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Effect of organic sulfur on the production of methylmercury in paddy soil

CAI Zhangdi

(Jinjiang Planting Technology Service Center of Fujian Province, Jinjiang 362200, China)

Abstract: In order to examine the role of organic sulfur compounds in the process of inorganic mercury (Hg) methylation, Hg—
contaminated paddy soils were collected from the vicinity of a gold mine in Quanzhou, Fujian Province. The effects of three gradients of
organic sulfur (0, 500 mg - kg™, and 1 000 mg - kg™ reduced glutathione) on the methylation of inorganic Hg in the soil and the
bioavailability of methylmercury (MeHg) were investigated based on microcosm experiments. The results showed that compared with the
control group, the addition of glutathione significantly increased the dissolution of iron and manganese in soil, and also increased the
contents of dissolved carbon. In addition, glutathione application markedly enhanced the production and the dissolution of MeHg in soil.
The rates of MeHg increase in the soil solid phase and soil solution were 87.36%~212.48% and 4 380.00%~5 890.30%, respectively.
Correlation and stepwise regression model analyses revealed that the content of soluble iron in soil was a key factor affecting the
methylation of inorganic Hg and the bioavailability of MeHg. The findings of this study indicate that the roles of iron and manganese oxides
in the soil should be taken into consideration when assessing the effects of organic sulfur compounds on the methylation of Hg in soil.

Keywords: organic sulfur; methylmercury; bioavailability; paddy soil; iron
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T DT S5 S5 25, THLRTERE A R R 25 5 K
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AL, B SR B S5, B 2 60% ARG K R J2 L) H 3
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AKFE X LR (10 5 BRI AR T ARG ) 2 42 5] Y 1R
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198 L oK 1 7 A A R AT R B v 1 BU R AR Y
FEAR TR o al s A AU A R 30Kk = A 2 (Rl A7
TEIEA DG R, AW e i F LA R Y L 2 I B A
FEBREA M) 2 H T EE R B
52 o ARG H BN AE ) e B A AR T 3R ISR
A=A R IR K H LR B 1, WANG S5 5%
B, A W it A A1 B 3 TR 7 A e R R SR AT R Y
SR A FAEW e h A MU G0 . TR X 2k
WOHS A0 25 74 (EXAFS) 615 R | 18 Tt P A AL A 48/
REASH T He- ()5 438 o 55 58 5 19 2% & 1
FHPO A5 BORFER AL AE R S5 N WA
BUSHEIN T 3 R 0 F 24 R, A LB AE 1358
R A i R A A A R R A OGS PR 72
KEEHERLE A I PTETEA BRI |, IR e
AT BB 5 RS ) At 2 - (43 T I 2 ) A v AN B
. ABEFER AR R A MR R H ), 0F5E T H L
it i X e FH 48 R 5K r= A R A et B s, X
BB SR ™ A R 5 () SRR - T TR
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11 HiERE

[ 70 R SR R B A e S5 T
i oll A 30 69 R FH R R 5 B A #1 (15,658 +12.726)
mg-kg ™, E R (RS PRIGE A  ES e X
KA bRt GRA 7)) (GB 15618—2018) o 1A LR 4

P, 3R R 7 S T Al SR S A R )2
+3E, EREERNRA TG, e A
PRAE M T DA B 3 rh SOk SR B i e -
pH 6.37, SR FIH B TR & 5 43 5104 (18.3422.63) mg-
kg ' Fl1(3.21+0.48) pg ke, BV FIA HLIET 7 550 51k
0.24 g-kg ' #16.54 g-kg ™'
1.2 RIG AL I

RN BB 58 25 KRBT, 0 0.5% (m/m) (A= 9 1<
i 2R TR g B OEOR A H SR AE )
A O R ZE R K P 1 B B (829%0~87% )11,
T3 1SR A X 75 e A 58 v B & O 8~767 mg -
kg1, A SRA DX JA i SR AT 1 100~37 400
mg kg P LI AW ST A SRR I R
EIE N 0,500 mg- kg A1 000 mg-kg ™, 435 CK
Low—G 1 High-G /R o BN P SFA7 .
TR HARSERAE R FRES g3 2 mm 0 B9 32 F 50 mL
BE R KR 2 eme N TN 3R R R P
Bl B AL ERL A A FLER B (A B 5 mmol - L)
Vb o, IR i b B 2 i AR 28 °C BRI Y B
FEA IR o 60 do HEFNAKES 0 d +
A 5 B H L OR o AR LR B3 BRI 43 ) AR 2R
10.30 d #1160 d WS 4E 44 o R 3AE 5.0 (4 000
remin™) 10 min, 73 25 b 3% W& A 1 38 [AE B v
0.2 pom Gl FL AT 08 AT 308 B Sy - 4989 A, - 498 [ AH S
IR TR IS WFES 2 100 Hifi o T A FE S RAEZE-20 CH
M.
1.3 S A®E

R M HE AR L5 3 pH BRI JEOR | 4%
VTR TR TR VR TS A LR (DOC) A5 . -3
oK R FH HL B G 4 B R BT 35 U 72 (ICP—-MS, Nex-
TON300X , Perkin Elmer, USA), 3% pH % JH pH i17E
FIRFIE (+:/K=1:2.5) (HACH,USA) . +3E% M
rh R IR O R T H R S A A T I
(ICP-MS, NexION300X , Perkin Elmer, USA ), 1 1%
TP AT VA AL SR R HLES 20 B A 52 (Vario
Max Cube, Elementar) ., 3 S8 & &K HICE D
Fr A 5 (EA3100, Euro Vector, Italy) , 13 o B %t
oK T i P & A A B - R IO SR L ASOME B0 4y B
¥ I T 9¢ 6 %E (GC—-CVAFS, Brooks Rand MERX,
USA) o A PR UE B0 A9 A 1, #6000 5 SR AR SR
B FE FP I ABRVEY) B[ GBW 07405 (GSS-5) Fl ERM -
CC80, FR I IRMM], A5 #E J5t Hh 5K 14 911 % 2k 90%~
108% .,
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6 B 3 A GE TR R R By SPSS
19.0. Origin 8.5 g8 Sigma plot 12.5. 22 5% W E A
RILSD ik, 2257 & K19 5%

2 GHRESW

2.1 ARtEHMKX TERRSGNESENXME

AN [ B[] B R A2 19 1 S V5 R v kR A 1 5 o L
F 1o WEMERIE FINE , TSR h ks a3k
B ST R BT A R 3 AER R0 5 30 d 3,
F5 60 d FRE. BRI 60 d HHE PR G i S
H10 dWA B E S R CK M, BRI 10,
30 dF160 d, 7Bt H RGN $E = T R P R
o TEIREES 10 d, Low—G Fll High—G Ab P+ e
BR AR5 )k 83.71% F159.60%; 26 30 d #1160 d,
PR A~ A 3 AR B 15 0 2243 301 Ol 228.31%.192.58% I
41.64% .58.36%. HIL, A B H Mtk 1 18k
PRt JELtE FH SRR HH s i AN s

FESS 10 dFIEE 30 d, A B H KT Infie ok 1 4 38
VR P AR R AESS 10 d 3O P AR T i
PR 255 . I CK AL B, 26 60 d 43 bk T kit fin 2
MREAL T IO h s & 5 A 2E R R E %,
W, A5 b R A B SR e T A e
B (R Bt R B 1) A3, A5 I H It in R
s Sy e R SRS I N
22 B EMK LIETAEEN®RE 2T

AN [ B ] B R A2 1 L 30 Vb R s A LR 7
T2, MER28LIE H, CK A Low-G 41,
Bifi 2 355 75 o (] A REE A, - S TP P A WL B o SR
By, FCK A, 25 10 d A2 IDEH kit
JinAh PR G0 T AL A A LR . (HRTE
5530 dFIESE 60 d, 28 TR Ay it Janxog T 5 A BT AR 1)
TR . 25 b S IR IR e B R

%2 EWTEMEENBE (mg-L)
Table 2 DOC contents in soil solution(mg-L™")

QLT Treatments 10d 30d 60 d
CK 1.48+0.16¢ 1.81+0.25b 2.72+0.71a
Low—-G 2.17+0.02b 2.40+0.59ab 2.63+0.54a
High-G 3.08+0.32a 2.54+0.12a 3.37+0.40a

AT A LR Y B i, LA A A e kit FH £ 7
S, AT A MUK Y e s (HAE IR S I, A Dk
H T %k - B R P A BLR S RS AN
23 BRtEHRKEMN LIEEHEFRERSENZN

11 KR T A SRR G0 A [R] B[R] B, 4 e T K
Jita JI0 X6 - B [ AH Ok B p 52 . NIEL 1L AT LUR
HLTE HIEREFRAVEE 10 d, PN HREE 48 e H KR
TR ERM S R HEERARE .
30 dFH60 d, PR FE (R 4% b T R S 2 P 1 38
Hh SRR A SR, AR HIEE IR T, A e H kA I
X - 498 HH ISR (3G 11K 87.369%0~212.48% . IRAE 4
O PRt o i g R HR R 5 1 it o £ X
- B[ AH PR B R B R 1S AN 2
24 BRCEHRKEMX LIERRPRERSENZ N

P 2 Fe A e It fin ket 398 v R ISR A Rk 1Y
SN, M 2 FT DUF Y 7E R IR SR 055 30 d FiT60 d,
PRV BE A e R it 2 i v 1 R e v P R
PR 1, 3K A A A R 5 e A — B, -
By b B SR B i S A BT AR i O R A
W AE IR SRR 30 dFIES 60 d, IR IE IS
it JOR X - 8 3 e e HE R SR i A R 4yl oy
4 380% .5 346.83% F15 388% .5 890.30%. K, 4
H 0 2 2 R gk T g R AT L (R 1
U] S, A P SR il R e
25 TEBUMRERERSEZ ENHEXE

3 A M H RSN, - SR ek e AL
e R TR Pt S A B [ AH Hh FE R OR 22 ] R A DG A

F1 TEREHHEENEE (ng- L)

Table 1 Fe and Mn contents in soil solution(mg-1.")

b p BiFe % Mn
Treatments 10d 30d 10d 30d 60 d
CK 4.48+0.36b 4.31+0.71b 5.74+1.41b 0.43+0.07c 0.64+0.08a 0.64+0.07a
Low-G 8.23+1.83a 14.15+1.61a 8.13+0.92ab 1.11£0.42b 0.93+0.17a 0.50+0.06a
High-G 7.15+0.51a 12.61£3.79a 9.09+1.12a 2.21+0.06a 0.80+0.11a 0.55+0.16a

VI M P BT AT BB S 00 I B AR 22 . 278 LURCRAEAH R 8] R [ b B2 22 )34 o [R50 PO [6] i /NG - B AR R AL A 2 ) 2 S5 4

#(P<0.05), Flal,

Note: All values are showed as average+SD. Multiple comparisons are operated at the same time among different treatments. The values with different

small letters in the same column indicate significant difference at 0.05 level among different treatments. The same below.
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Figure 1 Content of methylmercury in soil treated with glutathione
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Figure 2 Content of methylmercury in soil solution treated

with organic sulfur

FEAE BT AR TR o ARIRITE S TCHLR 3
fbE IARTR , BAR ly B-HeS<a—HgS<FeS—-Hg"<NOM-
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B, AW e 2R AL T R IF E W3 (Dibenzothiophene )
FR L 51 o 51 239% , B 2 2 LA JGATLRR 28 (01T i R £6 O T
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FETR B 7 AN SR A OPE | X R F o 4

®3 ANTEMELERETS E.DOC. TEAERUK TR K FERZ BEHEXES 7

Table 3 Correlation analysis between Fe,Mn,DOC, MeHg in soil solution and MeHg in soil after organic sulfur application

TR DOC T Fe 13RI Mn +HE[E AT MeHg A MeHg
T DOC 1
TR Fe 0.278 1
- HER T Mn -0.139 0.447 1
- HE [ A0 MeHg 0.465 0.643%* 0.175 1
+HER W MeHg 0.011 0.623* -0.092 0.524 1

1+ FR Ak 35 (P<0.01) , 318 .35 (P<0.05) .

Note: **indicates extremely significant correlation(P<0.01),* indicates significant correlation(P<0.05).

WWW.Qes.019.CN




URETR Rt Y F 4055 TH

m@g 1496

R—.
32 TEREG ERHMNTERRERFERFRRERE
R R0

AMFE R A BB {2 i T bk UL
R . WEAK SRR T L ER A Ak S ST,
S B Hi2 1H BE W84 Fe¥ iA J5 R Fe' 4 MnO, iA 5 Ky
M0, [R] I HIL A B it I 4 = 1 - BV VR R
i, RIS R BRER TS INBEAR TR U
R AE X JE 2R A G W A R TR R
rh b PR AT M OR B 4% A 1 W HeS® Al Hg (HS) 5P
L. WA K Bk FBEAR 5 47 o v 4k A0 vk 5 %%
YRR G, vk B ) R B A8 (e 12k Sl FR Ak , 1 Bl 5 2k vk
FEBY3EI, ie FHBAL FE R M RRAR i idd B 4= s rh gk
W B S5 e JC LR Ak i — AN A . mifbok
S P EERORAAEIEA B R T s 5k
WL UIAIOC . Fe VR AL, AT LU ALt Ak ok e
AR AT He 1 AH S A 4l SRR B, g [
AHFNVE W H F B R 34 5 T I W TP R R A AE
IEACER . A0 G R AT [ BR - A 1 [T AR
FH 29K =19.550+ 11.598[Fe], R*=0.414, F=0.004; 1+ 3%
W TP L9k =-3.712+0.947[Fe], R>=0.388 , F=0.03, |-
IR S B 3 rh R AT R e L P OR
LA BB — A B A

4 it

(A H S in A HLaR 2 25 48w 1 Hsgeh k|
BT LK S b T v A LB B 5

(2) 1537013 (10 d) A LB Jinxek 138 o ok
AORZIR AN 2 . B IS 1R] A SE A, AT LA A i 25 6
TRy 1 B R OR pR 7 A LR SR IR H

(3) A LB A AT LA 2 2554 T 5200 JCHL
IRAYIE A, i Al LA 3 52 00 - 3 v 8k A 2 B A I
SN R A 7 A AT R HL AP R T
SRR AL G BE IR 1

SE k-

[1] JIANG G B, SHI J B, FENG X B. Mercury pollution in ChinalJ]. Envi-
ronment Science & Technology, 2006, 40(12) :3672-3678.

[2] CHEN L, LIANG S, LIU M, et al. Trans—provincial health impacts of
atmospheric mercury emissions in China[J]. Nature Communications,
2019, 10(1):1484.

[3] F AR50, PRI, Vo LYH. 55 . 4 oRn) 55 VLA Jl RG],
[E Tl BE 224 35, 2010, 23(2) - 122-123.  WANG D Q, LINL Y,
LENG X M, et al. Effect of mercury on male reproductive system[]].

1% WHART]

Chinese Journal of Industrial Medicine, 2010, 23(2):122-123.

[4] GILMOUR C C, PODAR M, BULLOCK A L, et al. Mercury methyla-
tion by novel microorganisms from new environments|J]. Environmental
Science & Technology, 2013, 47(20) : 11810-11820.

[STZHAO J T, LI Y F, LI Y Y, et al. Selenium modulates mercury uptake
and distribution in rice (Oryza sativa L.), in correlation with mercury
species and exposure level[J]. Metallomics, 2014, 6(10) : 1951-1957.

[6] WANG Y J, DANG F, EVANS R D, et al. Mechanistic understanding
of MeHg—Se antagonism in soil-rice systems: The key role of antago-
nism in soil[J]. Scientific Report, 2016, 6: 19477.

[7] GONG Y, NUNES L M, GREENFIELD B K, et al. Bioaccessibility—cor-
rected risk assessment of urban dietary methylmercury exposure via
fish and rice consumption in ChinalJ]. Science of the Total Environ-
ment, 2018, 630:222-230.

[8] ZHANG H, FENG X, LARSSEN T, et al. In inland China, rice, rather
than fish, is the major pathway for methylmercury exposure[J]. Environ-
ment Health Perspectives, 2010, 118:1183-1188.

(91 AT . AR PR A8 S DN T SR M X R T 95 e -3 D, B BH - BEH
Uifi §5 K 2%, 2008. LAI L. Remediation of mercury—contaminated
soils by using low temperature thermal desorption in Qingzhen, Gui-
zhou master thesis[D]. Guiyang : Guizhou Normal University, 2008.

[10] BRZ, k407, HEESE, 45 . oRis Ye Ak F A IR A0 i Ak 4 BE Y
FE[I]. BEREE HR, 2014, 37(1) :48-52. QIU R, ZHANG J F,
DONG Z Q, et al. Low—temperature thermal desorption of farmland
soil contaminated by mercury[]]. Environmental Science & Technolo-
gy,2014,37(1) :48-52.

[11] Je e, RERT- . SRR A L ORGSO B S ], Al FR5E £
#1, 1994, 13(1):30-33. LONG Y T, XIONG J P. Study on the re-
moval efficiency of mercury in paddy soil using Boehmeria nivea (1..)
Gaudich[J]. Agro—environmental Protection, 1994, 13(1):30-33.

[1I2]LI'Y F, ZHAO J T, LI Y Y, et al. The concentration of selenium mat-
ters: A field study on mercury accumulation in rice by selenite treat-
ment in Qingzhen, Guizhou, ChinalJ]. Plant and Soil, 2015, 391 : 195~
205.

[13] LI'Y Y, ZHU N L, LIANG X ], et al. Silica nanoparticles alleviate
mercury toxicity via immobilization and inactivation of Hg( Il ) in soy-
bean (Glycine max) [J]. Environmental Science: Nano, 2020, 7 (2):

1807-1817.

[I4]LIY Y,LIH L, YUY, et al. Thiosulfate amendment reduces mercury
accumulation in rice (Oryza sativa L.)[J]. Plant and Soil, 2018, 430:
413-422.

[IS]LIY Y, ZHAO J T, ZHONG H, et al. Understanding enhanced micro-
bial MeHg production in mining—contaminated paddy soils under sul-
fate amendment: Changes in Hg mobility or microbial methylators[J].
Environmental Science & Technology, 2019, 53(4):1844-1852.

[16]LIY Y, HU W J, ZHAO ] T, et al. Selenium decreases methylmercury
and increases nutritional elements in rice growing in mercury—contam-
inated farmland[J]. Ecotoxicology and Environmental Safety, 2019,

182:109447.

[17] GRAHAM A M, ALIKEN G R, GILMOUR C C. Dissolved organic

matter enhances microbial mercury methylation under sulfidic condi-



SRR ATHUBRAE R - SR % 2

1497

tions[J]. Environmental Science & Technology, 2012, 46 (5) : 2715-
2723.

[18] SHU R, WANG Y J, ZHONG H. Biochar amendment reduced methyl-
mercury accumulation in rice plants[J]. Journal of Hazard Materials,
2016, 313:1-8.

[19] WANG Y J, DANG F, ZHENG X, et al. Biochar amendment to further
reduce methylmercury accumulation in rice grown in selenium—
amended paddy soil[J]. Journal of Hazard Materials, 2019, 365:590—
596.

[20] SKYLLBERG U, BLOOM P R, QIAN J, et al. Complexation of mercu-
ry( Il ) in soil organic matter: EXAFS evidence for linear two—coordi-
nation with reduced sulfur groups[J]. Environmental Science & Tech-
nology, 2006, 40(13) :4174-4180.

[21] T2, XV, §7ue, 46 AR A fEAL 4 IX R AR MR 3l AR
Sy 55 KRS PR AL, FURHE 1 3, 2017, 36(5) 216~
221. QIAOSY,LIUJ, HU F Y, et al. Artisanal gold mining related
mercury pollution in soils and atmosphere in mountains in Dehua
County, Fujian Province[J]. Geological Science and Technology Infor-
mation, 2017, 36(5) : 216-221.

[22] YAN L, LARSSEN T, VOGT R D, et al. Identification of fractions of
mercury in water, soil and sediment from a typical Hg mining area in
Wanshan, Guizhou Province, ChinalJ|. Applied Geochemistry, 2010, 25
(1):60-68.

[23] SIERA C, SAIZ J R A, GALLEGO J L R. Nanofiltration of acid mine
drainage in abandoned mercury mining area[J]. Water, Air, & Soil Pol-
lution, 2013, 224(10) : 1-12.

[24] GARCIA-ORDIALES E, ESBRI J M, COVELLI S, et al. Heavy metal
contamination in sediments of an artificial reservoir impacted by long—
term mining activity in the Almaden mercury district (Spain)[J]. Envi-
ronmental Science and Pollution Research, 2016, 23(7) :6024-6038.

[25] JONSSON S, SKYLLBERG U, NLSSON M B, et al. Mercury methyla-

tion rates for geochemically relevant Hg( Il ) species in sediments[J].

Environmental Science & Technology, 2012, 46(21):11653-11659.

[26] GU B H, BIAN Y R, MILLER C L, et al. Mercury reduction and com-
plexation by natural organic matter in anoxic environments[J]. Pro-
ceedings of the National Academy of Sciences, India, 2011, 108 (4) :
1479-1483.

[27] CONNOR D, PENG T Y, LI G H, et al. Sulfur-modified rice husk bio-
char: A green method for the remediation of mercury contaminated soil
[J]. Science of the Total Environment, 2018, 621 :819-826.

[28] RAVICHANDRAN M, AIKEN G R, REDDY M M, et al. Enhanced
dissolution of cinnabar (mercuric sulfide) by dissolved organic matter
isolated from the Florida Everglades[]J]. Environmental Science &
Technology, 1998, 32(21) :3305-3311.

[29] HU Z Y, ZHU Y G, LI M et al. Sulfur(S)-—induced enhancement of
iron plaque formation in the rhizosphere reduces arsenic accumula-
tion in rice (()ryza sativa 1.) seedlings[J]. Environmental Pollution,
2007, 147:387-393.

[30] MEHROTAR A S, SEDLAK D L. Decrease in net mercury methyla-
tion rates following iron amendment to anoxic wetland sediment slur-
ries[J]. Environmental Science & Technology, 2005, 39 (8) : 2564—
2570.

[31] MEHROTAR A S, HORNE A J, SEDLAK D L. Reduction of net mer-
cury methylation by iron in Desulfobulbus propionicus(1pr3) cultures:
Implications for engineered wetlands[J]. Environmental Science &
Technology, 2003, 37(13):3018-3023.

[32] BT, DU IR, P . BRGS0 R R A 1 IR T R 48
HIT R R AL AT L ()], A 452720, 2017, 36(8) :2351-2357.
ZHONG S Q, QIU G L, FENG X B. Coupling of iron and sulfur on the
migration and transformation of methylmercury in soilrice system: A
review[J]. Journal of Ecology, 2017, 36(8) :2351-2357.

[33] WANG Y J, YANG Y J, LI D P, et al. Bioxidative dissolution of cinna-
bar by iron—oxidizing bacterialJ]. Biochemical Engineering Journal,

2013, 74:102-106.

WWW.Qes.019.CN




