospheric Hg deposition due to
the high gaseous Hg in the air from previous smelting activities (Zhao
et al.,, 2016b). In abandoned Hg mining site (SK), mining wastes and
tailings remain to be the dominant Hg source, and therefore insoluble
mercuric sulfide (e.g., metacinnabar) is the major Hg fraction. One more
paddy field is located in Huaxi district of Guiyang City (HX) as the
non-Hg polluted control. The climate of Huaxi is similar to the WSHM
area, but no Hg sources were found in this area (Fig. 1a). Soil types for
these three sites are the same of hydragric anthrosols originate from
gleyic cambisol (IUSS, 2006).

Surface layer of submerged soils (1-5 cm) were collected into 500 mL
pre-cleaned polypropylene (PP) bottles (Thermo Scientific, Nalgene®,
USA) without any headspace. Three submerged soils were collected at
each site. Overlying water samples (1-3 cm above the soil-water inter-
face) were collected using a 250 mL acid-precleaned syringes, and then
transferred into PP bottle. All PP bottles filled with samples were sealed
by Parafilm® and double bagged in ziplock bags separately in case of
any cross-contamination. Samples were transported in coolers with ice
packs to the lab within 24 h, and stored at 3-4 °C in the dark until further
laboratory processing.

2.2. Preparation and characterization of isotope-enriched Hg species

Isotope-enriched inorganic Hg tracers (198Hg (95.3 £ 0.15 %), 199Hg
(92.6 + 0.15 %), 2°°Hg (98.2 + 0.15 %) and 2°?Hg (99.2 + 0.15 %)) and
MeHg tracer (Me!*®Hg) were used to trace inorganic Hg methylation
and MeHg demethylation rates, respectively. Inorganic Hg tracers were
purchased from ISOFLEX (USA). Four geochemically relevant Hg(II)
species were synthesized in this study to trace the methylation, simul-
taneously, including (1) Hg(II) in nitrate solution (lgng(NOQ,)Z), 2
natural organic matter (NOM) bond Hg(II) (NOM—lggHg(II)), (3) ferrous
sulfide sorbed Hg(II) (EFeS-ZOOHg(H)), and (4) nanoparticulate mercuric
sulfide (nano—ZOZHgS). 198Hg(N03)2 was prepared by dissolve 198Hg° in
nitric acid (>99.9 %, trace metals basis) (20 pg mL ! and 1 ng mL~D.
NOM-'?°Hg(II) (2.95 pg Hg mL™!) was synthesized by using Suwannee
River NOM (SRNOM) (International Humic Substances Society, HISS) in
a glovebox (PLAS-LABS, USA). After the mixing of standard NOM and
199Hg(1D), the stock solution was homogenized by ultrasonication for few
seconds and then equilibrated for 5 days at 4 °C (Jonsson et al., 2012).
Ferrous sulfide (FeS(s)) was synthesized by dissolving Fe(NH4)2(SO4)2
and NayS-9H,0 in deoxygenated Milli-Q water in the glovebox ([FeS(s)]
= 14.9 mg mL™1). The reaction was left overnight and the newly formed
FeS(s) was washed three times to remove residual sulfide (S(-II), the sum
of [HyS], [HS™], and s> D. 200Hg(II) was added to deoxygenated Mil-
li-Q® water (Millipore, USA) containing 0.1 g FeS(s) to form EFeS—zong
(I ([=Fes-2°°Hg(I)] = 23.8 pg Hg mL™Y) (Jonsson et al., 2012).
Nanoparticulate HgS was prepared by freshly dissolved N3S-9H,0 and
202Hg(1I) stock ([nano-2°?HgS] = 10.03 pg mL™1). Suwannee River
humic acid (HISS) (10 mg C L) dissolved in 0.1 M NaNOs3 and 4 mM
sodium 4-(2-hydroxyethyl) piperazine-1-ethanesulfonate (HEPES)
buffer (pH 7.5) were used to stabilize nanoparticles (i.e., mitigate the
aggregation) (Zhang et al., 2012). The suspension was aged in the glo-
vebox at room temperature for one week and then double filtered to a
particle size <0.1 pm (Zhang et al., 2012). Me'*®HgNO; was prepared by
the methylcobalamin method (Rodriguez Martin-Doimeadios et al.,
2002). Stock of Me!®®Hg (3.77 pg mL™!) was diluted into two working
solutions (37.7 ng mL~! and 3.77 ng mL™!) to spike to Hg contaminated
and the control microcosms.

Stock solutions for the prepared Hg species are shown in Fig. A1l. The
presence and the elemental composition of synthesized =FeS-2*°Hg(II)
and nano-2°2HgS were characterized by the transmission electron mi-
croscopy (TEM) (Tecnai G2 F20 S-TWIN, FEI, USA). Droplets from
particle stock solutions were deposited on a carbon-coated copper grid,
and the excess liquid was wiped by Kimwipes. The particles were
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examined at 200 KeV after the air drying of the grid. Elemental
composition of these particles were characterized by the equipped en-
ergy dispersive X-ray spectroscopy (EDX) (EDAX, USA) with TEM. Im-
ages of EFeS-ZOOHg(II) and nano-zozHgS as well as their elemental
compositions are shown in Fig. A.2 and Fig. A.3.

2.3. Incubation experiments

Anaerobic incubation of rice paddy slurries using serum bottles was
conducted in an oxygen-free (filled by N5) glovebox (PLAS-LABS, USA).
The details in preparation of slurries is described in Text A.1. Two series
of incubation were setup simultaneously, Hg tracers of 198Hg(N03)2,
NOM-1°Hg(1I), =FeS-2°°Hg(II), and nano-2°2HgS were spiked in Series
A to trace the inorganic Hg methylation during the incubation. MeHg
tracer (Me'®®HgNO3) was spiked in Series B to trace the MeHg deme-
thylation (illustrated by Fig. 1b). The spiked concentrations of inorganic
Hg and MeHg tracers are 10 % and 100 % of background total Hg (THg)
and MeHg in rice paddies, respectively (Gilmour et al., 1998; Zhao et al.,
2016a; Wu et al., 2020). It is noteworthy that the amounts of nitrate
(NO3™, added as Hg(NOs3)5) added in the incubation systems are too low
to influence the reduction reactions (e.g., sulfate reduction and iron
reduction).

After the spike of isotope-enriched Hg tracers, serum bottles were
then capped with butyl rubber stoppers, aluminium seals and incubated
at room temperature for 2 days in dark (covered with aluminium foil)
(96 bottles were setup in total, 48 bottles for each series and 16 bottles
for each site). Three random replicates were withdrawn in both series A
and B at 0, 0.25, 0.5, 1.0 and 2 days, respectively. Slurries (30 mL) used
for pH, total sulfide ([S(-II)), sulfate (measures as water-soluble sulfate,
SO42’), [Fe2+], [Fe3*] and water-soluble soil organic carbon (WSOC)
analyzes were destructively subsampled into 50 mL polypropylene (PP)
tubes (JET, BIOFIL, China). Slurry samples used for DNA extraction was
subsampled in 1.5 mL sterile cryogenic tubes (Thermo Scientific, Nal-
gene®, USA) and then stored at —80 °C. The remaining slurries used for
Hg isotope analysis were acidified by 1 mL 6 N HCl and frozen at —20 °C
immediately to stop the methylation and demethylation. All the sub-
sampling was conducted in the glovebox (PLAS-LABS, USA).

2.4. Analytical methods

Isotope-enriched MeHg species (i.e., Me!®®Hg, Me!®°Hg, Me?*°Hg,
Me?*'Hg and Me2%?Hg) were analyzed by using a gas chromatography
inductively coupled plasma mass spectrometry (GC-ICP-MS, Agilent
7700x, Agilent Technologies Inc., USA) system following the
ethylation-purge-trap method (Gilmour et al., 1998; Hintelmann et al.,
1995, 2000). More details related to isotope-enriched MeHg extraction
and measurement can be found in our previous studies (Zhao et al.,
2016a; Wu et al., 2020; Lu et al., 2021). Isotope-enriched THg was
determined by using ICP-MS (Agilent 7700 x, Agilent Technologies Inc.,
USA) system following aqua regia digestion. Details for the procedures
of THg digestion are described in Supplementary Material (Text A.2).
Additionally, DNA in the original paddy soils were extracted (9 samples
in total, three for each site). 16S rRNA gene amplicon high throughput
sequencing was conducted to identified the diversity and richness of
bacterial communities (details can be found in Text A.3). Quantitative
PCR (qPCR) for hgcAB genes was performed by using
ORNL-HgcAB-uni-F/R primer and clade-specific hgcA in Deltaproteo-
bacteria (ORNL-Delta-HgcA-F/R). More details related to primers and
PCR conditions are shown in Text A.4. Measurement of soil pH, SO427/S
(-I), Fe>* /Fe®", water-soluble soil organic carbon, mineralogy charac-
ters (XRD), as well as geochemical properties of background paddy soils
including soil texture, ammonium nitrogen (NH4"-N), nitrate nitrogen
(NO3™-N) and porewater chemistry are introduced in the Supplementary
Material (Text A.5).
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2.5. Data analysis and QA/QC

Formation of isotope-enriched Me!*®Hg, Me!°°Hg, Me?°°Hg and
Me?%2Hg was used to indicate the methylation of inorganic Hg tracers.
Decrease of Me'®®Hg was used to show the demethylation of MeHg
tracers. Production of MeHg from added isotope-enriched Hg(II) tracers
and MeHg demethylation from added Me!°®Hg tracers were calculated
as MeHg/Hg(II) (%) and MeHg demethylation (%). Methylation rate
constant (K, d’l) and demethylation rate constant (Kg, d’l) were also
calculated. All the details related to calculation are shown in Text A.6. It
is noted that Hg isotope fractionation occurs in some biogeochemical
processes (e.g., methylation, demethylation and photoreduction)
(Bergquist and Blum, 2007; Kritee et al., 2009; Janssen et al., 2016),
whereas these isotope fractionations could be neglected in
isotope-enriched Hg tracer spiked studies (Mao et al., 2013; Meng et al.,
2018). Statistics were performed using SPSS 23.0 (IBM®, IL, USA) and
Origin Pro 2018 (OriginLab®, MA, USA). Normality of datasets was
assessed by Shapiro-Wilk test. T-test and One-way ANOVA with Dun-
can’s post-hoc test were used for normal distributed datasets;
Mann-Whitney U test and Kruskal-Wallis one-way ANOVA test were
used for non-normal distributed datasets. Statistical significance (p) was
declared at <0.05 (2-tailed).

Certified reference material (CRM) of ERM-CC580 (Estuarine sedi-
ment from European Reference Materials, [MeHg] = 75.5 + 3.7 pgkg 1)
was used for quality control during measurement; the recoveries for
CRM ranged from 99 % to 125 %, with an average of 111 + 8.86 %. In
addition, isotope-enriched THg (i.e., sum of spiked inorganic Hg tracers
and methylated MeHg) was measured at beginning and the end of the
incubation to show the recovery of the spiked Hg tracers (Fig. A.4). The
recoveries ranged from 93.5 % to 107 %, with an average of 100.0 +
3.59 % (n = 40), indicating losses or contamination of isotope-enriched
Hg was negligible during incubation processes. Method detection limit

HX

G
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(30) for isotope-enriched MeHg isotopes, Fe®" and S(-II) were 0.013 ng
L7, 0.045 mg L' and 4.16 pg L™}, respectively.

3. Results
3.1. Methylation of different Hg(I) tracers in paddy soil microcosms

Methylmercury production from added isotopic Hg(II) species
(MeHg/Hg(II) in %) and corresponding methylation rate constant (Kp,)
within the incubation periods are shown in Fig. 2. All Hg(Il) tracer
species except EFeS-ZOOHg(II) yielded significant MeHg production over
time (Fig. 2a—c). Overall, isotope-enriched MeHg/Hg(II) decreased by
several orders of magnitude over the contamination gradient (from HX
to GX to SK sites, with increasing THg concentrations from HX to SK)
(Fig. 2a—c); MeHg/Hg(II) ranged 2-5 % for HX, 0.3-0.35 % for GX and
0.002-0.005 % for SK. The same trend was observed for the K, calcu-
lated between each time points (Fig. 2d-f). Depending on the site, we
observed differences in the nature of the Hg species yielding the greatest
MeHg production corrected for Hg(II) substrate levels.

At the control site (HX; [THg] = 0.27 mg kg’l, Table A.1), the
greatest MeHg production (shown as MeHg/Hg(II)) was observed for
198Hg(NO3), (4.85 + 0.13 %) followed by NOM-!?°Hg(1I), nano-2°’HgS
and EFeS-ZOOHg(II) (p < 0.05, Fig. 2a). At the intermediate contami-
nation site (GX; [THg] = 3.34 mg kg_l, Table A.1), NOM—lggHg(H)
yielded the highest MeHg production with !°®Hg(NO3), and
nano-2°HgS yielding comparable MeHg production at the end of the
incubation period (p < 0.05, Fig. 2b). Finally, at the most contaminated
site (SK; [THg] = 48.93 mg kg’l), NOM-lggHg(II) was the species
yielding the greatest MeHg production followed by nano-2°HgS (p <
0.05, Fig. 2¢). For the control (HX) and most contaminated (SK) site
samples, MeHg production increased over time to eventually reach a
plateau (Fig. 2a and c). Interestingly, in Gouxi (GX) microcosms, MeHg
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Fig. 2. Methylmercury production (MeHg/Hg(Il), a, b and c) and methylation rate constant (K, d, e and f) as a function of time for different Hg(II) tracers in three
microcosms. Huaxi (HX), Gouxi (GX), and Sikeng (SK). NOM—lggHg(II) represents natural organic matter bond Hg(ID); EFeS—ZOOHg(II) represents mackinawite
adsorbed Hg (II); and nano—zozHgS represents nanoparticulate HgS. Error bars indicate the standard deviation (£SD) for replicates (n = 3).
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production was low for the first day and rapidly increased afterwards
(Fig. 2a).

Methylation rate constants (Kp,) were typically greater at the
beginning of all experiments and subsequently decreased over time,
which is consistent with pure culture experiments (Gilmour et al., 2018).
At the control site (HX) and for the most contaminated site (SK), all K,
decreased over the first day and continued to do so afterwards (Fig. 2d
and f). At GX, the artisanal Hg mining site exhibiting intermediate
[THg], K, for all species tested (except EFeS—zong(II)) increased during
the second day of the incubation to reach values similar to what was
observed at the beginning of the experiment (Fig. 2e).

Using =FeS-2°Hg(1I) as a substrate yielded significantly lower MeHg
production than for the other Hg(II) species (ie., 198Hg(N03)2,
NOM-1°Hg(1I), and nano-2°2HgS) in GX and HX (p < 0.05). Concen-
trations of isotope-enriched MeHg and ambient MeHg are shown in
Fig. A.5 and Fig. A.6, respectively. It can be seen that the concentrations
of isotope-enriched MeHg are about 10 % of the ambient MeHg, sug-
gesting proper amount of Hg(Il) isotopes were added in this study. On
one hand, the calculation of excess of MeHg isotopes (i.e., isotope-
enriched MeHg) could be biased by high ambient MeHg concentra-
tions; on the other hand, an excessive amount of isotope-enriched Hg
tracer may inhibit Hg methylation (Jonsson et al., 2012).

3.2. Demethylation of MeHg tracer in paddy soil microcosms

The greatest demethylation was observed at the most contaminated
site, SK (Fig. 3). At the end of incubation, 44.26 + 6.79 %, 47.03 + 6.45
%, 80.99 + 3.86 %, of spiked Melgng was demethylated in the HX, GX,
and SK and microcosms, respectively (Fig. 3a and Fig. A.5d). In SK and
HX microcosms, Kq decreased gradually from 2.28 + 0.18 d~! and 1.38
+0.17d 1t00.84 +0.12d ! (p < 0.05) and 0.31 + 0.04 d ! (p < 0.05),
respectively. Kq in the GX microcosms decreased rapidly within half of a
day (from 1.03 = 0.59 d"! to 0.33 + 0.06 d"1, p > 0.05), and then
remained stable (Fig. 3b).

3.3. Dynamics of sulfur, iron and dissolved organic carbon in methylation
assay

Concentrations of Fe2+, Fe3+, and S(-II) in the liquid phase of fresh
slurries and SO42’ (i.e., water-soluble SO42’), soil dissolved organic
carbon (i.e., water-soluble SOC, WSOC) in freeze dried slurries were
determined to reveal the dynamics of major electron acceptors/donors
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during methylation incubation (Fig. A.7). Higher Fe concentrations
(both Fe?* and Fe®*) were observed in SK microcosms than those in GX
and HX microcosms (p < 0.05). Variation trends of Fe?t and Fe®" in SK
microcosms suggest a rapid (within one day) Fe3" reduction accompa-
nied by Fe" formation (Fig. A.7a and A.7b). Significant Fe reduction in
GX microcosms occurred at the later period of incubation (second day of
incubation), whereas Fe reduction in HX microcosms are not likely
happened due to the relative stable concentrations of both Fe?* and Fe>*
(Fig. A.7a and A.7b).

Sulfide concentrations in GX and HX microcosms are relative stable
with only some minor fluctuations during incubation (Fig. A.7c). Higher
S(-IT) concentration was observed at the initial period of SK microcosms,
and then decreased continuously (from 67.1 & 3.7 pg L™ to 22.7 + 3.7
ng L_l, p < 0.05). The consumption of S(-II) and Fe?' in SK microcosms
during incubation are likely the formation of FeS. Higher 042~ during
incubation were observed in SK microcosms (936 + 61.4 mg kg™ 1) than
those in HX (491 + 4.3 mg kg_l) and GX microcosms (551 + 47.3 mg
kg™!) (p < 0.05, Fig. A.7d). Slight decreases of SO4%~ were found in SK
microcosms during the first day of incubation (p > 0.05), whereas in-
creases of SO42’ were observed in GX microcosms (p < 0.05). Concen-
trations of SO42~ in HX microcosms were stable during the entire
incubation period. The water-soluble soil organic carbon (WSOC) con-
tent remained constant throughout the duration of the incubation ex-
periments (Fig. A.7¢) but its value decreased from SK (2.38 + 0.12 g
kg™, to HX (1.42 £ 0.12 g kg™1), to GX (0.77 & 0.05 g kg™ 1).

3.4. Bacterial community analysis and quantification of hgcA genes

Overall, a total of 16,027 features (ASVs) were recovered, from
which 61 bacterial phyla (2 unclassified), 170 classes (39 unclassified),
364 orders (114 unclassified), 598 families (260 unclassified), 1009
genera (464 unclassified) were determined across the 9 samples. Despite
the vast richness of the microbial communities, 16S rRNA gene amplicon
sequencing showed that all samples appeared to be dominated by bac-
teria from phyla Proteobacteria, Acidobacteria, Chloroflexi and Bacter-
oidetes, which represent more than 70 % of relative abundance across all
samples. Meanwhile, the dominating classes were Gammaproteobacteria,
Deltaproteobacteria, Subgroup_6, Anaerolinae, Bacteroidia, and Alphapro-
teobacteria, together representing more than 60 % of the relative abun-
dance in all samples (Fig. A.8). Alpha diversity indices including
Shannon and Chaol were determined for the 9 samples (i.e., 3 samples
for each site) (Table A.2). In spite of non-significant differences of the
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Fig. 3. MeHg demethylation (a) and demethylation rate constant (K4) as a function of time in three microcosms. MeHg demethylation was represented by the
variations of 1°®MeHg demethylation ( % of initial). HX, GX, and SK indicate three paddy soils collected from Gouxi, Sikeng, and Huaxi, respectively. Error bars are

the standard deviation (£SD) for three replicates (n = 3).
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two indices between sites (Shannon: Kruskal-Wallis chi-squared = 2.62,
df = 2, p = 0.27; Chaol: Kruskal-Wallis chi-squared = 1.69, df =2, p =
0.43), HX and GX exhibited similar results for the two indices, whereas
SK showed the lowest values, potentially suggesting an inhibitory effect
of high THg concentration on the microbial community structure.
Regarding the beta diversity, unconstrained principal coordinate anal-
ysis (PCoA) of weighted and unweighted UniFrac distance metrices were
conducted at the species level to assess microbial community structure
differences across samples (Fig. A.9). Samples from the same site tend to
cluster together (PCoA plots, Fig. A.9), and the permutational multi-
variate analysis of variance (PERMANOVA) tests showed that samples
are more closely related to each other within a given site, rather than
across sites (Fig. A.9 and Table A.3).

hgcAB gene cluster is an essential determinant for Hg(II) methylation
(Parks et al., 2013). To test whether variations in MeHg production
across sites may be associated with corresponding changes in the
abundance of this gene cluster, we used qPCR targeting hgcA and hgcB
(Livak and Schmittgen, 2001 and Text A.4). Using the ORNL-hgcAB-u-
niF/R primer sets, we observed that HX exhibited the highest relative
hgcAB copy number, whereas SK exhibited the lowest (Fig. A.10a).
However, when using a clade-specific primer set (i.e., ORNL-Delta-hgcA)
that target only hgcA from deltaproteobacteria, GX site samples exhibited
the highest abundance (Fig. A.10b).

4. Discussion
4.1. Importance of NOM-Hg(II) and nano-HgS methylation in paddy soils

It is generally accepted that the presence of NOM will decrease the
bioavailability of Hg and inhibit MeHg formation in aquatic environ-
ments (Barkay et al., 1997; Ravichandran, 2004) due to the formation of
large macromolecular and hydrophilic Hg-NOM complexes (Hsu-kim
et al., 2013; Chiasson-Gould et al., 2014). However, results of this study
showed that NOM-lggHg(II) was readily methylated at all three sites,
and even yielding more MeHg than the other species as [THg] concen-
trations increased over the contamination gradient (Fig. 2 and
Fig. A.11).

The water-soluble soil organic carbon (WSOC) content did not
appear to control MeHg production nor degradation for the various sites,
which may suggest that microbes were not limited by an organic sub-
strate to conduct MeHg transformation. In fact, the presence of naturally
occurring NOM at all site may have interacted with the various Hg
species used, possibly affecting the outcome of the incubation experi-
ments. Indeed, previous work has found that Hg(II) bound to humic acid
showed a higher mobility than dissolved Hg(II)-Cl/-OH complexes, Hg
(0) and HgS nanoparticles in a leaching experiment (Gai et al., 2016)
and the equilibrium of Hg(II) with NOM reduced Hg(II) partition onto
solid phases (Johs et al., 2019). High and comparable K, values ob-
tained for 2Ong(N03)2 and NOM-zozHg(II) used as substrate in
methylation experiments were also reported in an incubation study
using Natradn estuarine sediment (Zhu et al., 2018). Furthermore, evi-
dence for NOM-Hg(II) (SRNOM, the same NOM with this study) uptake
by Hg methylators was documented in pure cultures of Desulfovibrio
desulfuricans ND132, showing comparable bioavailability of Hg(II) and
SRNOM-Hg(II) (indicated by similar net MeHg production) (Biswas
et al., 2011). Together, literature data coupled with our experimental
work support the high mobility and accessibility of NOM-!9°Hg(II) that
can be microbially methylated in rice paddy soils. We recognize that the
role of NOM on Hg mobility and bioavailability depends not only on its
concentration, but also on its quality and physical chemical properties.
For instance, Hg bound to hydrophobic NOM was confirmed to have
higher methylation rate than transphilic NOM bond Hg (Moreau et al.,
2015). Clearly, additional information needs to be collected on the
properties and compositions of the NOM present in rice paddy soil across
this contamination gradient to obtain a more complete picture of its role.

Nanoparticulate HgS is commonly found in either anoxic or oxic
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environments (Enescu et al., 2016; Manceau et al., 2018; Zhang et al.,
2020). More importantly, active methylation of nanoparticulate HgS
have been shown in previous studies (Zhang et al., 2012, 2014; Zhang
et al., 2020; Deonarine and Hsu-Kim, 2009; Slowey, 2010; Gerbig et al.,
2011; Graham et al., 2012; Tian et al., 2021). The particle size of
nano-HgS determines its bioavailability, in which lower particle size (i.
e., with shorter aging time) typically yields more MeHg production
(Zhang et al., 2012). In this study, the particle size of prepared
nano—zozHgS was ~10 nm (aged for one week) (Fig. S3b), which was
similar to the nano-HgS made by Zhang et al. (2012) (3.2 to about 20
nm, aged from 16 h to one week). Zhang et al. (2014) also reported
comparable MeHg production in nano-HgS (aged for 16 h) and dissolved
Hg-S amended freshwater sediment microcosms, which further support
the bioavailability of the nano-HgS used in this study. In a most recent
study, methylation potential of nano-HgS was found independent with
surface area but dependent with surface structure of nanoparticulate Hg
(Tian et al., 2021). Although high methylation rates of nano-2°?HgS
were found (Fig. 2), the role of NOM in forming nano-2?Hg$ should not
be neglected. In addition to binding with Hg, dissolved organic matter
(DOM, dissolved fractions of NOM) could either slow the aggregation of
HgS particles in sulfidic environments or promote the dissolution of HgS
(s), and both processes could accumulate nanoparticulate HgS (Slowey,
2010; Gerbig et al., 2011; Graham et al., 2012; Ravichandran et al.,
1999; Pham et al., 2014). Besides DOM, extracellular polymeric sub-
stances (EPS) derived from D. desulfuricans ND132 was also found to
play a role similar to DOM and mitigating the aggregation of nano-
particulate HgS (Zhang et al., 2020).

4.2. The role of FeS on Hg methylation in paddy soils

Previous study performed using groundwater documented that FeS
particles, even in nano scale, showed high Hg selectivity, fast sorption
kinetics and high sorption capacity, and therefore limited Hg methyl-
ation (Wang et al., 2020). In addition, formation of FeS may be a
dominant process controlling the bioavailability of Hg in paddy soils. In
a previous study, Skyllberg et al. (2021) reported that the formation of
mackinawite (FeS) controls the chemical speciation of Hg in boreal lake
sediment. Similarly, in this study, a rapid reduction of Fe*>" and a rela-
tively high S(-II) concentration at the beginning of the incubation (i.e.,
within a half day) in SK microcosms (Fig. A.7a and A.7c) are likely to
form amorphous or weakly crystalline FeS(s), which could easily have
co-precipitated the added °®Hg(NO3), tracer. Currently, no published
works have compared the adsorption capacities of FeS(s), nano-HgS(s)
or NOM for Hg(Il) in paddy slurries, and great uncertainties remains
(such as the log K of NOM and Hg(II) (varied over 26 orders of magni-
tude, Ravichandran, 2004) and re-adsorption of Hg(II) by HgS(s) (Jiang
etal., 2016)). Through this study, an implication could be given that FeS
may show higher influence on the bioavailability of Hg(II) in methyl-
ation than NOM and nano-HgS(s). Moreover, the newly formed FeS(s)
could either sorb 1°®Hg(NO3), through surface complexation or catalyze
HgS formation through Fe-Hg replacement (Wolfenden et al., 2005;
Jeong et al., 2007; Skyllberg and Drott, 2010). Besides, high sulfide
concentrations may facilitate abiotic demethylation of both mono-
methylmercury (Jonsson et al., 2016) and dimethylmercury (West et al.,
2020), which further explained higher demethylation of MeHg in SK
microcosms than those in GX and HX microcosms.

However, the low bioavailability of =FeS-Hg(II) (both added
zFeS-ZOOHg(II) tracer and =FeS absorbed 198Hg(N03)2) in this study is
inconsistent with Jonsson et al. (2012), who found a comparable
bioavailability of =FeS-Hg(II) and NOM-Hg(II) in estuary sediment,
which is likely attributed to the dissolution or desorption of Hg from
solids in methylation (Jonsson et al., 2012, 2014). Instead of Hg disso-
lution or desorption form solids, ligand exchange of Hg on the cell
surface and particles could also make Hg bound to solids bioavailable
(Zhang et al., 2019). Therefore, more work is required to reveal the
dynamics of solid (e.g., FeS and FeSy) in paddy soils and their effects on
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Hg methylation.

4.3. Influence of Hg contamination gradient on methylation and
demethylation rates in paddy soils

As previously described, MeHg production and methylation rate
decreased over the increasing contamination gradient. One striking
aspect of our finding is that the variability in the methylation data for a
given site (1 to 5-fold variation depending on the Hg species) is far
smaller than what was observed across the contamination gradient
(10%-10* fold variation between HX, GX and SK), emphasizing that, at
broad spatial scales, site-specific characteristics have a greater effect on
net [MeHg] than solely considering the nature of the Hg substrate
available for methylation (Fig. 4).

Several environmental variables can explain this large variation.
Such variables could be i) source of Hg contamination and Hg specia-
tion, ii) soil physical-chemical properties unique to each sites, iii) vari-
ations in the microbial community structure and functions associated
with Hg methylation and iv) demethylation process. We discuss each of
these variables hereafter, starting with the source of Hg contamination
and Hg speciation at each site.

e No mercury contamination sources were found at control site (i.e.,
HX). The relative high THg concentration in HX (0.27 + 0.10 mg
kg~!, Table A.1) than the regional background (0.058 mg kg™}) is
because Guizhou province in China located in the circum-Pacific
mercuriferous belt (Qiu et al., 2008), which shows high geological
background of Hg. Methylation rate at HX site reproduced data from
Jonsson et al. (2012) obtained in estuarine sediments, with the ki-
netics of Hg(Il) methylation fitted by a first-order kinetic model
(Fig. A.12a) (Ky, could be fitted by a simple exponential model
(Fig. A.12b)). This suggested that 1) the bioavailability of Hg species
in paddy soils from control site is similar to those in estuarine sedi-
ments (ordered as: Hg(II) complexed with dissolved inorganic li-
gands (e.g., Hg(NO3)2) > NOM bond Hg > nanoparticulate HgS > FeS
adsorbed Hg), and that 2) methylation is faster at the initial period
(within one day in this study).

Gouxi (GX) site is contaminated by artisanal Hg smelting activities
and showed high Hg® concentrations in ambient air (Zhao et al.,
2016a). A greater accessibility and availability of the newly

Environmental Pollution 292 (2022) 118321

deposited Hg to methylators was reported by Zhao et al. (2016a),
which explained the highest MeHg concentration (4.16-9.93 pg
kg’l) and MeHg/THg ratio (0.19 %) in GX site (Table A.1). In
addition, organic-bound Hg (H204 extracted) was found as one of the
dominant Hg species in GX soils through a sequential extraction
(1.30 mg kg! and 40.0 % for THg, Table A.4). According to the
higher K, of NOM—lggHg(H) (Fig. 2a) and the larger pool of
organic-bound Hg in GX soil, we can speculate that the high MeHg
concentrations in GX soils may result from the methylation of some
yet undefined organic-bound Hg species. Moreover, more “new” Hg
input through atmospheric deposition may result a large proportion
of newly formed nano-HgS (Manceau et al., 2018), which was re-
ported more bioavailable for biotic methylation than aged nano-HgS
(Tian et al., 2021).

e Sikeng was the site with the highest background THg concentration
([THg] = 35.11-59.96 mg kg~!, Table A.1) and showed the lowest
Ky, for all Hg(II) tracers (p < 0.05). Mining wastes and tailings from
the long-historic Hg mining activities are the primary sources of Hg
in paddy soils at SK site (Qiu et al., 2008). Studies from both
sequential extraction and X-ray absorption near-edge structure
spectroscopy (XANES) consistently showed that the major Hg species
in paddy soil from abandoned Hg mining area were #-HgS (67.4-72
%, Yin et al., 2016) and a poorly defined residual Hg (77.3 %,
Table A.4; Lu et al., 2021). Due to the potential partitioning onto
solid phases, the methylation rate of 1°*Hg(NO3), tracer was lower
than expected in SK microcosms (Fig. 2b and e). As we discussed
above, the rapid formation of FeS(s) may explain the lower
bioavailability of 198Hg(N03)2. In addition, Hg in NOM-lggHg(II) and
nano-2°?HgS were pre-equilibrated with NOM and NOM-sulfide prior
to their addition to the microcosms, therefore limiting the influence
from solid phase partition post spike. The successfully fitted
methylation kinetics of NOM-!?’Hg(II) and nano-2°?HgS in SK mi-
crocosms also support this hypothesis (Fig. A.13).

It is unlikely that large variations in methylation (10°-10* fold)
across sites were caused by different soil properties. Indeed, soil physi-
cochemical properties among three paddy fields were similar due to the
same geological background (the Karst region in southwest China). As
mentioned above, all three soils were all of a hydragric anthrosols type
with similar textures (i.e., clay loam for HX and GX, loam for SK,
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Table A.1). Moreover, soil pH (7.51-7.53) between sites are comparable.
Finally, similar XRD patterns (Fig. A.14) of these soils further suggested
comparable soil properties in terms of geology.

Net MeHg concentration is largely driven by microbial processes,
whether it is for methylation or demethylation. Mercury is a toxic metal
and we can expect its toxicity to strongly shape the structure and
function of microbial community at each sites; this is also true for other
variables affecting the mining landscape. The goal of our experiments
was to test for the role of different Hg species suspected to have variable
bioavailability to methylators. In light of the variation observed across
large spatial scale, we attempted to test whether the microbial com-
munity structures were different at the three sites using 16S rRNA gene
amplicon sequencing as well as quantitative PCR to evaluate the abun-
dance of hgcAB genes involved in Hg methylation.

Principal coordinate analysis (PCoA) showed a good separation of
the microbial community structures from the three paddy soils (HX, GX,
and SK), indicating that the bacterial community structures were
different (Fig. A.9). The contamination gradient may be responsible for
these differences (Wu et al., 2020; Eckley et al., 2020). The possible
toxicity of Hg at SK would also partially explain the lower microbial
diversity (see Table A.2 for a-diversity from 16S rRNA sequencing). SK
also exhibited the lowest abundance of hgcAB and Deltaproteobacteria
hgcA determined using qPCR (Fig. A.10) when compared to GX and HX.
These data suggest that variation in the microbial community structure
and function at each site may be associated with the differences we
observed in the methylation data (both net MeHg concentration
(Table A.1) and overall methylation rate constant (Fig. 4a)). Unfortu-
nately, we cannot identify the mechanistic drivers of such differences
using solely 16S rRNA gene amplicon data. We have collected a large
metagenomic dataset over the Hg contamination gradient that we are
currently exploring and which results will be reported in another study.

Demethylation is a parallel factor and contributing net MeHg pro-
duction together with methylation especially in rice paddies (Wu et al.,
2020; Zhou et al., 2020). In this study, high MeHg demethylation and Kq4
were observed in the most Hg contaminated paddy soil (i.e., SK, Fig. 3).
Together, the lower methylation rate and higher demethylation rate at
SK, likely explain the lower relative MeHg levels in the paddy soils from
SK when compared with GX and HX (Table A.1). It is also worth to
hypothesize that paddy soil with high total Hg concentration may
facilitate biotic demethylation of MeHg. Therefore, more works are
needed to understand the community variations of MeHg demethylators
across a Hg concentration gradient.

4.4. Implications for Hg contaminated rice paddy soil remediation

Several methods have been developed to remediate soils affected by
Hg contamination (Wang et al., 2012; Eckley et al., 2020). However,
most of these approaches focus on what are traditionally considered
bioavailable Hg species (i.e., soluble and exchangeable Hg) with the
greatest methylation potential (Qian et al., 2003; Piao et al., 2006). In
this study, however, methylation rates obtained from NOM-Hg(II) and
nano-HgS were comparable to those obtained with the mostly labile Hg
(NO3),. Findings from this study indicate that Hg substrates for
methylation could be more diverse than previously thought, high-
lighting the importance of NOM bound Hg(II) and HgS nanoparticles in
rice paddy soils, especially growing studies have been pointed out that
the prediction of MeHg production by using aqueous Hg species alone is
not sufficient in different systems (Jonsson et al., 2012; Zhang et al.,
2012, 2014; Mazrui et al., 2016). Moreover, a previous study already
confirmed the large nanoparticulate HgS pool in the plants and soils of
the Wanshan mining area (Manceau et al., 2018), further supporting the
bioavailable Hg pool is various at these sites. Accordingly, remediation
strategies cannot simply consider the presence of NOM and sulfide as
sufficient to develop a robust remediation strategy. Rather, a compre-
hensive evaluation of Hg speciation used in combination with a
multi-pronged approach is likely needed for in-situ remediation.
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5. Conclusion

Natural organic matter bond Hg(II) and nanoparticulate mercuric
sulfide were found have similar or higher methylation rate than that of
Hg(NOs3), through a multi-isotope tracer spiked rice paddy microcosm
study, highlighting the high bioavailability of these Hg(II) species in
paddy soils. Low methylation rates of ferrous sulfide sorbed Hg(II) were
found independent with Hg concentration gradients (i.e., different sites)
and the formation of FeS may reduce the bioavailability of Hg(II) in
methylation. Methylation rates for all Hg(II) species tested decreased
with increasing Hg concentrations and the variability in the methylation
data for a given site (1 to 5-fold variation depending on the Hg(I)
species) was smaller than what was observed across the mercury con-
centration gradient (1 0%-10* fold variation between sites). Findings of
this study emphasized that at broad spatial scales, site-specific charac-
teristics, such as microbial community structure, need to be taken into
consideration, alongside the nature of the Hg substrate available for
methylation, to determine net MeHg production in paddy soils. How-
ever, the chemical speciation of the Hg species bioavailable for Hg
methylation is very complicated, and far to be fully understood. Thus,
further work is needed to uncover the Hg dynamics in rice paddy
ecosystem, including 1) the coupling relationship among sulfur, iron,
and Hg cycling, 2) the roles of natural organic matter on the bioavail-
ability and methylation of Hg, and 3) the biogeochemical processes and
the environmental fate of HgS nanoparticles in rice paddy ecosystem.
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ABSTRACT: Methylmercury (MeHg) contamination in rice via paddy soils is an
emerging global environmental issue. An understanding of mercury (Hg)
transformation processes in paddy soils is urgently needed in order to control
Hg contamination of human food and related health impacts. Sulfur (S)-regulated
Hg transformation is one important process that controls Hg cycling in agricultural
fields. In this study, Hg transformation processes, such as methylation,
demethylation, oxidation, and reduction, and their responses to S input (sulfate
and thiosulfate) in paddy soils with a Hg contamination gradient were elucidated
simultaneously using a multi-compound-specific isotope labeling technique
(*Hg", Me'”Hg, and *”Hg’). In addition to Hg" methylation and MeHg
demethylation, this study revealed that microbially mediated reduction of Hg", ' 3 Reducton

methylation of Hg’, and oxidative demethylation—reduction of MeHg occurred ! Q) Onceton

under dark conditions; these processes served to transform Hg between different

species (Hg’, Hg", and MeHg) in flooded paddy soils. Rapid redox recycling of Hg species contributed to Hg speciation resetting,
which promoted the transformation between Hg’ and MeHg by generating bioavailable Hg" for fuel methylation. Sulfur input also
likely affected the microbial community structure and functional profile of Hg" methylators and, therefore, influenced Hg"
methylation. The findings of this study contribute to our understanding of Hg transformation processes in paddy soils and provide

4
1 Methylation

2 Demethylation
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much-needed knowledge for assessing Hg risks in hydrological fluctuation-regulated ecosystems.

KEYWORDS: Hg transformation, sulfur amended, paddy soil, multi-compound-specific isotope labeling

1. INTRODUCTION

Over the last few decades, mercury (Hg) cycling in
hydrological fluctuation-regulated ecosystems (e.g,, wetlands,
hydroelectric reservoirs, and paddy soils) has gained extensive
attention. This is because, in these ecosystems, inorganic Hg is
more readily transformed into toxic and bioaccumulative
methylmercury (MeHg), as compared to other ecosystem
types. ~’ As a type of wetland, rice paddy fields play an
important role in human MeHg exposure, especially in Hg-
contaminated areas.*” This is because rice (Oryza sativa L.)
bioaccumulates MeHg'”'" and paddy soil is a unique source of
MeHg in rice.'”™'° Since rice is a staple food for a large
proportion of the population worldwide, MeHg-contaminated
rice and the resulting MeHg exposure risks are recognized as a
global issue.'”~"” Therefore, a comprehensive understanding of
the biogeochemical cycling of Hg in paddy soils is urgently
required.

The transformation of Hg species in rice paddy ecosystems
plays a vital role in Hg bioaccumulation and associated human
exposure risks. Of particular importance are Hg methylation,
demethylation, reduction, and oxidation; most of these
processes are predominantly mediated by microorganisms.*’
Existing studies have mostly focused on methylation and
demethylation,”**"** with little attention paid to the

© 2023 The Authors. Published by
American Chemical Society

7 ACS Publications

reduction and oxidation processes. Thus, at present, we have
an incomplete picture of Hg cycling in rice paddy soils. How
redox processes affect (de)methylation remains unclear.
Furthermore, most existing studies have only investigated
bulk concentration changes in Hg species in rice paddies, with
little study of interconversion processes.”"*>** Again, this has
limited our understanding of net MeHg production mecha-
nisms. Several studies have spiked stable Hg isotope tracers
into rice paddy systems to simultaneously trace different
transformation processes, including methylation and demethy-

. 34,2225
lation,

partitioning and redistribution,”® and rice plant
uptake and translocation.'*”** However, only Hg" or MeHg
tracers have been applied to date, and only isotopic signals of
THg or MeHg were measured in these studies. As a result, the
redox processes of Hg in rice paddy systems have not yet been

precisely traced.
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Wetlands are vital to the coupled biogeochemical cycles of
Hg and sulfur (S).*” On the one hand, sulfate reduction to
sulfide and sulfide re-oxidation control the speciation and
bioavailability of Hg by forming Hg—S compounds.””™>!
Recent studies have confirmed that the bioavailability of Hg
substrates in methylation is determined not only by the
formation of dissolved Hg—S complexes [e.g, Hg(SH),,
HgS,H™, HgS,””, Hg(SR),, etc.]’”®! but also by the
intracellular dissolution of HgS nanoparticles.””**~** On the
other hand, sulfate reduction mediated by microorganisms is
an important pathway for Hg methylation in natural environ-
ments.>® For the reasons above, $ input, especially atmospheric
S deposition, is recognized as a major controlling factor in the
production of MeHg.**** More recently, however, a shift
from atmospheric deposition to agricultural addition was
reported as a new influencer of S cycling, and the role of S
fertilizers in Hg transformation in agricultural fields was
highlighted.40 In the United States, agricultural S application
exceeded ~3.3 Tg yr ' in 2017 (equal to ~39.8 kg S ha™
yr),* and this number is projected to increase due to the
decline in atmospheric S deposition and resulting S
deficiencies in agricultural soils.”' In China, where SO,
emissions have declined from 21.85 Tg S yr™' in 2011 to
3.18 Tg S yr ! in 2021 2 increasing application of S fertilizers
has been reported.”’ Together, these estimates suggest that
agricultural S additions are on par with atmospheric S
deposition.”” Therefore, S-regulated Hg transformation in
agricultural fields (e.g,, paddy soils) requires more attention.
To date, limited studies have examined S input-influenced Hg
transformation in paddy soils, with both 7promotion and
inhibition of Hg" methylation reported."*~*" Most of these
studies were based on bulk Hg concentration measurements,
with little investigation of the precise transformation processes
of Hg. Moreover, S species with different valent states
determine the redox cycling of S and, thus, influence Hg
transformation.”” Accordingly, the role of different S species in
Hg transformation is expected to be differential.

Here, a multi-compound-specific isotope labeling technique
was employed together with sulfate and thiosulfate amend-
ments of paddy soil to track Hg methylation, demethylation,
oxidation, and reduction, simultaneously. Hg isotope labeling
(**Hg", Me'*®*Hg, and ***Hg") and geochemical and microbial
approaches were combined to reveal Hg transformation in
paddy soils and the underlying biogeochemical mechanisms. In
addition to MeHg, isotopic signals of Hg” were determined,
providing a more integrated understanding of Hg methylation,
demethylation, oxidation, and reduction in paddy soils. In
particular, the Hg transformation mechanisms were addressed
in this study, especially S-regulated Hg transformation in
paddy soils. Knowledge gained from this study can contribute
to an improved understanding of Hg biogeochemistry in
hydrological fluctuation-regulated ecosystems.

2. MATERIALS AND METHODS

2.1. Sample Collection. Rice paddy soil (surface soil, 1—5
cm) and overlying water samples were collected from three
paddy fields. The first was an abandoned Hg mining site (SK,
E 109°12'38”, N 27°31’2") and the second was an artisanal
Hg smelting site (GX, E 109°11'30”, N 27°33'50") in the
Wanshan Hg mining area (Wanshan District, Tongren City,
Guizhou Province, China). The third was a control site in a
rural area close to Guiyang City in Guizhou Province (HX, E
106°31'28”, N 26°2520"). More detailed descriptions of the

8150

sampling sites are provided in Text S1 in the Supporting
Information.

2.2. Preparation of Hg Isotope Tracers. Multi-
compound-specific Hg isotope tracers, including the inorganic
divalent Hg tracer (***Hg"), methyl-Hg tracer (Me'**Hg), and
elemental Hg tracer (**Hg’), were used to trace Hg
methylation (i.e., from **Hg" to Me’®Hg and from **Hg’
to Me*”?Hg), MeHg demethylation (i.e., Me'**Hg losses), Hg
reduction (ie., from **Hg" to **Hg’ and from Me'**Hg to
¥8Hg"), and Hg oxidation/immobilization (i.e., ***Hg’ losses).
The preparation details are presented in Text S2.

2.3. Incubation Experiment Design. Serum bottles (100
mL, borosilicate glass bottle) were used for the anaerobic
incubation experiment in an oxygen-free glovebox (PLAS-
LABS, USA). Paddy soil and overlying water were mixed in the
glovebox to prepare incubation slurries from each site, as
described by Wu et al.”* and Liu et al.*® (see Text S3). Each
homogenized slurry (30 mL) was weighed into a serum bottle.
The moisture content of the prepared slurries (SK, GX and
HX) was around 75% (Text S3). Four treatments, including
sulfate (Na,SO,) and thiosulfate (Na,S,0;) addition treat-
ments as well as an autoclaved treatment (121 °C for 30 min)
and a control treatment, were prepared. The same amount of S
(equivalent to 2 mg of S) was added to each of the incubation
bottles for the two S treatments. The dosage of exogenous S
was similar to the total S content of paddy soils from Wanshan
(~200 mg kg™, ref 48). Isotope-enriched **’Hg", Me'**Hg,
and *"?Hg" tracers were spiked into all incubation bottles; the
spiking dosage of Hg tracers depended on the ambient Hg
concentration at each site (Table S1). Then, the incubation
bottles were immediately sealed and gently shaken to mix the
tracers and slurries. They were then covered with aluminum
foil. The total period of incubation was 48 h (at 25 °C in the
glovebox), and three random bottles (triplicates for each site
and each treatment) were destructively sampled at 0 h, 12, 24,
and 48 h. However, due to the periods of incubation, bottle
preparation, and subsampling, the actual time series for
purgeable Hg0 was 2, 14, 26, and 50 h, and for MeHg, it
was 4, 18, 28, and 52 h (see Text S4.1). After incubation, the
isotope-enriched Hg" species (**Hg’, **Hg’ and *“Hg’),
MeHg species (Me'”®Hg, Me’”Hg, and Me’”Hg), redox
couples (HS™/SO,*", NO,”/NH,*, and Fe**/Fe*"), and the
concentration and optical properties (i.e., UV—vis absorption
and fluorescence spectra) of water extracted soil dissolved
organic matter (DOM) were determined. Genomic DNA was
extracted for the quantification of functional genes that encode
Hg and S transformations (hgcA, merA, merB, dsrB, and soxB).
Hg-methylating microbial communities were identified by hgcA
gene amplicon sequencing and metagenomic analysis, and the
sequence data were deposited in the National Centre for
Biotechnology Information (NCB], https://www.ncbi.nlm.nih.
gov/), with accession numbers PRJNA950218 and
PRJNA95093S, respectively. More details on the subsampling
and measurements are provided in Text S4. The primers used
for quantitative PCR are listed in Table S2.

2.4. Data Analysis. Ambient Hg refers to the Hg that is
naturally present in the soil, and isotope-enriched Hg (lgng,
2Hg, and 2*Hg) refers to Hg from the spiked tracers.”””
Mass-bias corrected signals of ambient Hg and Hg tracers were
calculated using a simplified approach due to the negligible
differences as compared to the matrix-based signal deconvo-
lution approach®® (Figure S1). Details related to the signal
calculation and comparison methods can be found in Text SS.
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Figure 1. Methylation rate constants for *°Hg** [K,-*’Hg*", (a—c)], methylation rate constants for *?Hg’ [K,,-**Hg", (d—f)], and demethylation
rate constants for Me'**Hg [K;-Me'**Hg, (g—i)] as a function of time at the three sites (HX, GX, and SK) across the different treatments. Error
bars indicate the standard error (+SE) for replicates (n = 3). Different lowercase letters indicate that the differences between the treatments at each
time point are significant (one-way ANOVA p < 0.05). Missing lowercase letters indicate no significant difference between treatments. “*” after the
legend suggests that the differences within each treatment at different times are significant (t-test p < 0.05).

The concentrations of generated Me'Hg and 'Hg® (i = 198,
200, and 202) were quantified by external calibrations™
(Figure S2). The methylation rate constants [K,,-**’Hg" (d™")
and K,-*Hg’ (d7')], demethylation rate constant [Kj-
Me'"Hg (d7')], and volatilization rate constants [K,-
Me'*®Hg (d7') and K-> Hg" (d7')] were calculated from
[Me'Hg], ['Hg"] (i = 198, 200, and 202), and the amounts of
spiked Hg tracers using an irreversible pseudo-first-order
model.”” Meanwhile, the ratios of produced MeHg to spiked
inorganic Hg tracers [MeZOOHg/ZOOHgII (%) and
Me?”Hg/*”Hg’ (%)], the ratio of MeHg losses to spiked
MeHg tracer [Me'**Hg demethylation (%)], and the ratios of
produced purgeable Hg’ to spiked Hg tracers [***Hg’/**Hg**
(%) and '*Hg’/Me'**Hg (%)] were also obtained. The
calculation details and assumptions made for the irreversible
pseudo-first-order model are shown in Text S6. It should be
noted that linear approximations may underestimate the rate
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constants in Hg transformation due to the presence of
reversible reactions (e.g, demethylation),53 adsorption, and
precipitation of spiked Hg tracers.”® Therefore, the rate
constants obtained from this study may not be suitable for
comparison with other works using different approaches.
Similarly, using the measured purgeable Hg’ may under-
estimate Hg" reduction due to the potential existence of non-
purgeable Hg® (e.g, immobilized by solid phases).”>*°
However, all purgeable Hg” was produced from Hg reduction;
therefore, Hg volatilization was used in this study to represent
Hg reduction.

2.5. QA/QC and Statistics. The certified reference
material (CRM) ERM-CCS80 was used, and the MeHg
recovery measurement for CRM ranged from 76.2 to 108.4%,
with an average of 85.2 + 9.07% (n = 26), which is comparable
with previous studies.”'“*>*%*** Duplicates were added every
10 samples during measurement, and the relative standard
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Figure 2. Volatilization rate constants for *Hg" [K,-2*°Hg", (a—c)] and Me'*®Hg [K,-Me'**Hg, (d—f)] as a function of time at the three sites
(HX, GX, and SK) across the different treatments. Error bars indicate the standard error (+SE) for replicates (n = 3). Different lowercase letters
indicate that the differences between the treatments at each time point are significant (one-way ANOVA p < 0.05). “*” after the legend indicates
that the differences within each treatment at different times are significant (t-test p < 0.05).

deviation (RSD %) of duplicates is <10%. The instrument
detection limits for Hg by using inductively coupled plasma—
mass spectrometry is 10 pg. Data are presented as the mean +
standard error (SE). Group differences were assessed by t-tests
and one-way ANOVA with Duncan’s post hoc test using SPSS
23.0 (IBM, IL, USA). Statistical significance (p) was set at
<0.05 (two-tailed).

3. RESULTS

3.1. Variations in Major Redox Couples and Soil
DOM. Redox couples (HS™—SO,>", NH,*~NO,~, and Fe**—
Fe’*) were measured to show the redox conditions during
incubation. The concentrations of NH," in the liquid phases of
all paddy slurries were 2—3 orders of magnitude higher than
those of NO;7; the highest NO;™ concentrations were
observed in the autoclaved treatments (Figure S3). Higher
Fe®* percentages in total Fe (Fe** + Fe*") were found in the
two S treatments, as compared to the control treatment, at all
sites (p < 0.05, Figure S4). Similar distribution patterns of
SO,*” were found in the Na,SO, and Na,$S,0; treatments at
sites HX and SK (Figure SS). The concentrations of sulfide
(HS™) at all sites were 3 orders of magnitude lower than those
of SO,*~ (Figure SS). It is noted that some large variations of
Fe®*, Fe**, and NO, ™ were observed in the autoclaved samples,
and proper explanations are in the Text S7. The concentrations
of soil DOM (represented by dissolved organic carbon, DOC)
varied across the different sites (p < 0.0S, Figure S6) but were
similar among the different treatments at a given site (p > 0.0S,
Figure S6). UV—vis absorption and fluorescence spectra were
used to characterize the compositional structure of DOM.
Similarly, for almost all spectral indices [i.e., SUVA,54, Sy75_05
a(355), fluorescence peaks, HIX, and BIX], there were no
differences among the treatments (Figure S7). The only
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differences were as follows. First, higher intensities of
fluorescence peak A (p < 0.05, Figure S7d) and peak C (p <
0.0S, Figure S7e) were observed in the S addition treatments
(ie., both Na,SO, and Na,S,0; treatments) as compared to
the control at site SK. Second, at site GX, lower intensities of
fluorescence peak B (p < 0.05, Figure S7f) and peak T (p <
0.0S, Figure S7g) were observed in the S addition treatments
as compared to the control.

3.2. Copy Numbers of the hgcA, merA, merB, dsrB,
and soxB Genes and Hg-Methylating Communities.
Copies of the mer operon (merA and merB) were below the
detection limit in all treatments at all sites [real-time threshold
cycle (Cr) > 31]. Significantly lower copies of hgcA, dsrB, and
soxB were found in the autoclaved samples compared to the
other treatments (p < 0.0S, Figure S8). At site GX, the control
treatment exhibited more hgcA genes than the two S
treatments (p < 0.05, Figure S8b), while the opposite trend
was observed at site SK (p < 0.05, Figure S8c). A distribution
pattern similar to that of hgcA was found for dsrB at sites GX
and SK (Figure S8e,f). More copies of the soxB gene in the
Na,S,0; treatment were observed at the three sites, as
compared to those in the Na,SO, treatment (p < 0.0S, Figure
S8g—i). The hgcA gene amplicon sequencing revealed that the
relative abundances of sulfate-reducing bacterium (SRB)
methylators (ie, SRB carrying the hgcA gene) in the S
addition treatments at sites HX and GX were 1.04—1.56 and
1.27—1.82 times higher than that in the control, respectively (p
> 0.05). The identified major SRB methylators were
Peptococcaceae, Desulfovibrionaceae, and Desulfobulbaceae (Fig-
ure S9b). The search of the metagenomic data for homologues
of hgcA revealed more SRB methylators in the S addition
treatments than in the control at site HX (23.5% higher in
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sulfate treatment and 17.5% higher in thiolsulfate treatment,
Figure S9d).

3.3. Methylation of 2°Hg" and 2°?Hg°. The methylation
rate constants, K,,-**°Hg" (d™") and K,-***Hg’ (d"), show the
methylation of spiked ***Hg" and ***Hg’, respectively (Figure
1). The variation trend in K,,-**’Hg" was the same at all sites,
with a sharp decrease from 4 to 16 h and a slight decrease
thereafter; the autoclaved treatment at site HX was the only
exception. However, the ranges of K,,-***Hg" among the study
sites differed greatly. The highest values of K,,-*’Hg" at sites
HX, GX, and SK were all observed at the 4th h, with values of
0.29 + 0.01 d™' (in the Na,SO, treatment, p < 0.05, Figure
1a), 0.048 + 0.006 d™' (in both the Na,SO, and Na,S,0,
treatments, p < 0.05, Figure 1b), and 0.001S + 0.00002 d™! (in
the control treatment, p < 0.0S, Figure lc), respectively. The
ratios of produced Me?°’Hg to spiked *°°Hg"
[Me*®Hg/**Hg" (%)] and the Me*™Hg concentrations
during incubation are shown in Figures S10 and S11,
respectively. The S treatments yielded more production of
Me**Hg than the control treatment at sites HX and GX (p <
0.0S, Figure S11), and significantly higher MeZOOHg was
observed in the Na,S,0; treatment at site GX than in the
Na,SO, treatment (at the 52nd h, p < 0.05, Figure S11b).

The formation of Me?**Hg from spiked ***Hg" reflects the
methylation of *?Hg’. At site HX, the highest K,,-***Hg’ was
found at the 4th h in the Na,SO, treatment (0.66 + 0.05 d™", p
< 0.05), followed by the Na,S,0; treatment (0.49 + 0.05 d*,
p < 0.05) and then the control and autoclaved treatments (p <
0.0S, Figure la). Correspondingly, 10.98 + 0.85 and 8.08 +
0.89% of spiked **Hg’ were transformed to Me**’Hg in the
Na,SO, and Na,S,0; treatments, respectively, at site HX
(Figure S10d). At sites GX and SK, more Me*”Hg was
produced in the Na,S,0; treatment than in the other
treatments (1.90 + 0.17% for GX and 1.07 + 0.59% for SK,
p < 0.0, Figure S10e,f).

3.4. Demethylation of Me'*®Hg. All Me'**Hg tracers
yielded significant degradation over time, except in the
autoclaved treatments (Figure 1). At site HX, there were no
significant differences in K;-Me'”®*Hg among the control,
Na,SO,, and Na,S,0; treatments across the whole time series,
with the exception of Ki-Me'”®Hg in the control treatment
(4.03 + 0.62 d7') at the 4th h. At sites GX and SK, the S-
amended treatments yielded higher Ky-Me'**Hg values than
the control treatment at the end of incubation (the Na,SO,
treatment in GX and both the Na,SO, and Na,S,0;
treatments in SK) (p < 0.0S, Figure 1h,i). Although
demethylation of Me'**Hg was also observed in the autoclaved
treatments, it was significantly lower than that observed in the
other treatments (p < 0.0S, Figures S11d—f), suggesting that
microbially mediated demethylation of MeHg is predominant
in paddy soils.

3.5. Reduction of 2®®°Hg" and Formation of '*®Hg°
from Me'®®Hg. The volatilization rate constants, K,-2°Hg"
(d7") and K,-Me'**Hg (d™"), show the formation of purgeable
*PHg® and '"®Hg’ by the reduction of spiked **’Hg" and
Me'**Hg, respectively (Figure 2). Significantly higher amounts
of purgeable **Hg" and '"*Hg” were detected in the non-
autoclaved treatments than in the autoclaved samples at all
sites (Figure S12). However, the ratios of produced purgeable
200Hg0 and '*Hg" to spiked Hg tracers [*Hg"/**Hg" (%)
and '""Hg’/Me'*Hg (%)] were 1—2 orders of magnitude
lower than those of Me**Hg/**Hg" (%) and Me'**Hg
demethylation (%) (Figures S10 and S13). In the initial period
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(2 h), K,-**Hg" in the control treatment was higher than
those of the S-amended treatments (Na,SO, and Na,S,0;) at
all sites (p < 0.05, except K,-*Hg" at site GX, Figure 2).
Lower purgeable *Hg” in the S treatments, as compared to
the control treatment, was found at site GX across the entire
study period (p < 0.0S, Figure S12b) and at site HX in the first
14 h of incubation (p < 0.0S, Figure S12a).

Similar to K,-**°Hg", K,-Me'**Hg in the control treatment at
the 2nd h was significantly higher than those of the S
treatments at all sites (p < 0.05, Figure 2). However, a
comparable purgeable '"*Hg” mass was found between the
control and S treatments across most of the incubation period
at sites HX and SK (Figure S12d,f). Less purgeable '**Hg°
mass was observed in the Na,S,0; treatment than the Na,SO,
treatment at site GX (p < 0.0S, Figure S12e). It should be
noted that some production of '*Hg’ may be from '**Hg"
reduction instead of from Me'**Hg because the purity of our
synthesized Me'**Hg was 83.2%, which means that 16.8% of
"Hg"" remained in the synthesized Me'**Hg. Therefore, the
formation of '"Hg’ only from Me'”®Hg was recalibrated
according to the purity of Me'*®Hg and the fraction of
conversion from **’Hg" to **Hg" (Text S8). By subtracting
98Hg originating from '*Hg", we found that 86.4 + 11.6,
89.4 + 10.4, and 97.1 + 3.4% of 198Hg0 were from Mel%Hg at
sites HX, GX, and SK, respectively. This confirms the
transformation of Me'**Hg to '"®Hg’. Thus, the recalibration
procedure is necessary for accurately tracing the reduction of
synthesized MeHg tracers; this has been ignored in previous
studies.

3.6. Oxidation or Immobilization of 2°2Hg®. The losses
of spiked **?Hg’ through purging suggest that purgeable ***Hg°
is transformed to non-purgeable **’Hg. Both oxidation and
immobilization are responsible for the formation of non-
purgeable **’Hg. Rapid depletion of purgeable ***Hg° occurred
in this study; more than 99.9% of spiked ***Hg" could not be
purged out within 2 h (Figure S13g—i). S amendments
significantly decreased the masses of purgeable **Hg’ at sites
HX and GX when compared with the control treatment (p <
0.0S, Figure S12gh).

4. DISCUSSION

4.1. Mercury Transformation in Paddy Soils. Signals of
isotope-enriched Hg tracers in the control and autoclaved
treatments showed transformations (i.e., methylation, deme-
thylation, reduction, and oxidation/immobilization) between
different Hg species (Hg", MeHg, and Hg’) in paddy soils.

Significantly lower Me**Hg production (Figures S10 and
S11) in the autoclaved treatments compared to the other
treatments suggests that abiotic methylation, if present at all, is
negligible in paddy soils. Methylation of Hg" (K,-**Hg")
decreased by orders of magnitude over the Hg contamination
gradient ([THg]: HX (0.1S # 0.003 mg kg™') < GX (17.2 +
1.7 mg kg™") < SK (609 + 7 mg kg™")), which is consistent
with our previous findings.””*> Microbially mediated processes
are likely the cause,”””” because (i) there were no differences
in the soil texture and structure between the sites and (ii) Hg
selective pressure can reshape the microbial community
structure of paddy soils, altering the abundance of methylators
or microbial helpers (e.g, syntrophic microorganisms) that
support methylators.””>® Moreover, a lower concentration but
more aromatic DOM (i.e., lower DOC but higher SUVA,,)
was observed at site SK, as compared to sites HX and GX (p <
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treatment. Dashed lines represent the 1:1 line between two variables.

0.0S, Figures S6 and S7). This implies that DOM with a high
humification degree inhibits microbially mediated Hg"
methylation. This is also supported by the observed negative
correlations between K,,-***Hg" and the humic-like characters
of the DOM at all sites (r = —0.58 and p < 0.05 for K, -**°Hg"
vs peak A, r = —0.75 and p < 0.01 for K, -*°Hg" vs peak C, and
r=—0.77 and p < 0.01 for K,-**"Hg" vs SUVA,,, Table S3).
Typically, DOM with a lower molecular weight, less humic
substances, and more autochthonous sources (e.g., low-
molecular-weight organic acids, proteins, and sugars) can
more readily fuel microbially mediated Hg" methylation, as
compared to highly aromatic or humic substances.’”

Active methylation of *’Hg" (Figures la, S10a, and S11a)
and increasing copies of the hgcA gene (Figure S8) were
observed in the autoclaved treatment at site HX at the end of
the period of incubation. This suggests potential microbial
succession unaccounted for after autoclaving. An uncertain
effect of autoclaving on the inhibition of bacterial activity has
previously been reported, which is consistent with this
observation.””®" A spread-plate experiment was conducted
using autoclaved samples to test the activity of microorganisms
(Text S9). No countable colony-forming units were identified,
suggesting that the microorganisms responsible for the increase
in the hgcA signal in the autoclaved samples are nonculturable
with the selected growth medium. Moreover, we observed a
significant correlation between methylation using either ***Hg"
or *”?Hg’ as the substrate in the autoclaved treatment at site
HX (Figure S14). This implies that both ***Hg’ and **’Hg"
can be methylated and their methylation processes are highly
correlated. This is not surprising because Hg’ can be
methylated after oxidation®" in cultures of Desulfovibrio
desulfuricans ND132°%°® and Geobacter sulfurreducens
PCA.°*** In this study, less than 0.1% of spiked *Hg’ was
recovered as purgeable *’Hg’ during incubation (i.e.,
dominated by non-purgeable ***Hg, Figure S12g—i). The
rapid formation of non-purgeable **Hg from spiked ***Hg’
implies the rapid oxidization or solid-phase immobilization of
22Hg’ in paddy soil slurries. Non-purgeable Hg’ can be
present as Hg” or Hg!! associated with particles.’® However,
with the presence of natural organic matter®*® and some
anaerobic bacteria,””** Hg® can easily be oxidized to Hg". In
particular, several recent studies have reported that particulate-
bound Hg" can also act as a bioavailable substrate fueling
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methylation.””*® Previously, Colombo et al.”* and Hu et al.”*

reported the biotic oxidation of Hg’ through pure culture
studies. The current results demonstrated that abiotic reactions
likely dominate the oxidization of spiked ***Hg” due to the
lower purgeable **Hg’ masses recovered from the autoclaved
treatments, as compared to the other treatments (p < 0.5,
Figure S12g—i). In this study, the spiked **Hg’ in paddy soils
was likely oxidized to ***Hg" and then microbially methylated.
Accordingly, both biotic oxidation® ™®* and abiotic oxida-
tion®>% of Hg’ will provide Hg" fuel for methylation. This
observation supports the hypothesis that rapid redox recycling
of Hg species contributes to Hg speciation resetting, forming
bioavailable Hg'' at methylation sites.””

In addition to the coupled reactions of oxidization and
methylation of Hg® in paddy soils, the reduction of Hg" was
also co-varied with the methylation of Hg", as indicated by the
significant correlation between log K,-**’Hg" and log
K,2*Hg" in the control treatment (Figure 3a). Historically,
it was assumed that reduction competes with methylation for
bioavailable Hg" substrates; however, this view is rapidly
changing, as Hg® has been shown to be capable of serving as a
substrate for methylation.””®® In this microcosm study,
competition between methylation and reduction was also not
observed due to the co-variation between K, -*’Hg" and
K,-**Hg" (Figure 3a). Lu et al.”® identified a merA- and merB-
containing iron-reducing bacterium capable of simultaneously
methylating Hg" and generating Hg° through reductive
demethylation of MeHg in anoxic conditions. Here, no
significant correlation was observed between ***Hg" methyl-
ation (shown as K,-**Hg" or Me’Hg/**Hg" %) and
Me'**Hg demethylation (shown as K;-Me'**Hg and Me'**Hg
demethylation %), and the merA and merB genes were below
the detection limit. This suggests that reductive demethylation
of newly formed Me**’Hg (via the mer operon) is not the likely
mechanism responsible for the correlation between *“Hg"
methylation and reduction. Rather, other pathways, such as the
involvement of c-type cytochromes in Hg" reduction® and/or
photoheterotrophic or fermentative Hg" reduction,”’ may exist
in paddy soils. The former process depends on extracellular
electron transfer, whereas the latter depends on the presence of
fermentable carbon sources in the dark or stimulation of
bacterial phototrophy in the presence of light.69’71’72 However,
the reduction of **Hg" was 1—2 orders of magnitude lower
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than the methylation of 2OOHgH (Figures 3a, S11, and S12),
suggesting a predominant role of methylation when compared
with the reduction of Hg" in paddy soils. It is also possible that
the newly produced 2*’Hg’ is rapidly re-oxidized to **’Hg"
prior to being methylated to Me** Hg (i.e, avoiding the
purge). This quick redox recycling step may favor **Hg’
accessibility and availability to methylators. As a result, rapid
anoxic redox cycling, further away from the air/water interface,
may maintain a pool of bioavailable Hg", albeit small, that
sustains methylation. Nevertheless, over a large scale or long
term, Hg reduction and its subsequent evasion may still
contribute to the removal of Hg from rice paddy soils and,
therefore, limit the formation of MeHg, especially in
uncontaminated paddy soils (i.e, Hg" methylation is con-
strained by the THg concentration). Therefore, it is critical to
tease apart the importance of these two pathways for the
proper management of paddy systems.

In this study, purgeable '**Hg’ was detected from the spiked
Me'**Hg (Figure S12d—f), whereas the ratio of purgeable
%Hg" to the spiked Me'**Hg ("**Hg’/Me'**Hg %) was 3—4
orders of magnitude lower than the Me'**Hg demethylation %
(Figures S10 and S13). The copy numbers of the mer operon
genes (merA and merB), which mediate reductive demethyla-
tion,”>’* were below the detection limit in the control
treatment. In the absence of a broad-range mer operon (i.e.,
involved in both MeHg degradation and Hg" reduction), mer-
independent oxidative demethylation (OD) may be a
significant mechanism underlying MeHg degradation in
paddy soils.”” Oxidative demethylation is a nonspecific co-
metabolic process producing Hg" and CO, and is commonly
observed in anoxic conditions.”*’® In this study, the
correlations between K,-Me'**Hg and K,-**Hg" (Figure 3b)
and between purgeable '"*Hg’ and *Hg’ (Figure S15)
suggest that the formation of purgeable '**Hg’ from
Me'”®Hg is a two-step reaction: Me'**Hg is oxidatively
demethylated to '"*Hg" and then reduced to '**Hg’, likely
using a pathway similar to **°Hg" reduction. The data points
were located close to the log K,-Me'**Hg: log K,-*°Hg" = 1:1
line (Figure 3b), further supporting the control of Me'**Hg
degradation by mechanisms similar to or closely associated
with lgngH reduction. Moreover, significant correlations were
observed between the purgeable *’Hg’ and ***Hg” masses at
all sites (Figure S15), implying that the formation of Hg® from
spiked 200Hgn, Melgng, and ZOZHgO tracers is the same as HgH
reduction. This further highlights that the formation of Hg"
may be a precondition for subsequent methylation and
reduction. In addition, significant correlations between
humic-like characters of DOM (i.e, humic-like compounds
indicated by peak A and peak C and aromaticity indicated by
SUVA,,) and K, (i.e., both K,-Me'**Hg and K,-**Hg") were
observed but were absent with K;-Me'**Hg (Table S3). This
implies that humic fractions of soil DOM inhibited Hg"
reduction. This is the major mechanism explaining the
inhibited transformation of MeHg to Hg’ by humified DOM.

Partitioning of Fe between solid and aqueous phases plays a
role in Hg transformation. This was evidenced by the
significant correlations between the aqueous Fe concentration
(ie, Fe**+Fe*") and K,-*Hg" or K-> Hg" in this study
(Table S4). Research has demonstrated that reductive
dissolution of Fe(oxyhydr)oxides may increase the bioavail-
ability of previously adsorbed Hg'.”*”° However, the
recrystallization from Fe(oxyhydr)oxides to Fe—S solids (e.g.,
FeS and FeS,) may largely decrease the bioavailability of the
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released Hg" from Fe(oxyhydr)oxides.””*” The influence of
redox cycling of Fe in aqueous phases (Fe*’—Fe*" couple) on
Hg transformation was absent in this microcosm study. More
research on Fe redox cycling in both solid and aqueous phases,
and its influence on Hg transformation, is needed in the future.

4.2, Role of Sulfate and Thiosulfate in Hg Trans-
formation in Paddy Slurries. The influences of S addition
on Hg methylation/demethylation were not only dependent
on the S species but also on the study site (Figures 1 and 2,
S11, and S12). The roles of S species in different Hg
transformation processes raise two questions: (i) how does the
S input influence Hg transformation in paddy soils? and (ii) do
sulfate and thiosulfate affect the abovementioned processes to
the same extent? These two questions are addressed below.

4.2.1. Hg Speciation Change- vs Microbial-Driven Hg
Transformation under S Input Conditions. The bioavailability
of Hg and the microbial community are recognized as
important factors determining biotic Hg cycling in the natural
environment.”””” However, it is still not clear whether S-
dependent Hg transformation is regulated by Hg speciation (or
mobility/bioavailability) or by changes in the microbial
community structure and function in response to S species
amendments. Recently, Li et al.*" and Lei et al.*” reported that
an increase in Hg mobility, rather than changes in the structure
and functional profiles of microbial methylators, triggers an
enhancement of Hg methylation in S-amended paddy soils.
Here, Hg speciation and the microbial community were found
to play different roles in Hg methylation in S-treated paddy
soils with different Hg contamination levels.

At sites (HX and GX) with low and moderate [THg] levels,
opposing influences of S addition on Hg methylation and
reduction were observed; the addition of Na,SO, and Na,S,0,
increased the formation of Me?Hg but decreased the
formation of 200Hg0 from 200HgH (p < 0.0, Figures 1, 2, and
S10—S13). If the bioavailability of Hg is increased, it is
expected that S addition would promote Hg" methylation and
reduction synchronously, especially given the presence of the
co-varied methylation and reduction of Hg" as discussed above
(Figure 3a). Despite the very limited experimental evidence,
the uptake of Hg'" species by Hg methylators and Hg reducers
is assumed to be comparable. In our previous study, SRBs were
confirmed to be the dominant Hg" methylators at site HX and
one of the Hg" methylators at site GX.”* Here, both Na,SO,
and Na,$,0; provided SO,>7, thus fueling the SRB following
oxidization or disproportionation of $,0527."*~%" Therefore,
the SRB-mediated Hg" methylation at sites HX and GX was
likely promoted. In particular, higher SO,*~ concentrations (p
< 0.0, Figure SSa) and copy numbers of the dsrB gene (p <
0.0S, Figure S8d) in the S treatments compared to the control
treatment were identified at site HX. At site GX, however, S
addition significantly reduced the abundance of the dsrB gene
(p < 0.05, Figure S8¢), and this was closely correlated with
hgcA gene copies (Figure S16). This implies that in addition to
SRB, other microorganisms are also involved in HgII
methylation, and SO,”” might be a limiting factor for
methylation at site GX.” In addition, more SRB methylators
were observed in the S addition treatments compared to the
control at sites HX and GX through either hgcA gene amplicon
sequencing or metagenomic analysis (Figure S9), which
provides direct evidence that the activity of SRB methylators
was promoted by adding both sulfate and thiolsulfate. Among
all the identified SRB methylators, Desulfomonile is likely a key
SRB genus associate with Hg" methylation at sites HX and GX
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under S addition, due to its significant co-variation with log
K,-**Hg" (Figure S17).

Inhibition of 2*’Hg" reduction under S addition at sites HX
and GX (p < 0.0S, Figures 2 and S12) could be interpreted in
two ways. (i) S addition promotes both Hg" and Hg"
methylation. The rapid redox cycling of Hg’ makes it a
bioavailable substrate for methylation (discussed above) which,
therefore, reduces the amount of purgeable Hg’. (ii)
Exogenous S addition may break the balance between Hg"
methylators (i.e, SRB) and Hg" reducers, thereby reducing the
activity of Hg" reducers. However, the communities of Hg'"
reducers in this study remain unknown (i.e., merA-independent
reducers), and more research is needed.

At the most contaminated site (SK, with the highest
[THg]), Hg" methylation and reduction were hampered,
whereas demethylation of MeHg was promoted in the S-
treated paddy soils when compared with the control treatment
at site SK (Figures 1, 2, S11, and S12). It should be noted that
a much higher NO;™ concentration (1—3 orders of magnitude
higher than those at sites HX and GX) was observed in the
autoclaved treatment compared to the other treatments at site
SK (p < 0.0S, Figure Slc). This suggests that significant
dissimilatory reduction of NO;~ occurred in the presence of
microorganisms.”’ The reduction of a large amount of NO,~
may deplete electron donors for Hg" methylation (e.g, sulfate
reduction, iron reduction, and methanogenesis processes) and
Hg" reduction,®”™** as evidenced by the higher SO, (p <
0.05, Figure SS) and lower Fe** (p < 0.05, Figure S6)
concentrations at the end of incubation when compared with
sites HX and GX. In addition, our previous work revealed that
methanogens are involved in MeHg formation at site SK.”* In
this study, among the community of Hg methylators, higher
relative abundances of Methanothrix and Methanoregula,
carrying hgcA genes, were observed at site SK as compared
to sites HX and GX (Figure S9c). Therefore, adding SO,*~ will
bring more competition for substrates between SRB and
methanogens. In particular, the formation of CH, is
thermodynamically more difficult than the reduction of
$O,> (ie., a lower Eh is required).85 In the matter of
MeHg demethylation, promotion of SRB by the addition of
SO,*” sources may facilitate SRB-mediated OD, since SRB is
one of the major players in OD,”**® and OD was the dominant
pathway for MeHg degradation in this study. The role of DOM
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in Hg transformation among different treatments is limited,
due to the comparable optical properties for most of the
indices (Figure S6). It is worth mentioning that consumption
of protein-like compounds under the S addition treatments was
observed at site GX (lower peak B and peak T than control, p
< 0.05, Figure S6e,f). This partly explains the promoted activity
of microorganisms (e.g, SRB) under sulfate and thiosulfate
addition because the protein-like substances could be utilized
preferentially by microorganisms.®’

The evidence discussed above suggests that the increased
production of MeHg is likely attributed to the facilitated
activity of Hg" methylators under the exogenous S input. Hg
transformations are more sensitive to microorganisms involved
in S cycling than Hg speciation changes regulated by reduced S
species. S amendments affect the microbial community
structure and functional profile of Hg methylators by directly
supplying metabolic substrates (ie, SO,* for SRB) or
amplifying the competition for metabolic substrates.

4.2.2. Sulfate vs Thiosulfate. Sulfate is a terminal electron
acceptor, and thiosulfate is one of the major intermediates in S
redox cycling.”*****" In this study, the rates and magnitudes
of Hg transformations in the S treatments were dependent on
the S species (i.e, SO,>~ and $,0,>).

Previous studies have reported that Hg" can bind with
$,0;*" and form bioavailable Hg—S,0; complexes [e.g,
Hg(S,05),>” and Hg(S,0,);*],”"" which may be the
mechanism underlying Na,S,0; addition-promoted methyl-
ation. However, the current results appear to suggest a
different scenario. We suspect that the added S,0;*" was
unstable and readily transformed into SO,>” rather than
forming Hg—S,0; complexes; this is evidenced by the similar
SO,>” concentrations to those in the Na,SO, treatment
(Figure SSa—c). Furthermore, our modeling exercise (Visual
MINTEQ, Text S10) predicted that the speciation of Hg" was
dominated by Hg-sulfide complexes [e.g., HgS,H™, Hg(SH),’,
and HgS,*", Figure S18]; Hg—S,0; complexes, if present at all,
were negligible when sulfides were present in the paddy soils.
In addition to Hg speciation changes, the prolonged supply of
SO/~ to Hg" methylators in the Na,S,0; treatment is
probably another mechanism for the enhanced Hg" methyl-
ation. Rapid depletion of SO~ was found in the Na,SO,
treatment. However, in the Na,S,0; treatment, S,05>” and its
acid decomposition products (i.e., SO;*~ and $°)”” involved in
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disproportionation also continuously supplied SO,*>~. These
reactions are considered to be typical inorganic fermentations
and are independent of external reductants or oxidants.”* In
the current study, the formation of SO, at site GX was slower
than at sites HX and SK, suggesting that the oxidation of
$,0,*” was likely concomitant with the reduction of SO,*” in
the Na,$,0; and Na,SO, treatments, respectively (Figure
S5b). Moreover, higher abundances of S-oxidizing bacteria
(soxB gene) were observed in the Na,$,0; treatments than the
Na,SO, treatments. In particular, copies of the soxB gene were
negatively correlated with [HS™] at site GX (r = —0.87 and p <
0.01), which further confirms the capability of S,0,*” to
replenish SO,*” through S oxidation (Figure S8g—i). This
highlights that the role of S-oxidizing bacteria in SRB-mediated
Hg methylation should be given more attention. In summary,
the mechanisms of S,0;>"- and SO,* -regulated Hg"
methylation are partly different. Both can enhance SO,*~
supply for Hg" methylation, albeit at different rates. Therefore,
the kinetics of SO,*~ production or microbial SO, utilization
influenced by the S,0;*” input can more likely explain the
greater formation of MeHg in the Na,S,0; treatment. This
deserves further study in the future. Although this study was
not able to provide evidence as to how Hg speciation changes
influence Hg methylation under S addition, this should not be
ignored, especially in redox-fluctuation paddy soils.

5. ENVIRONMENTAL IMPLICATIONS

In addition to the widely accepted Hg" methylation and MeHg
demethylation, this study provides direct evidence of Hg"
reduction, Hg0 oxidation/immobilization, Hg0 methylation,
and the formation of Hg’ from MeHg in paddy soils (Figure
4). These processes are biotically mediated, with only one
exception being that Hg” oxidation/immobilization is mainly
mediated by abiotic processes. The finding that dark reduction
of Hg" occurs through a biotically mediated process in paddy
soils further highlights the role of microbial reduction of Hg"
in this environmental media. Interestingly, Hg" from the dark
reduction of Hg" can be methylated upon re-oxidation. The
comparable K, -***Hg" and K,,-**"Hg" values further imply the
rapid redox recycling of Hg species, fueling methylation. The
transformation of MeHg to Hg’ is attributed to oxidative
demethylation coupled with reduction, instead of reductive
demethylation (RD), in flooded paddy soils; RD may occur
during the drying period (air-exposed) of rice-growing in
paddy soils.”* These findings highlight that (i) biotically
mediated dark reduction of Hg" followed by re-oxidation is
also a source of Hg" methylation in flooded paddy soils; this
has been largely overlooked previously in redox fluctuating
environments; and (ii) transformation processes for different
Hg species (Hg’, Hg", and MeHg) in paddy soils are closely
associated with each other. In addition to Hg" reduction and
methylation as mentioned above, MeHg may also be a source
of Hg’ emission into the atmosphere through oxidative
demethylation and then reduction. This highlights the
continuous and dynamic nature of Hg transformation in
paddy soils.

Sulfate reduction and the formation of reduced S species
(sulfide, elemental sulfur, polysulfides, etc.) have long been
considered as factors influencing Hg transformation due to the
role of the SRB in Hg'" methylation’®® and speciation changes
of Hg.”” ' However, this study implies that the oxidation of
reduced S species by S-oxidizing bacteria is also an important
process in Hg" methylation. The likely mechanisms are (i) to

8157

provide more sulfate and (ii) to change the rate of sulfate
supply in sulfate reduction. Therefore, SRB-mediated Hg"
methylation is not only influenced by the quantity of sulfate
but also controlled by the kinetics of sulfur species trans-
formations, warranting additional work to fully explore their
connection to Hg methylation.
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J. Liu et al.
1. Introduction

Methylmercury (MeHg), the organic form of mercury (Hg), is a broad
public concern due to its neurotoxicity, bioaccumulation and bio-
magnification in food chains. In contrast to other heavy metal pollut-
ants, elemental Hg, the vapor form of Hg could exist in the ambient air,
and long-term transportation of this gaseous Hg was widely recoded
(Ariya et al., 2015). Consequently, high Hg burdens in biota, especially
at high trophic levels, were found in sparsely populated areas (e.g., high
latitude lakes) due to the deposition of long-term transported Hg
(Lucotte et al.,, 1999), and the deposition of atmospheric Hg was
therefore considered an important Hg source for terrestrial ecosystems.

In recent decades, biogeochemical processes of the newly deposited
Hg in terrestrial and aquatic environments have aroused great concerns
(Blanchfield et al., 2021; Branfireun et al., 2005; Harris et al., 2007;
Hintelmann et al., 2002; Orihel et al.,, 2008; Oswald et al., 2014;
Paterson et al.,, 2006). A previous study reported that the newly
deposited Hg had higher reactivities in reduction and volatilization than
native Hg in soils (Hintelmann et al., 2002). Moreover, methylation of
the newly deposited Hg was also found to be more active than native Hg
in wetland systems (Branfireun et al., 2005) and boreal forest systems
(Hintelmann et al., 2002). In a peatland of the Experimental Lakes Area
(ELA) in Canada, 6% of newly introduced Hg (used to simulate the
newly deposited Hg) was methylated within 24 h (Branfireun et al,,
2005). Furthermore, research in aquatic systems documented that the
newly deposited Hg is more prone to bioaccumulation in aquatic biota
through the formation of MeHg (Harris et al., 2007; Orihel et al., 2008;
Paterson et al., 2006).

Rice (Oryza sativa L.) is the most important staple food for world
populations. In recent studies, however, rice was identified as a bio-
accumulator for MeHg (Feng et al., 2011; Meng et al., 2010; Qiu et al.,
2008), and health risks for rice-eating people in MeHg exposure were
reported (Feng et al., 2008; Zhang et al., 2010). Furthermore, paddy soil,
as an ephemeral artificial wetland, was identified as a hotspot of Hg
methylation and the major source of MeHg accumulated in rice (Aslam
et al., 2022; Liu et al., 2021a; Meng et al., 2010, 2011; Zhao et al.,
2016a,b, 2020). Our previous studies confirmed that the newly depos-
ited Hg is more readily methylated to MeHg and accumulates in rice
than native Hg in soil (Meng et al., 2010, 2011). The higher bioavail-
ability of the newly deposited Hg in paddy soil was further highlighted
in the follow-up studies (Ao et al., 2020; Zhao et al., 2016a). However,
the mechanisms behind this finding remain unclear. Therefore, new
techniques and more works are urgently needed to uncover the diver-
gent bioavailabilities of native Hg and the newly entered Hg (e.g., newly
deposited), especially in Hg-sensitive ecosystems (e.g., rice paddies).

Bioavailability and other factors such as the activity of microor-
ganisms and electron acceptors/donors, resulted in the net production of
MeHg (Hsu-Kim et al., 2013) from the newly deposited Hg, which
determined the environmental risks of Hg from atmospheric depositions.
It is generally accepted that the speciation controls the bioavailability of
Hg in biotically mediated methylation (Hsu-Kim et al., 2013; Jonsson
et al., 2014; Liu et al., 2022). Typically, Hg speciation in dry or wet
depositions is inorganic oxidized Hg (Hg(II)) due to the high deposition
velocity (Ariya et al., 2015; Fu et al., 2015) and oxidation events (e.g.,
atmospheric Hg depletion events, AMDE) in high latitude areas
(Schroeder et al., 1998). On the other hand, the speciation changes of
the newly deposited Hg in soils are soil chemistry- and
particulate-dependent and controlled by the presence of organic matter
(Rolfhus et al., 2015), metal (oxyhydr)oxides (O’Connor et al., 2019),
sulfur species (Skyllberg, 2008) and clay minerals (Zhu et al., 2012). All
of these compounds, in particular, are highly related to the methylation
process because they mediate the partitioning and redistribution of Hg
among different geochemical fractions (referred to as geochemical
fractionation). Therefore, investigating the geochemical fractionation of
the newly deposited Hg is critical to understand the behaviors of the
newly deposited Hg in methylation as well as corresponding
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environmental risks.

To fill all the knowledge gaps above, we spiked an isotope-enriched
200Hg tracer to simulate the newly deposited Hg in paddy soils. In
addition, the geochemical fractionation processes of spiked 2°°Hg (i.e.,
referred to as the newly deposited Hg or “new” Hg) and native Hg (i.e.,
referred to as ambient Hg or “old” Hg) in paddy soil during the rice-
growing period were studied. Furthermore, sequential extractions of
Hg (both spiked and native Hg), iron (oxyhydr)oxides and soil organic
matter fractions were conducted. The key objectives of this study were
to (1) identify the partitioning of “new” Hg in different geochemical
fractions in paddy soil, (2) determine the redistribution process of “new”
Hg among geochemical fractions during the rice-growing period, and (3)
reveal the key factors that potentially control the geochemical frac-
tionation of “new” Hg in paddy soil.

2. Materials and methods
2.1. Study site and rice cultivation experiment

This study was carried out in a regional background area (low Hg
concentration in soil and atmosphere), located in Xunyang County,
Shannxi Province, China (109°23°24"’E, 32°49°48’’N). During the rice-
growing period, the overall range of gaseous elemental mercury
(GEM) at the study site was 1.0-9.0 ng m > (average 4.8 + 2.0 ng m ">,
Fig. S1). Concentrations of GEM at the study site are slightly higher than
the GEM of some remote forest areas (e.g., Mt. Changbai, China, [GEM]
=1.60 + 0.51 ng m’3, Fu et al., 2012) but lower than those in some
urban areas (e.g., Guiyang City, China, [GEM] = 10.2 + 7.06 ng m >, Fu
etal., 2015) and Hg mining areas (e.g., Wanshan Hg mining area, China,
[GEM] = 403 + 388 ng m~3, Zhao et al., 2016a). Accordingly, low Hg
deposition from the atmosphere is expected, which provides ideal con-
ditions when comparing the newly deposited Hg (2°°Hg?* tracers) and
ambient Hg in paddy soil. Therefore, an assumption was made that at-
mospheric Hg deposition into the experimental plot could be negligible
during the rice-growing period.

A simulated rice paddy plot (precleaned polyvinyl chloride box, 54
cm x 42 cm x 33 cm) was set up to investigate the partitioning and
redistribution of the newly deposited Hg in paddy soil during the rice-
growing period. The soil used in the rice cultivation was collected
from cropland (surface soil, 1-20 cm) with a total Hg concentration of
78.4 + 4.6 pg kg~ L. Then, 40 kg pre-sieved soil (2 mm) was filled into
the box with a soil depth of approximately 20 cm. Irrigation water (Hg
concentration of 1.37 + 0.45 ng L 1) was added to reach the field
moisture capacity. Other physical and chemical properties of the
collected soil are shown in Table S1. Isotope-enriched 2°°Hg (2°°Hg
(NOs3)y), as an inorganic Hg tracer, was spiked into the experimental soil
to simulate the newly deposited Hg (Blanchfield et al., 2021; Branfireun
et al., 2005; Hintelmann et al., 2002; Oswald et al., 2014). The spiked
200Hg tracer (purity of 98.2 + 0.15%) was prepared by using 2°°Hg®
(ISOFLEX, USA) according to the methods reported in our previous
studies (Liu et al., 2021a, 2022; Meng et al., 2018). Specifically, a
working solution of 2°°Hg tracer (~12 mg Hg L', diluted by using
deionized water) was prepared to neutral pH and then evenly spiked at
ten different positions in the soil of the experimental box. After spiking,
the soil in the box was further mixed to homogenize the tracers, and then
immediately covered with dark plastic lids (to reduce the potential
losses of Hg isotopes) and aged for 24 h before transplanting rice seed-
lings. The concentration of spiked 2°°Hg tracer in the studied soil before
rice planting is 115.09 + 0.36 pg kg~ *. Notably, oxidized Hg(II), instead
of Hg(0), was used as the tracer, as Hg(Il) is the dominant species in the
atmospheric depositions (Ariya et al., 2015; Fu et al., 2015).

A rice cultivar (hybrid rice), widely grown in Shannxi Province was
used in this study. Rice seedlings were pre-cultivated for 30 days.
Twenty seedlings with similar biomass and plant height were trans-
planted to the experimental box with a space of 10 cm x 10 cm. The soil
in the box was submerged by irrigation water, and the water level in



J. Liu et al.

each plot was kept at 3-5 cm above the soil surface. Rice in the exper-
imental box was cultivated for 110 days in the field (in an open envi-
ronment). The water management measures for this study were the same
as for local paddy fields (i.e., keep flooding since transplanted and
drying from the day 90) to simulate the natural environment for rice-
growing. To minimize the perturbation from exogenous chemicals, no
fertilizers or pesticides were applied during the rice-growing period.
Five sampling campaigns were conducted on the days 0, 30, 60, 90, and
110 after rice transplanting, and 3-5 soil samples from the root zone
(10-20 cm depth) were collected into new polypropylene tubes (JET®,
China) at each sampling without any headspace. Parafilm® was used to
seal the tubes to avoid the potential oxidation during transportation. The
collected soil samples were transported to the laboratory within 24 h in
coolers with ice packs (~4 °C). Changes of soil physical and chemical
properties were minimized. Soil samples were stored at — 20 °C before
the freezing dried. The freezing dried (FD-3-85D-MP, FTS, USA) samples
were sieved to 200 mesh before measurement. The concentration of
GEM close to the experimental box was recorded every 10 s and
continuously measured for > 1 h at each sampling in the field.

2.2. Analytical methods

2.2.1. Sequential extraction of Hg

The procedures for sequential extraction of Hg were modified from
the method of Tessier et al. (1979). Five fractions were defined as sol-
uble and exchangeable Hg (Mg(NO3), extracted), carbonates bound Hg
(NaOAc extracted), Fe/Mn oxides bound Hg (NH2OH-HCl in HAc
extracted), organic matter bound Hg (H0, extracted), and residual Hg
(digested by aqua-regia). The details of the extraction procedures are
described in Tessier et al. (1979) and were pervasively used by Wang
et al. (2011), Zhao (2016), and Li et al. (2019).

2.2.2. Isolation of soil organic matter (SOM) fractions

Soil organic matter was isolated as dissolved organic matter (DOM),
humic acid (HA), fulvic acid (FA), clay-associated HA (C-HA), and clay-
associated FA (C-FA) (Carter and Gregorich, 2007). DOM was extracted
by distilled water (Milli-Q®, Millipore, USA) with a soil-water ratio
(w/v) of 1:10 (Jiang et al., 2017; Liu et al., 2021b). The details of SOM
isolation are shown in Text S1.

2.2.3. Sequential extraction of Fe (oxyhydr)oxides

Iron fractions were extracted as soluble and exchangeable Fe
(Feexch), carbonates associated Fe (Feyh, siderite, and ankerite), easily
reducible Fe oxides (Feoyx, ferrihydrite, and lepidocrocite), reducible Fe
oxides (Feoxo, goethite, and hematite), magnetite Fe (Fep,g), and pyrite
Fe (Fepy) (Text S2). The methods of Fe sequential extraction were
established by Poulton and Canfield (2005) and verified by using rock
magnetic and X-ray diffraction measurements of pure mineral extrac-
tions (Claff et al., 2010; Slotznick et al., 2020).

2.2.4. Measurements

The concentration of GEM was determined by using a portable Hg
Vapor Analyzer (RA-915 +, Lumex, Russia). The isotope-enriched
T?%Hg in soil samples was digested by aqua-regia and determined by
using ICP-MS (Agilent 7700 x, Agilent Technologies Inc., USA) after
BrCl oxidation, SnCl, reduction, and gold trap amalgamation. The
method for the isotope-enriched 2°°Hg after sequential extractions was
the same as that for T2°°Hg after aqua-regia digestion. The isotope-
enriched Me?*°Hg was determined by using gas chromatography (GC)-
ICP-MS (Agilent 7700 x, Agilent Technologies Inc., USA) after ethyl-
ation and trapped by Tenax (Brooks, USA) (Gilmour et al., 1998). More
details related to the isotope-enriched 2°°Hg measurements can be found
in our previous work (Liu et al., 2021a, 2022). The total amount of
organic carbon (TOC) and total nitrogen in soils were measured by an
elemental analyzer (Vario MACRO cube, Elementar, Germany) after the
removal of inorganic carbon through acidification. Concentrations of
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each SOM fraction (i.e., DOM, HA, FA, C-HA, C-FA) were determined by
a total organic carbon analyzer (InnovOx®, GE, USA). Concentrations of
bulk SOM and soil DOM are shown as TOC and DOC, respectively. The
optical properties of DOM were characterized by UV-vis absorption and
fluorescence spectra through Aqualog® absorption-fluorescence spec-
troscopy (Jobin Yvon, Horiba, Japan). UV-vis absorption spectra for
liquid samples were scanned from 230 nm to 800 nm (1 nm interval).
Emission-excitation matrices (EEMs) of fluorescence spectra for liquid
samples were scanned from 250 nm to 600 nm for emission spectra and
from 230 nm to 450 nm for excitation spectra. Inner-filter effects were
corrected according to Wilson and Xenopoulos (2009) and Murphy et al.
(2010). Fe in sequential extractions (except pyrite Fe) was reduced by
10% (w/v) NH2OH-HCI and quantified by using the ferrozine assay
(Viollier et al., 2000). The digestion methods of total Mn and S were the
same as those of total Fe. Total Fe, pyrite Fe (nitrate acid extracted in
sequential extraction), and total Mn were measured by a flame atomic
absorption spectrophotometer (PinAAcle 900 T, PerkinElmer, USA).
Total sulfur was measured by a turbidimetric method using a UV-Vis
spectrophotometer (UV-5100B, METASH, China) at 420 nm (Sorbo,
1987). Soil pH was determined by a pH meter at a soil-water ratio of
1:2.5 (w/v). The X-ray diffraction (XRD) spectra for soil samples were
scanned by an X-ray diffractometer (Empyrean, Panalytical,
Netherlands) with Cu-K-o radiation from 5° to 60° using 0.025° steps.
Soil mineral phases were retrieved by using MDI Jade 6 software (Ma-
terials Data Inc., USA).

2.3. Data analysis

Concentrations of ambient THg and MeHg (i.e., Hg that is naturally
present in the soil samples) and the isotope-enriched T?°°Hg and
Me?°°Hg (i.e., 2°°Hg only from spiked tracer and the ambient 2°°Hg was
deducted) were calculated according to the method detailed in our
previous work (Liu et al., 2021a, 2022; Meng et al., 2018). Hg isotope
fractionations induced by natural processes were ignored in the
isotope-enriched Hg tracer spike studies (Meng et al., 2018). Data
analysis for the optical properties of soil DOM is shown in Text S3.

2.4. QA/QC and statistics

Certified reference materials (CRMs) of GSS-5 ([THg] = 290 + 30 ng
g1 and ERM-CC580 ([MeHg] = 75.5 + 3.7 ng g ) were used. The
recoveries in THg and MeHg measurements were 109 + 4.7% (n = 8)
and 92 + 10.0% (n = 10), respectively. The recoveries of mass balance
([the sum of 200Hg fractions] / [TZOOHg]) for sequential extraction of
200Hg ranged from 86% to 108% (n = 5, Fig. S2). The recoveries of mass
balance ([the sum of Hg fractions]/[THg]) for sequential extraction of
Hg ranged from 73% to 96% (n = 5). The method detection limits (3c)
were 0.02 g kg~ ! for THg, 0.002 g kg ! for MeHg, and 0.03 pg kg~! for
Hg isotopes in soils samples. The relative standard deviation (RSD) for
duplicates was less than 10%.

The differences in data sets that were normally distributed were
assessed by t-test and one-way ANOVA with Duncan’s post-hoc test
using SPSS 23.0 (IBM®, IL, USA). The differences tests for nonnormally
distributed datasets were accessed by Kruskal-Wallis one-way ANOVA.
The statistical significance (p) was declared at < 0.05 (2-tailed). The
partial least squares path modeling (PLS-PM) was conducted by using R
software (version 4.1.2) that was equipped with the “plspm” package.

3. Results
3.1. The isotope-enriched ?°°Hg and ambient Hg

Concentrations of the isotope-enriched T2*°Hg and ambient THg in
paddy soil during the rice-growing period were stable, with various

ranges of 104.04 + 2.91-120.65 + 8.56 ng g’1 and 73.07 + 4.29-95.04
+ 17.12 ng g}, respectively (Fig. S3a). It is worth mentioning that the
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concentrations of spiked T?°°Hg and ambient THg are comparable,
indicating that the spiked isotope tracers in this study can reflect the
practical situation of Hg fate in paddy soil (Branfireun et al., 2005;
Hintelmann et al., 2002; Oswald et al., 2014).

Since the spiking of Hg isotope tracers into paddy soil, most parts of
the spiked 2°°Hg were partitioned into organic matter bound Hg
(84.6-89.4% of T2°°Hg), followed by residual 2°°Hg (7.6-8.1% of
T2°0Hg), and then Fe/Mn oxides bound 200Hg (2.8-7.2% of TZOOHg)
(Kruskal-Wallis one-way ANOVA p < 0.01, Figs. 1a and b). Soluble and
exchangeable 2°Hg (0.05-0.17% of T2°°Hg) and carbonates bound
209Hg (0.04-0.07% of T2°°Hg) governed only a small proportion of
T?%Hg (Figs. 1a and b). A similar distribution pattern was found in the
ambient Hg fractions (i.e., organic matter bound Hg > residual Hg > Fe/
Mn oxides bound Hg > exchangeable Hg > carbonates bound Hg).
Nevertheless, relatively higher residual Hg (23.9-37.9% of THg, Krus-
kal-Wallis one-way ANOVA p < 0.01) but lower Fe/Mn oxides bound Hg
(2.4-6.2% of THg, paired samples t-test p < 0.05) and organic matter
bound Hg (57.4-73.5% of THg, paired samples t-test p < 0.01) were
observed for ambient Hg than those of spiked 2°°Hg (Figs. 1c and d,
Fig. S4).

During the rice-growing period, the decreases in soluble and
exchangeable Hg (both 2°°Hg and ambient Hg) 2°°Hg, carbonates bound
209Hg, organic matter bound Hg (both 2°°Hg and ambient Hg), and re-
sidual 2°°Hg were observed (one-way ANOVA p < 0.05, Figs. 1a and c,

Hg -@-C bound Hg
" Organic matter bound Hg

H— Soluble and

(a) Fe/Mn oxides bound Hg
Residual Hg
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Figs. S5 and S6). The significant increases in Fe/Mn oxides bound 2°°Hg
were found from the day 30-60 (from 3.30 + 0.24ng g ! to 6.01
+1.13ng g !, one-way ANOVA p < 0.05, Fig. 1a and Fig. S5). The
variations in Me?°°Hg and ambient MeHg during the rice-growing
period are shown in the Fig. S3b and Text S4.

3.2. Soil organic matters and optical properties of soil DOM

Different soil organic matter fractions play key roles in regulating the
fate of Hg (Xu et al., 2021). Moreover, organic matter bound Hg was
identified as the largest pool for the newly deposited Hg in paddy soil
(Fig. 1); therefore, soil organic matter fractions were investigated. As
shown in Fig. 2, the decreases in total organic carbon (TOC, showing the
concentration of bulk SOM) but increases in dissolved organic carbon
(DOC, showing the concentration of soil DOM) in paddy soils were
observed during the rice-growing period (one-way ANOVA p < 0.05).
Soil humic substances were isolated as humic acid (HA), fulvic acid (FA),
and clay-associated HA and FA. In detail, the significant increases in HA
and FA were found from the day 60 to day 110 in paddy soil (Fig. 2b,
one-way ANOVA p < 0.05), whereas the HA and FA associated with soil
clays decreased (Fig. 2c, a significant difference was only found in C-HA,
one-way ANOVA p < 0.05).

Both UV-vis absorption and fluorescence spectra were used to
calculate the optical properties of soil DOM. Through UV-vis absorption

oluble and Hg [ Car bound Hg
(b) e/Mn oxides bound Hg ] Organic matter bound Hg
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Fig. 1. Concentration and percentage of isotope-enriched 2°°Hg (a and b) and ambient Hg (c and d) fractions in paddy soils during the rice-growing period. Different
lowercase letters in line plots indicate that the differences in Hg concentration in paddy soils during the rice-growing period are significant through one-way ANOVA
with Duncan’s post-hoc test (p < 0.05). Data without lowercase letters suggest the difference is not significant. Error bars in line plots represent the standard de-
viation of three replicates (five replicates on day 110). All the units were presented by dry weight.
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Fig. 2. Concentrations of bulk soil organic matter (SOM) (a), dissolved organic matter (DOM), humic acid (HA), fulvic acid (FA) (b), clay-associated HA and FA (c)
and the optical properties of DOM (d-1) in paddy soils during the rice-growing period. Plots (d) to (f) are the properties from UV-vis absorption spectra of DOM,
including the absorption coefficient at 355 nm (used to represent colored dissolved organic matter, a(355)) (d), specific UV absorbance at a wavelength of 254 nm
(SUVA3s4) (e), and spectral slope of 275-295 nm (S27s _295) (f). Plots (g) to (1) are the fluorescence compounds and calculated indices from EEM fluorescence spectra
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spectra, increased signals of CDOM were found during the rice-growing
period (Fig. 2d, one-way ANOVA p < 0.05), whereas the decreases in
SUVAgs4 (Fig. 2e, from the day O to day 90, one-way ANOVA p < 0.05)
and Sg75.295 (Fig. 2f, from the day 60 to day 90, one-way ANOVA
p < 0.05) were observed. SUVAgs4 increased after the decline from the
first 90 days. Fluctuations of the intensities of fulvic-like (i.e., peak A,
less humified) and humic-like compounds (i.e., peak C, more humified)
and higher intensities of peak A than that of peak C were obtained
(Figs. 2 g and h, one-way ANOVA p < 0.05). With the growth of rice,
more signals of protein-like (or fresh-like) compounds (Figs. 2i and j,
one-way ANOVA p < 0.05) and higher autotrophic productivity (shown
as BIX, Fig. 2k, one-way ANOVA p < 0.05) values were found in soil
DOM. Nevertheless, the humification degree, shown as HIX, decreased
during the rice-growing period (Fig. 21, one-way ANOVA p < 0.05).

3.3. Total Fe, Mn, and Fe fractions

In addition to organic matter bound Hg, Fe/Mn oxides bound Hg was
also an important pool for the newly deposited Hg in paddy soil (Fig. 1).
Typically, Fe and Mn coexist in soils such as ferromanganese nodules
(Liu, C. et al., 2021c; Tessier et al., 1979), and the environmental be-
haviors of Fe and Mn oxides are quite similar. In this study, the con-
centration of total Fe (TFe, averaged 31.2 + 0.8 g kg™') was more than
70 times higher than that of total Mn (TMn, averaged 0.42
+ 0.01 g kg 1) during the rice-growing period (Fig. 57). Therefore, Fe
fractions (i.e., Fe (oxyhydr)oxides) were further extracted to show the
influences of Fe/Mn oxides on the fate of “new” Hg. During the
rice-growing period, the percentage of highly reactive Fe (Feyg) in TFe
in rice paddy soil was stable, and no significant variation was observed
(Table 1). The largest Fe pool in Feyg is reducible Fe oxides (Feox2,
crystalline Fe oxides), followed by magnetite Fe, easily reducible Fe
oxides, pyrite Fe, and carbonate-bound Fe. The significant increases in
Fecarp (one-way ANOVA p < 0.05), Feqx; (one-way ANOVA p < 0.05),
and Fepy (one-way ANOVA p < 0.05) were found in paddy soil during
the rice-growing period (Table 1). Magnetite Fe decreased from the day
30 to the end of the experiment (one-way ANOVA p < 0.05), and Feyya
decreased during the whole rice-growing period (one-way ANOVA
p < 0.05) (Table 1). Due to the relatively stable Feygr concentration and
Fepr/TFe, the increases in Fecarh, Feox1, and Fe,y were offset by the
decreases in Feoxz and Fep,g (one-way ANOVA p < 0.05). No crystalline
structures of Fe(oxyhydr)oxides were identified through XRD (Fig. S8),
which may be attributed to the poor crystalline structures or the for-
mation of micro/nanometric Fe(oxyhydr)oxides under redox conditions
(Bishop et al., 2020; Ratié et al., 2019). More descriptions of ancillary
data (soil pH, total sulfur, total nitrogen, and the C/N ratio) are shown in
the Text S5 in the Supporting Information.

3.4. Relationships between the isotope-enriched 2°°Hg and geochemical
factors

Through the correlation analysis, all the isotope-enriched 2°°Hg
fractions (i.e., soluble and exchangeable 2°°Hg, carbonates bound 2*°Hg,
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Fe/Mn oxides bound 2°°Hg, organic matter bound 2°°Hg, and residual
209Hg fractions) were significantly correlated with DOM, a(355), BIX,
HIX, Fe arb, Feox1, and Fegyo (Table 2). For example, Fe/Mn oxides bound
to 2°°Hg are highly co-varied with soil humic acid (Spearman’s r = 0.77,
p < 0.01, 72 = 0.51), DOM (Spearman’s r = 0.91, p < 0.01, r* = 0.72),
protein-like fluorescence compounds (i.e., peak B, Spearman’s r = 0.76,
p < 0.01, r? = 0.39) and BIX (Spearman’s r = 0.67, p < 0.01, * = 0.55)
(Fig. 3 and Table 2). It is noted that soil DOM is negatively correlated
with soluble and exchangeable 2°°Hg, carbonates bound 2°°Hg, organic
matter bound 2°°Hg, and residual 2°°Hg, but positively correlated with
Fe/Mn oxides bound 2°°Hg (Fig. 3). Similar tendency of correlations was
also found in BIX and Fegy;.

Four latent variables, including soil chemistry (including total sulfur,
total Fe, total Mn, total N, pH, and C/N ratio), soil bulk OM (including
TOC, humic acid, fulvic acid, and clay-associated humic acid and fulvic
acid), DOM (including DOC, SUVA3s4, S275_295, peak A, peak B, BIX, and
HIX), and Fe species (including Feexch, Fecarb, Feox1, Feox2, and Fepag),
were input for partial least squares path modeling analysis. The
goodness-of-fit (GOF) ranged from 0.57 to 0.60, showing a good model
predictive value (Fig. 4). Through Fig. 4, DOM (path coefficient of
—0.42) and Fe (oxyhydr)oxides (path coefficient of —0.39) are two
major effects for soluble and exchangeable 2°°Hg, whereas DOM (path
coefficient of —0.50) is the major effect for carbonates bound 2OOHg
(Figs. 4a and b). For Fe/Mn oxides bound 2OOHg, DOM showed the most
considerable effect (path coefficient of 0.86, Fig. 4c). In addition to bulk
SOM and DOM, Fe species also showed a high contribution (path coef-
ficient of —0.43) to organic matter bound 200Hg (Fig. 4d).

4. Discussions

4.1. Partitioning of “new” Hg in different geochemical fractions in paddy
soil

Through sequential extraction, organic matter was identified as the
largest sink of both newly spiked and ambient Hg in paddy soil (Fig. 1).
This finding is consistent with our previous works in paddy soil at an
artisanal Hg smelting site (i.e., Wanshan Hg mining area, [THg] = 3.2
+ 0.75 mg kg ™!, organic matter bound Hg could reach 62% of THg,
Zhao, 2016) and in the background soil of urban areas (i.e., Huaxi,
Guiyang City, [THg] = 0.25 + 0.06 mg kg ™!, organic matter bound Hg
could reach 87.8% of THg, Lu et al., 2021). These results highlighted
that organic matter could be the largest pool for the Hg from atmosphere
depositions. Soil organic matter is regarded as one of the most important
Hg sinks due to (1) its high binding affinity with Hg and (2) its associ-
ation with Hg-adsorbing particles (O’Connor et al., 2019). In particular,
the majority of “new” Hg in the soil is partitioned into the solid phase (e.
g., soil minerals) since deposition, and only a small fraction of the newly
deposited Hg in the soil is present in the aqueous phase (e.g., porewater)
(Jonsson et al., 2014). Furthermore, research has documented that soil
minerals are often coated with organic matter (Lalonde et al., 2012;
Riedel et al., 2013), and the adsorption behaviors of soil minerals for Hg
are profoundly influenced by this organic matter (Zhang et al., 2019),

Table 1

Concentration of total Fe and various Fe pools in paddy soils during the rice-growing period.
Rice-growing period TFe Feexch Fecarb Feox1 Feoxa Femag Fepy Feyr Feyr/TFe
(day) (gkg™ (mgkg™H  (gkgH (gkg™ gkg™ (gkg™ (gkg™ (gkg ™ %)
0 32.1+22 1.29 + 0.5 0.005 + 0.0004c 0.37 4+ 0.03d 8.43 £ 0.3a 1.77 + 0.1ab 0.59 + 0.03b 11.2 + 0.2ab 348 +1.8
30 31.3+0.9 1.20 £ 0.2 0.067 + 0.01c 0.87 £ 0.05¢ 7.34 £+ 0.4b 1.95 + 0.3a 0.60 + 0.04b 10.8 £ 0.2b 35,5+ 0.9
60 30.0 £ 0.5 1.31 +£0.2 0.23 £+ 0.02b 1.19 £ 0.06b 7.13 £ 0.4 bc 1.84 + 0.09ab 0.75 £+ 0.1ab 11.1 £ 0.3ab 36.3+1.4
90 30.8+1.0 1.37 £ 0.2 0.45 + 0.04a 1.42 £ 0.01a 7.01 + 0.03 be 1.65 + 0.02b 0.70 + 0.09ab 11.2 + 0.05a 36.8 £ 0.3
110 31.7+ 1.4 1.28 + 0.5 0.49 + 0.10a 1.45 + 0.05a 6.56 + 0.4c 1.66 + 0.1b 0.87 £0.2a 11.0 + 0.2ab 345+ 1.0

TFe is total Fe; Feexcn is soluble and exchangeable Fe; Fec,r, is carbonates bound Fe; Fe,y; is easily reducible Fe; Fe,y is reducible Fe; Fep,,g is magnetite Fe; Fe is pyrite
Fe; Feyp is highly reactive Fe (FeHR = 3 (Feexch + Fecarb + Feox1 + Feoxa + Femag + Fepy)). Different lowercase letters in each column indicate that the differences in Fe
concentrations in paddy soils at different rice-growing periods are significant through one-way ANOVA with Duncan’s post-hoc test (p < 0.05). All the units of mass

were presented by dry weight
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Table 2
Correlation matrix between 2°°Hg fractions and geochemical factors.
Soluble and exchangeable?*°Hg Carbonates bound**°Hg Fe/Mn oxides bound®*°Hg Organic matter bound®*°Hg Residual®*°Hg

TS 0.85** 0.80** 0.73%* 0.55*
TFe
TMn
pH
TOC 0.48*
C/N
HA -0.85%* 0.77** -0.68** -0.56*
FA -0.58*
C-HA 0.87** 0.84%* 0.82%* 0.72%*
C-FA
DOC -0.67+** -0.55* 0.91%* -0.68** -0.074**
a(355) -0.73%* -0.57* 0.67* -0.77** -0.65*
SUVAs4 0.58* 0.58* -0.87** 0.65*
Sa75-205 0.70** -0.79** 0.57* 0.52*
peak A
peak B -0.66* 0.76** -0.71%* -0.60*
peak C
peak T
BIX -0.86** -0.65%* 0.67** -0.82%* -0.72%*
HIX 0.76** 0.66** -0.79%* 0.61%* 0.65**
Feexch
Fecarb -0.94+* -0.66** 0.79%* -0.74**
Feox1 -0.91%* -0.62%* 0.79%* -0.74**
Feoxo 0.76** 0.68** -0.61%* 0.65**
Femag 0.58* 0.54*
Fepy -0.52* 0.65%* -0.62%* -0.72%*

Spearman’s r was used as the correlation coefficient. “*” and “**” indicate that the correlations are significant at p < 0.05 and p < 0.01. Vacancies suggest that the
correlations are not significant. Abbreviations: TS, total sulfur; TFe, total iron; TMn, total manganese, TOC, total organic carbon; C/N, carbon and nitrogen ratio; HA,
humic acid; FA, fulvic acid; C-HA, clay-associated HA; C-FA, clay-associated FA; DOC, dissolved organic carbon; a(355), absorption coefficient at 355 nm; SUVAjs4,
specific UV absorbance at a wavelength of 254 nm; Sa75 295, spectral slope of 275-295 nm; peaks A, B, C, and T, fluorescence compounds; BIX, biological index; HIX,
humification index; Fecxcn, soluble and exchangeable Fe; Fe.,t, carbonate associated Fe; Feoy, easily reducible Fe oxides; Fe,yo, reducible Fe oxides; Fen,, magnetite

Fe; Fe,y, pyrite Fe.

such as thiol ligands (-RSH) associated with the organic matter (Sky-
llberg et al., 2006; Skyllberg, 2008) under reduced conditions. As a
result, the retention of “new” Hg by organo-minerals (i.e., organic
matter-coated minerals) is an important reason that explains the high
partitioning of the newly deposited Hg in organic matter. In addition,
the formation and stabilization of nanoparticulate or colloidal HgS
originating from “new” Hg are highly influenced by organic matter
(Gerbig et al., 2011; Graham et al., 2012), and this Hg pool is commonly
found in anoxic environments (e.g., paddy soil) and cannot be ignored
(Manceau et al., 2018).

Traditionally, sulfides are the major sink of Hg in natural environ-
ments, especially in Hg mining areas (Yin et al., 2016). However, due to
the lower amount of total sulfur than SOM (Fig. 2 a and Fig. S9) and the
redox fluctuation (i.e., dry-wet alterations in paddy soils), the pool size
of residual 2°°Hg (typically HgS) only accounts for 7.6-8.1% of the
T?%Hg pool. The unexpectedly low partitioning of “new” Hg into re-
sidual Hg suggests that the kinetics of Hg-soil organic matter binding are
faster than the formation of HgS particles, which is consistent with
previous studies showing that organic matter is the rate-limited factor
for the aggregation of HgS clusters (Gerbig et al., 2011; Graham et al.,
2012; Hsu-kim et al., 2013). Well-structured mineral lattices are also Hg
sinks (forming residual Hg pools, Tessier et al., 1979); however, the
entrance or replacement of Hg into those lattices (e.g., silicate lattices) is
usually slower than binding with organic matter. This also supports the
low partitioning of “new” Hg into residual Hg.

Metal oxides are also one of the sinks for trace metals in soil, and
numerous studies have reported high adsorption capacities of Fe/Mn
oxides for Hg (Bonnissel-Gissinger et al., 1999; Feyte et al., 2010). This
explained that Fe/Mn oxides are the third pool of “new” Hg only to
organic matter bound Hg and residual Hg (Fig. 1). However, this Hg pool
varied with the oxide phase changes driven by redox alternations, which
was supported by variations in Hg distribution (Fig. 1) and Fe(oxyhydr)
oxide changes during the rice-growing period (Table 1).

The spiked 2°°Hg into paddy soil is dissolved 2°°Hg(NO3)o; therefore,

a large fraction of soluble and exchangeable Hg was excepted. However,
the partitioning of “new” Hg into soluble and exchangeable Hg and
carbonates bound Hg only accounts for a minor fraction (0.09-0.24%) of
T2%%Hg, suggesting that the strong binding sites (e.g., surface complex-
ation sites, adsorption sites) for Hg are far from saturated in paddy soil
and the newly deposited Hg will be immobilized immediately.

4.2. Redistribution of “new” Hg among different geochemical fractions
during the rice-growing period

The redistribution of the newly deposited Hg among geochemical
pools can be revealed by variations in different 2°°Hg pools during the
rice-growing period (Fig. 1a). In this study, transitions from soluble and
exchangeable 2°°Hg, carbonates bound 2°°Hg, organic matter bound
209Hg, and residual 2°°Hg to Fe/Mn oxides bound 2°°Hg were found
(Fig. 3a). Redistribution of soluble and exchangeable 2°°Hg and car-
bonates bound ?°°Hg occurred initially after spiking with 2°°Hg tracers,
suggesting an immobilization process of these highly liable Hg pools.
However, transitions of organic matter bound 2°°Hg, Fe/Mn oxides
bound 2°°Hg and residual 2°°Hg mainly occurred after 30 days. This
suggests that although “new” Hg rapidly partitioned into the solid phase
after deposition, the redistribution among these three Hg pools (i.e., Fe/
Mn oxides bound Hg, organic matter bound Hg and residual Hg) took
time to reach equilibrium. Two reasons may be explained for the
redistribution of “new” Hg in environments: one is the thermodynamic
equilibrium process of Hg in soil, and the other is the biogeochemical
condition change-induced re-equilibrium process. The former is likely
responsible for the decreases in soluble and exchangeable 2°°Hg and
carbonates bound 2°°Hg because dissolved phases (e.g., soluble Hg) are
not stable in the presence of colloids or solids (Skyllberg et al., 2021),
which will be redistributed into colloids or solids rapidly. Nevertheless,
the latter (i.e., re-equilibrium process) may play a dominant role in the
redistribution of “new” Hg among geochemical pools due to the highly
dynamic biogeochemistry of paddy soil (Kogel-Knabner et al., 2010).
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Fig. 3. Concentration of isotope enriched 2°°Hg in different fractions versus various geochemical factors. r* is the determination coefficient from linear regression,
“*”and “* *” suggest that the correlation between two variables is significant at p < 0.05 and p < 0.01. Abbreviations: HA is humic acid, DOM is dissolved organic
matter, BIX is biological index, HIX is humification index, peak B is a fluorescence compound with protein-like character, Fe ,, is carbonate-associated Fe, Feoy is
easily reducible Fe oxides, and Feyo is reducible Fe oxides. All the units of mass were presented by dry weight.

For example, changes in both the concentration and structural
composition of soil organic matter (Fig. 2) coupled with the decreases in
organic matter bound 2°°Hg (Fig. 1a) indicate the release of “new” Hg
from OM in paddy soil during the rice-growing period. Specifically,
mineralization of SOM and production of dissolved OM fractions in this
study were evidenced by the decreased TOC (Fig. 2a) and increased
water-soluble organic carbon (Fig. 2b) during the rice-growing period.
Moreover, significant negative correlations between organic matter
bound to 2°°Hg and the concentration of DOM (Spearman’s r = —0.68,
p <0.01) and autochthonous signals of DOM (Peak B, Spearman’s
r=-0.71,p < 0.01; BIX, Spearman’sr = —0.82, p < 0.01) can be found
in Fig. 3. These findings demonstrate that mineralization of SOM and
production of dissolved OM through microbial metabolism (Liu et al.,
2021b), especially in the rhizosphere, could release “new” Hg from
SOM. A similar result was reported in permafrost areas, in which OM
decomposition induced by permafrost degradation posed a great risk to
Hg release (Mu et al., 2020). Furthermore, the secretion of root exudates
in the rhizosphere may have a priming effect on the mineralization of
SOM in paddy soil (Du et al., 2020), which may also promote the release
of Hg from SOM. It is noted that this study is not to discuss the ab-
sorption, translocation and bioaccumulation of Hg tracers in soil-rice
systems. Therefore, the data for the isotope-enriched 2°°Hg, and
ambient Hg in rice tissues were not studied. However, translocation and

transformation of Hg in rice plants were reported in a parallel work with
similar experimental design but conducted at a different site (high GEM
region) (Liu et al., 2021a).

An interesting finding of this study is that Fe/Mn oxides are sinks for
the newly deposited Hg in redistribution. Due to the coexistence and
similar environmental behaviors of Fe and Mn oxides (Liu, C. et al.,
2021c; Tessier et al., 1979), as well as higher concentrations of total Fe
than Mn in soils (Fig. S7). This study takes Fe oxides as an example to
show the influence of Fe/Mn oxides on “new” Hg. Significant enrich-
ment of 2°°Hg was found in poorly crystalline or amorphous Fe species,
which is supported by the increases in easily reducible Fe (p < 0.05,
Table 1) and increases in Fe/Mn oxides bound 2°°Hg (p < 0.05, Fig. 1a).
This is because the extraction method of Fe/Mn oxides bound 2°°Hg are
the same as easily reducible Fe (i.e., NH,OH-HCl in acetic acid), which is
usually regarded as poorly crystalline or amorphous Fe (oxyhydr)oxides
(Poulton and Canfield, 2005; Tessier et al., 1979). Variations in Fe
species suggested the transition from well crystalline Fe (oxyhydr)oxides
(e.g., goethite and hematite) to poorly crystalline Fe (oxyhydr)oxides (e.
g., ferrihydrite) and then to Fe-S minerals (e.g., pyrite) in flooded paddy
soil during the rice-growing period (Huang et al., 2021; Kappler et al.,
2021). The studies have reported that poorly crystalline or amorphous
Fe species are more active in co-precipitation or adsorption of free 2OOHg
released from the organic matter due to the larger specific surface area
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GOF=0.59

GOF =0.57

Fig. 4. Partial least squares path modeling (PLS-PM) showing the cascade relationships among soil chemistry, soil bulk organic matter, dissolved organic matter, iron
species and the concentration of newly introduced Hg in different fractions in paddy soils. (a) Soluble and exchangeable 200Hg; (b) carbonates bound 200Hg; (c) Fe/
Mn oxides bound 2°°Hg; (d) organic matter bound 2°°Hg; (e) residual ?°°Hg. Red and blue arrows represent positive and negative flows of causality, respectively. The
numbers on the arrows show standardized path coefficients. R? represents the variance of the dependent variable explained by the model. GOF represents goodness

of fit.

and higher reactivity than well crystalline Fe (oxyhydr)oxides (Bao
et al., 2021; Tiffreau et al., 1995). Furthermore, poorly crystalline or
amorphous Fe (oxyhydr)oxides were found as a sink of DOM (Lv et al.,
2016), and DOM, in return, could stabilize Fe (oxyhydr)oxides (Aiken
et al., 2011). As a result, the formation of an Fe-OM (colloidal) system
may coagulate Hg and affect the behaviors of the newly deposited Hg
(Bao et al., 2021). However, more studies are needed to uncover the role
of the Fe-OM system (Chen et al., 2020; Wang et al., 2017; Zeng et al.,
2020) on the mobility and bioavailability of Hg in redox fluctuating
environments. Significantly, although the total Mn concentration is
lower than that of TFe, more studies are needed to study the role of Mn
oxides on the fate of Hg, especially the immobilization of heavy metals
by reduced sulfur coupled Mn oxides (Sun et al., 2020). Moreover, the
interactions between Mn and DOM were also reported (Li et al., 2021).

It is noted that the pool of residual 2°°Hg decreased in the redistri-
bution of the newly deposited Hg during the rice-growing period. One
possible explanation is that dissolution of the newly formed HgS (i.e.,
residual Hg) occurs in flooded soils. A study by Li et al. (2022) found that
the dissolution of a-HgS increased the bioavailable Hg in methylation. In
addition, the potential dissolution of bulk HgS induced by the formation
of Hg-(poly)sulfide complexes was suggested in some periodically
flooded soils (e.g., water-level fluctuation areas of reservoirs, Liu et al.,
2018) and peatlands (Wang et al., 2021). However, the formation con-
stants and measurement techniques for Hg-(poly)sulfides are still
problematic.

4.3. Geochemical factors’ control on partitioning and redistribution of
“new” Hg in paddy soil

To unravel the controlling factors for the partitioning and redistri-
bution of the newly deposited Hg in paddy soil, multiple analyses were
applied. The correlation analysis coupled with linear regression was
used to show the covariation of “new” Hg with different geochemical
characteristics. Partial least squares path modeling was used to show

causal relationships of the distribution pattern for the newly introduced
Hg caused by various geochemical factors.

Through the correlation analysis, the significant correlations be-
tween all the isotope-enriched 200Hg fractions and DOM, a(355), BIX,
HIX, Fecarb, Feox1, and Feoyo (Table 2), suggesting influences of organic
matter and Fe (oxyhydr)oxides on partitioning and redistribution of the
newly deposited Hg. Specifically, correlations between Fe/Mn oxides
bound to 2°°Hg and soil humic acid, DOM, protein-like fluorescence
compounds (peak B), and BIX (Table 2 and Fig. 3), suggested that Fe
(oxyhydr)oxides are intimately linked with autochthonous OM (i.e.,
microbial sources) to control the partitioning and redistribution of
“new” Hg in paddy soil. Similarly, opposite Spearman’s r values
(Spearman’s r < 0, p < 0.05) were identified between those factors and
OM bound 2°°Hg (Table 2). Together with the variations of 2°°Hg
described above (i.e., the transition from organic matter bound 200Hg to
Fe/Mn oxides bound ?°°Hg, Fig. 1a) and correlations here, we suggested
that 2°Hg released from stable organic matter was recaptured by poorly
crystalline Fe (oxyhydr)oxide-DOM associations during the rice-growing
period and formed Hg-Fe-DOM ternary complexes. Similar ternary
complexes were reported comprising different pollutants, such as As
(Aftabtalab et al., 2022), Cd (Du et al., 2018), and Cr (Liao et al., 2020;
Xia et al., 2020). Microbial-mediated mineralization of the recalcitrant
organic matter may be the major reason for the losses of organic matter
bound to 2°°Hg because lower binding capacity and strength for Hg was
found in less humified organic matter than in recalcitrant organic matter
(Wang et al., 2022).

For liable Hg pools (i.e., soluble and exchangeable Hg and carbonates
bound Hg), Fe (oxyhydr)oxides and organic matter are potential sinks
and responsible for the aging/inactivation of “new” Hg due to their
significant negative correlations (soluble and exchangeable 2°°Hg versus
humic acid, DOM, Fecy, and Feoyy; carbonates bound 2°°Hg versus
DOM, Fecarb and Fegy1) (Table 2 and Fig. 3). Moreover, the negative co-
variations of soluble and exchangeable 2°°Hg and carbonates bound
209Hg with BIX indicate that increases in autochthonous DOM may
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decrease the liable Hg pools, which further suggests that rhizosphere
reactions and microbial metabolism could decrease the liable Hg pools.
This finding is different from the traditional understanding that the
formation of low molecular weight OM (e.g., low molecular weight
organic acids) promotes the release of Hg to aqueous phases (Yin et al.,
2018). Associations of Fe (oxyhydr)oxides-DOM are likely the reason
(Bao et al., 2021).

The ternary system, Fe (oxyhydr)oxide-OM-newly deposited Hg,
highlighted above was also evidenced by PLS-PM (Fig. 4). Specifically,
considerable effect from DOM for Fe/Mn oxides bound 2°°Hg, suggest-
ing that Fe-OM interactions promote the distribution of “new” Fe(oxy-
hydr)oxides. In contrast, contributions from Fe species to organic matter
bound 2°°Hg implied competitive binding of 2°°Hg between bulk SOM
and Fe (oxyhydr)oxides during the rice-growing period. Typically, Fe
(oxyhydr)oxides and OM often interact with each other in natural en-
vironments due to the strong binding ability between ~-COOH/phenolic
—-OH groups on OM and -OH groups on Fe (oxyhydr)oxides (Bao et al.,
2021; Kleber et al., 2015). Two binding mechanisms of the newly
deposited Hg by the Fe (oxyhydr)oxide-OM system were suggested: (1)
200Hg act as a “bridge” connecting Fe (oxyhydr)oxides and OM to form
Fe—zOOHg—OM associations, and (2) 200Hg bind with OM associated with
Fe (oxyhydr)oxides to form 200Hg—OM—Fe associations (Bao et al., 2021).

The previous studies have reported that Fe-OM interactions showed
significant influences on the fate of other heavy metals/metalloids (e.g.,
Cr, U, and As) (Al-Sid-Cheikh et al., 2015; Bao et al., 2021; Huang et al.,
2021; Liao et al., 2020). This work further demonstrates that in-
teractions between Fe(oxyhydr)oxides and DOM dominate the distri-
bution of the newly deposited Hg in paddy soil.

4.4. Implication and prospects

The geochemical fractionation (i.e., partitioning and redistribution)
of the newly deposited heavy metals into terrestrial systems determine
their bioavailability and bioaccessibility, further determining the envi-
ronmental risks for human exposure. The previous studies have reported
that the newly introduced Cd in paddy soil rapidly aged from soluble Cd
to residual Cd within 56 days through an in-lab incubation experiment,
suggesting a significant aging process of Cd in paddy soil (Dong et al.,
2021a, 2021b). However, similar aging processes of the newly deposited
Hg in paddy soil were absent in this in situ plot experiment with a longer
incubation time (i.e., 110 days). This finding partially explains why
lower THg but higher MeHg was observed in the artisanal Hg mining site
(i.e., contaminated by atmospheric deposited Hg) in previous studies
(Meng et al., 2010, 2011; Zhao et al., 2016a). In particular, a significant
correlation was observed between organic matter bound 2°°Hg and
Me?%°Hg in this study (Spearman’s r = 0.57, p < 0.05, from the day 30
to day 110). Similarly, high methylation rates of DOM-bound Hg in
paddy soil were found in our previous work (Liu et al., 2022). The largest
pool (i.e., organic matter bound Hg) of the newly deposited Hg in paddy
soil may become a potential Hg substrate fueling methylation. There-
fore, other Hg pools (e.g., organic matter bound Hg) instead of merely
soluble and exchangeable Hg should be considered in evaluating the
environmental risks of Hg deposited from the atmosphere. Moreover,
this study provides a clue to environmental implications that highlight
the role of the Fe-OM association in controlling the redistribution of
“new” Hg in paddy soil. The releases and further redistribution of Hg in
Fe (oxyhydr)oxide-DOM-Hg associations are likely to occur when the
redox condition changes. For example, the degradation of OM or
reductive dissolution of Fe(IIl) likely releases Hg (Bravo et al., 2018).

On the other hand, we should note that the study was conducted
during one rice-growing period (110 days), and the geochemical frac-
tionation or potential aging process of deposited Hg over a longer time
scale remains unclear. Therefore, a long-term study of the dynamics of
“new” Hg in wetland ecosystems is needed to better evaluate the envi-
ronmental risks of Hg from atmospheric deposition, such as the Mercury
Experiment to Assess Atmospheric Loading in Canada and the United
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States (METAALICUS) project (Blanchfield et al., 2021; Branfireun et al.,
2005; Harris et al., 2007; Hintelmann et al., 2002; Oswald et al., 2014).
Moreover, a more solid or direct evidence is needed to show the for-
mation of Hg-Fe-DOM ternary systems, for example, by using nanoscale
secondary ion mass spectrometry (NanoSIMS) (Al-Sid-Cheikh et al.,
2015; Du et al., 2018) and scanning transmission X-ray microscopy
(STXM) (Xia et al., 2020).

5. Conclusions

The isotope-enriched 2°°Hg was applied to trace partitioning and
redistribution of the newly deposited Hg in paddy soil during the rice-
growing period. Soil organic matter is the largest sink of the newly
deposited Hg in paddy soils, followed by residual Hg, Fe/Mn oxides
bound Hg, soluble and exchangeable Hg, and carbonates bound Hg. In
this study, 89.4% of Hg was rapidly distributed into the organic matter
since it was deposited. During the rice-growing period, redistribution of
the newly deposited Hg was identified from soluble and exchangeable
Hg, carbonates bound Hg, organic matter bound Hg, and residual Hg to
Fe/Mn oxides bound Hg. Geochemical fractionation of the newly
deposited Hg in paddy soil is likely caused by (1) microbial-mediated
mineralization of soil organic matter and (2) Fe phase changes from
well crystalline Fe (oxyhydr)oxides to poorly crystalline Fe (oxyhydr)
oxides and then Fe-S minerals. Correlation analyses jointly with partial
least squares path modeling suggested that the coupling of autochtho-
nous OM and poorly crystalline/amorphous Fe (oxyhydr)oxides plays a
predominant role in controlling the speciation of “new” Hg in paddy
soils. The decreases in the residual Hg pool from the newly deposited Hg
were found in this study, suggesting the aging processes of conversion to
a residue Hg from newly deposited Hg was absent in paddy soils during
the rice-growing period. This study also implied that soluble and
exchangeable Hg is not the only bioavailable Hg pool; other pools, for
example, organic matter bound Hg, may also be methylated and should
be considered.

Environmental implication

For the first trial, we successfully identified the fate of newly
deposited Hg in paddy soils by using enriched stable Hg isotopes. We
suggested that soluble and exchangeable Hg is not the only bioavailable
Hg pool; other pools, for example, organic matter bound Hg, may also be
methylated and should be considered. Our findings provide new infor-
mation on the speciation and bioavailability of “new” Hg in paddy soils,
which would help to improve our understanding of the biogeochemical
cycling and environmental risks of newly deposited Hg, especially in
sensitive ecosystems (e.g., rice paddies, wetlands, and reservoirs).
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