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Summary

Biological concentrations of methylmercury (MeHg) are elevated throughout the Arctic Ocean;
however, to date, the major sources and the spatial variability of MeHg are not well
quantified. To identify the major inputs and outputs of MeHg to the Arctic shelf water
column, we measured MeHg concentrations in the seawater and sediment samples of the
East Siberian Sea (ESS) and Chukchi Sea (CS) collected from August 31 to September 16,
2018, and September 10 to 16, 2019. Then we generated a mass budget of MeHg using the
field observed concentrations and methylation/demethylation rate constants measured using
isotope dilution methods. In the first year, we collected literature data of atmospheric deposition,
river water and meltwater flux, and particle sinking flux. In the second and third years, we
conducted field sampling in the ESS and CS, and investigated the depth distributions of
MeHg in seawater and sediment. Then MeHg distributions were compared to those of
methane, dissolved oxygen, and dissolved organic carbon in seawater. The data of
methylation and demethylation rate constants were related to the organic matter composition
revealed by EEM fluorescence spectra. We found out that MeHg concentrations in seawater
and pore water were higher on the slope than the shelf, while MeHg concentrations in
sediment were higher on the shelf than the slope. We also report that the benthic diffusion
and resuspension largely exceed other sources, such as atmospheric deposition and river
water input. The major sinks of MeHg in the water column are dark demethylation and
evasion. When we extrapolate our findings on benthic diffusion to the entire Arctic shelf
system, the annual MeHg diffusion from the shelf sediments is estimated to be 23,065 £+ 939
mol yr™', about two times higher than previously proposed river discharges. Our study
suggests that MeHg input from shelf sediments in the Arctic Ocean is significant and has
been previously underestimated. In the vertical distribution study of Hg species in sediment,
MeHg was highest at 0-2 cm depth in the ESS, while the peak MeHg was found at 6-8 cm
depth in the CS. The role of methane oxidation bacteria and methane producing archaea in
the Hg(ll) speciation was studied by amendment of metabolic inhibitors into the incubation
samples. Based on the experimental results, we conclude that Hg(ll) methylation by
sulfate-reducing bacteria is dominant in the surface of ESS, while MeHg demethylation is
dominant at the surface of methane hydrate mounds of the CS. Our results can be expanded
to the overall Arctic Ocean with further investigation of MeHg distributions in the Artic shelf
sediments stored in the KOPRI. Our data can also be used to identify the effects of climate
warming (e.g., increased terrestrial organic matter input, incline of seawater temperature,
reinforcement of stratification, and sea ice melt) on the Arctic Hg cycle, and to identify
bioaccumulation characteristics of MeHg.
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Wind speed (Ujp, m s ) 5.57 (2007-2009) Pipko et al., 2017
4TS5 (NOAA,
Temperature (C) -0.33 ERSST V5, ERA-interim,
2016-2017)
HA % ¢ Cumeng * Fractionpuieng *  Vsettling
Cumerig (ng LY 0.0050 \ Heimbiirger et al., 2015
Fractionpyerg 1-[1/(0+Kp * Cspm))]
Settling velocity (m yr ') 7053
Cspm(mg L) 3.3 Semiletov et al., 2005
Melle f;?tfr;gc??fﬁaem 10000 Soerensen et al, 2016
W79 (52) 1 Cuetg precipitation_»_Precipitation
ChleHg precipitation (Ng L 1) 0.10 Soerensen et al., 2016
L o A #A=A5 (CMAP,
Precipitation (mm yr ) 343 GPCP, JRAS5, 2016-2017)

B HE () EHAA 162

Dry deposition (ng m? yr!) | 0.28 | Jaegle, 2010
B33l 0 Cyenrg * PAReuphotic® Kphotodem
Cuyerig (ng L' 0.005 Heimbiirger et al., 2015
3RS E ,
PARephore (E m? d) 736 % 2016}201;?1\“5
Kohotodemethylation (M° E 1) 0.001 Soerensen et al., 2016
4 % ¢ Discharge rate * Cyenig river /  Basin area
o Amos et al., 2014,
Crterg rver (ng L) 0.028 Emmerton et al,, 2013
Basin area (m?) 9.87 = 10" Outridge et al., 2008
River discharge rate (m® yr ) 2.3 = 101 Outridge et al., 2008
=713 : MMR-MDR
Kinethylation (day ) 0.007 Soerensen et al.,, 2016
Kdemethylation (day ') 0.360 Soerensen et al., 2016
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[Hg (ng LY 0.10129795 Heimbiirger et al., 2015
MeHg (pg L) 5.01475 Heimbiirger et al., 2015
ﬂ X*_]!% ‘ﬁ’?:} . DOTOSitY * Dc * (dCMeHg(porewaterfseawater) / dZ)
sediment MeHg (ng g ') 0.20 Soerensen et al., 2016
porewater MeHg (pg L) (Coea * 10° /' Ky Metig Soerensen et al., 2016
seawater MeHg (pg L) 5.01 Heimbiirger et al., 2015
MeHg partition coefficient 10297 Hollweg et al., 2010
(Kq_Metig)
porosity 0.7 Chen et al., 2016
Dc (diffusion coefficient) Dcos / (1+0.048 * (25-Teea)) Soerensen et al., 2016
Dc (25C) (m* s™) 1.25 = 107 Hollweg et al., 2010
Tempseq (C) 1 Soerensen et al., 2016
Walke 9 ¢ Flux * Cyeng ice / Basin area
loss in ice volume (km® yr?) 7.7 = 10" Bi et al.,2016
Chetig ice (ng LY 0.15 Soerensen et al., 2016
Basin area (m?) 9.87 = 10" Outridge et al., 2008
A && ' Flux * Cyeng / Basin area
3 -1 : :
In flux (km® yr ) Atla.ntlc (via L1 % 10" Outridge et al. 2008
Barents Sea and W.Spizbergen)
ChMellg Atlantic (Ng LY 0.0080 Chen et al., 2008
Basin area (m?) 9.87 * 10" Outridge et al., 2008
Out flux (km® yr!) 1.1 = 10" Al
Cyeng (ng LY 0.0050 Heimbiirger et al.,, 2015
Basin area (m?) 9.87 = 104 Outridge et al., 2008
W4 (surface snow + snowpack + runoff) % : CueHg meltwater XPrecX (1-Fopen-ocean)
Chetig_meltwater(ng L) 0.060 Soerensen et al., 2016
. B g B=A= (CMAP,
Precipitation (mm yr ') 343 GPCP. JRAS5, 2016-2017)
Fopen-ocean 0.35 Soerensen et al., 2016

v wEg5e Ak A A

- B2 gz AdE 713}, F713F SEAFE 7)o 2 (Lehnherr et al., 2011) 782
AAbg Axp So ko2 frlstel vs F7]st7F A A doiyv e As AdE 7 UdS
ol= 718} ST 718 Sl vlE Ade 2 AS FE A5 7ted

- @A AFFA Aol W2 7|l ok fFddel AW (meltwater), Wt 1] ZFoll
ofgt FYET & AR AAE. FdY FAAE HAFTAAY it o mMEF9 9
B1)o] Ad mom 1 HZ & & glE U 6 dF 457 JAnE (% 2, 2 2). dA
AN FAA Qo FUFAQ Fdde]l AT F AeSs AASER 23 = BHAL o] &
OS5 AEd Sdas 24 2o sA ot A=A A2y H45 79 @D
23k o2 J&F A G6)e] =4 AAFHAS. ole % SAH#MS Tl A=A Ais
BHAE # As Aoz 47HH

- 7o A5 APl E B dlFe Yol gk £3lo] F-=3519] Barents seag
3 5ol HEUAYY 7 sAME s A et M S BEEHE ST
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a9 3. ARA0IC A& AF A3 (ST13, 159 4-%+= ARAI0C A7)
(1) sAlulefotsfo] Aeststs 1A &3
- 20189 8¢ 31YFE 99 169474 A =AF7E ol FolHan FAulEots] (1170 A1%) = 2 A6

(B7h A3DelA 242k 5570, 21709 sl A& AFHAE A FsAE (29 3)
- ST25, 28, 31X = ®SHA=2] A7 AFA7F o] Folx o HluE 913 ST13, 15 (ARAIC)E
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F 3 AFATo] 2 = HAL

THg (pM) MeHg (pM) Haid
Baffin Bay, 20-60 m 2.4-2.6" 0.055°, 0.020-0.035°
b
Baffin Bay, 211-216 m 1.1-1.5° 000192_811;’ Lehnherr et
Beaufort Sea, 33 m 1.7% 0.13", 0.23° al., 2011
Beaufort Sea, 125 m 1.0¢ 0.24°, 0.36°
10 £ 06 - 15+ Schartup et
Groswater Bay, 0-1 m 10 0.12 = 0.058 al. 2015
Laptev Sea, 0-3000 m 0.53 = 0.06 0.025 + 0.030
Laptev Sea, 10 m 7.0 -
Amusen Basin, 0-6000 m 1.3 £ 0.23 0.16 = 0.103
Amusen Basin, surface 2.5 0.029 Heimburger et
Amusen Basin, pycnocline (150 m) - 0.37 al., 2015
Markarov Basin, 0-3500 m 1.0 £ 0.25 0.21 = 0.080
Markarov Bsin, surface 1.7 0.034
Markarov Basin, pycnocline (200 m) - 0.34
Canadian Arctic Archipelago, 2-5 m 19 £ 20 0.12 + 0.046" Krik et al,
Hudson Bay, 2-5 m 21 + 26 0.12 + 0.055" 2008
Chukchi Shelf, <200 m 1.1 + 0.60° 0.028 + 0.007"1
Western Arctic Ocean (Bering Sea, Agather et al
Bermg Stralt,. Makarov Bals.n, 0.41-2.9¢ 0.064 + 0,065 2019
Eurasian Basin, Canada Basin),
0-50 m
Canada Basin, Beaufort Sea, and 19 + 13 030 + 0.14
Western CAA, 0-500 m
_ Wang et al.,
Eastern CAA and Baffin Bay, 96 + 21 019 + 008 2018
0-500 m
Labrador Sea, 0-500 m 0.62 + 0.19 0.090 + 0.040
East Siberian Sea, ASW, 0-20 m 1.0 + 0.30 0.089 + 0.033
East Siberian Sea, UHW, 20-45 m 1.0 £ 0.23 0.11 £ 0.028
East Siberian Sea, CHW, 45-60 m 1.1 £ 0.21 0.14 = 0.019
East Siberian Sea, LHW, >60 m 1.4 =+ 0.52 0.27 £ 0.058
Chukchi Sea, ASW, 0-20 m 1.7 + 0.51 0.14 + 0.071 e
Chukchi Sea, UHW, 20-50 m 1.04 £ 0.20 0.33 = 0.11 T
Chukchi Sea, CHW, 50-150 m 0.87 £ 0.21 0.20 = 0.10
Chukchi Sea, LHW, 150-300 m 0.82 + 0.32 025 = 0.11
Chukchi Sea, ADW, 300-700 m 0.74 + 0.073 0.28 + 0.043
Chukchi Sea, ABW, >700 m 0.82 £ 0.10 0.24 + 0.021

At 71 4= & Pmonomethylmercury (MMHg);¢dimethylmercury (DMeHg);¢ o] 34| &

_1’7_




. sAlwElolsl dlgre] ddsh/tuds) SR B
-3l U Wes 2 gugst S A= %’4?} kA e e ST26, ST29 Aol A o] Fo] xS
ezt e e (ko H9E 1.0x10° - 50><1O day 2 A3 H=s] Aol nls) e e 7Y
e FAoA F71E = Aol dde. Urest Sk (k9o F9E 56x10°-1.1x107% day '=
AdENS (3 4 29 6). ol FF dEF2 S8 Al o] &2 oA
- 7259 ky #%2 EEM fluorescence® ZA3 FI & 49 FAAHE RoAAX 5 &£& 771= W
AAF7E Bl & =25 29 WEd S5V SAES 45 (2" 7
80e-d { L T MR
S £ - D ooz | Tha e
= — - st?630m 5 - M T
=] ——=- st2660m - 0.004 A o eIl
‘_I ——- st2%sur 3 i Hﬁ“*;‘:-»h_h
ﬁ: 2.Te-4 ——- =t29-42m % 0.006 :ﬁh“\_:__“ “‘-—-._‘::,_L_p
e s mIm 00081 o gong AR f
5 18e4 R SRR = 226-30m et
= e 7T P - = B Boe ey LA
YT i e s | Lo R
0.014 e
D 5 L 15 20 24 0 3 6 9 12 15 18 21 24
Time (hr) Time (hr)
I 6. WEst g gudst SR s
¥ 4. WEst 9@ gresl &4 standard error (SE), detection limit (DL)
Z] o] . DL of k _ DL of k
2 7 -x 1 2 1 d
S| (m) Km (day ) (day™) SE of kn kq (day ") (day™) SE of kq
ST26 2 1.66x10-5| 1.41x10-5 ]9.60x10-12| 5.58x10-3 2.24x10-3 3.19x10-6
30 2.15x10-5| 2.14x10-5 |1.77x10-11| 9.18x10-2 3.40x10-3 1.59x10-5
60 5.05x10-5| 251x10-5 [9.38x10-10| 6.81x10-3 3.99x10-3 1.94x10-6
ST29 3 1.01x10-5| 7.76x10-6 |4.53x10-12| 1.05x10-2 1.24x10-3 9.02x10-6
42 256x10-5| 154x10-5 |7.60x10-11| 6.53x10-3 2.45x10-3 3.07x10-6
Ee-5 & ST26-sur ]
4 ST28-10m
B ST26-00m il
— 45 1 & ST2%=zwr -
- @ STZ5-42m i
= o
g 385 | P
-
S ges ,f’f *
ot il RE= 085
g {_}I/*’ p=0.0%
1.55 1.!::.‘-|:| ’I.I'IELE 1.IT|:| 1.75
Fluorescence Index
a9 7. WEldl 2499} fluorescence index 7+e] A
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Semiletov (2007) 2J3tdA A TEZF &§o= 7 3t7-9 we =5
- Awow p3e MErsEs MEee BrE g9 AUAAE 7 11 Jons (19 §)
HAES A9 o] Aot tiws HAS Wl PAE A& osiA wEge2o]
%= Aoz B (Blum et al, 2018)
3.0 3.0
R’ = 0.3002 R2 = 0.1556
2.5 4 < p <0.0001 25 d p =0.0032
2.0 1 ° 2.0 .
— o o) —_ o®
7 15 \\g\i %o - T 15/ o\\\Q\o o o °
Q o © o T~__o0 80% % 09 To—__o 0© Oooo
~ - ~ - o
g e SEOE R N S Tl
0.5 °  %®° " o T 05 °%e ®© ® T~
o 0 T~ © [¢)
0.0 © o0 o 0.0 ® 9, o
] (]
-0.5 T T T v : -0.5 T " " : :
-1.4 -1.2 -1.0 -0.8 -0.6 -0.4 0.4 0.6 0.8 1.0 1.2 14

log(MeHg_UF)

%:(160, 165°E)ql| /\1 E%

B}, Shakhova and

log(%MeHg_UF)

1.6

&7

(a) 0.6 - THY
4 MEHETHD (%)
i
(=]
[=]
=
E
(=]
I
=

ST31 ST28 ST25 ST13 ST15

0.30

025

0.20

feHg (pmol g‘1)

MeHg/THg (%)

()

Porew ater MeHg (ph)

§T31 ST28 ST256 ST13 8T15

© 18 0.6
14 05
12 0.4
8
010 0.3
08 0.2
06 0.1
ST31 ST28 ST25 ST13 ST15
a9 9 BAMolE H4E £ R 2 54 (@) 35S L WE5e BE (1)
ik Z9 2 (¢) TOC, TN, TOC/TN
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- HAE T2 2T 4 100 m ol ties AAQ] ST25 ST28 ST31olA Z+2F 73+1.1 ng gfl,
61+1.3 ng g}, 55+0.85 ng g o & el omn o]= E& ¢ Chuckshi Seal} Beaufort Sead] 4%
T2 ’kzﬂr H] =8k (3% 5 6, 1% 9). tEAFA(FA 100-500 m)oﬂ A= AHANAE
+1

S TTw
Foxnyt R =4 Yl ST13004 97+1.7 ng g b, ST15914] 82+1.8 nng g}
o]2lem Arctic Ocean Basin® X9} H|<=3 kS H < STIHE A Qs TOCS =4< 5=
7Fe] okl #AAE Hel ST15¢9 4$ TOC/TN H]&o] & zZlo=m Hol ABA F7]&Ee ko] &
Aoz HY

- 3 Al ol 3l

Y429 o~°r T ot AEAEE 7 S

354037 pg g, 234044 pg g AER F& FFORE 1B
91-168 pg gfli HE 35S st =4 YESS

- SsAPH AA ST13% 16+ HA S e+ w571 w§ d3d = B3t
LTt g 1 =2 ﬁﬂﬁ EO‘ ol &= 1%—?%94 %éﬁEﬂ A F7Fst

25 ST13, STI159A = 247t
B oAA oA (ST25, 28, 31)

redox ¥ 3 *aﬁi A,

- ISAMH T Ul DOC, sulfide®] %7 & Aoz AZHRA ZFon=z x3h4 o] Wtz A7td
o]Z A=F3t7] Y3te] XRF, XRD #4418 W33t 23 55z EHE’\}‘E Atolol] FE4 A &
H3l7F gl o g slopeot shelf 7+9] redox zlo] 2 ols]H

- dEE Zojo A dAHeR IS Ha 93 olo] ¢+ AMollorn=

AREAFF(AVS)S] FEE F53 B 7 As w3 elA
basin®ll H|& = YER S H(Hyun et al., 2017) 2=t &
S EE TOC7E =2 HA S A= TOC 93] =45 i1, TOC7F v (<2‘7) BAZ Agoll=
AVSe]| ¢]& 7\7‘4% S AAIE ¥ le-(Hammershmidt and Fitzgerald, 2004), s A #Wlg]o} x| d o] 29
3ho
of

olA] AVS 7} %
A

o

|EE ST25, 28, 31914 #9874 2ol ek AVS Fgo] WEsoe
A 7ok Aoz A H

¢

ST25 ST28 ST31 STI13 STIS

THg (nmol g™) | 0.363+0.00535 | 0.304+0.00643 | 0.276+0.00425 | 0.486+0.00827 | 0.410+0.00896

THg (ng g™ 72.8+1.07 61.0+1.29 55.4+0.853 97.4+1.66 82.3+1.80

MeHg (pmol g !)| 0.451+0.0409 0.835+0.0224 0.476+0.200 | 0.0176+0.00186 | 0.0115+0.00220

MeHg (pg g ") 90.5£8.21 167.5£4.50 99.5£4.02 3.93+0.374 2.30+0.441
TOC (%) 1.26 £0.0526 1.20+0.0292 1.05+0.0357 1.50+0.0469 0.782+0.0211
TN (%) 0.197+0.0132 0.181+0.0105 | 0.154+0.00726 | 0.224+0.00527 | 0.132+0.00441
TOC/TN 6.81+0.263 6.66+0.338 6.41+0.291 6.69+0.276 5.92+0.238
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%6 AAATee >

T= 7
A4 ol (my | o A°M| THE o) Meflg SERE
(cm) (ng g ) (pg g )
Chukchi Sea 50 0-1 31+10 150+70 Fox et al., 2014
Coastal Beaufort
oastal beattlor 0-1 370+360 Fox et al, 2014
Sea
Coastal Beaufort
oastal beattor 30 0-2 41429 Trefry et al, 2003
Sea
Arctic Ocean .
. 2000-4500 0-1 34-116 Gobeil et al., 1999
Basin
East Chian Sea <200 0-2 2.69-78.1 7.43-144 Dong et al., 2019
M dL
Chesapeake Bay 0-2 80-180 | 1000-1500 | % anlgggawerame’
Poilsh marine Kannan and
0-10 1641250 645+756
sediment Falandysz,1998
Baltic Sea mouth (<50) 0-3 6-153 61-940 Beldowski et al., 2014
Baltic Sea deep (>80) 0-3 220-420 Beldowski et al., 2014
ol EAulEole) MRS Qui
SRR
221l
CH &
HCIHE S |[—
==1l =23
=7l 2 7| of
i =l | HEIZaf
E|H S =hAt
MER
+H A =5t FEE
2t
] e
e ===
off &l
g0, g CHo & A
Sinks Soturces oY 2 5}
108 6 4 20 2 4 6 8 10
Flux {nmol M2 '_-,fr‘1}
a9 10, BAMe e A4 A% (G FE29, F4 499
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- ZA | glolafoll A WEFL e R HAZ= 4 (49434 nmol m? yr ) 2 AF (3.9+2.8 nmol
m? yr el g8 f9HE Aew AR, aF, Aol 93 MEFS F9S 0.082-0.94 nmol m
yr) oz g 9 69 (0.076-0.28 nmol m? yr!) 2 ek A (0.28 nmol m? yr )T}
MR e BAS (1 10, E 7. old@ B g B3 AT n5d AGE ug

- HAE Skl o9 AL BRAY B B8 2 AVHAAOH 5 SN A
ZY o Bl e 2 Hola 29 gEFEoA Astde 22233 nmol m? yr )9t B3 g

- WEYY] ASw dudEst, giviwE, e, 18 YA soE JFE T ds (2F 10
# 8). A #7H0.33+0.38 nmol m* yr He] A e RHUdAEE EAow U A=
ol EIajo AAHAZ= 2 (058 nmol m 2 yr He BIS=E 7k

- AREA A S10] 9 A AR EATE D DA G B T pAe Wil
ol-&3t AFAvol Hlal] AF7} HAES 75Ol Ae 2) AFe BE vERE A on=R
Aol & AR A7, 3) *Fzﬂﬁ Aol AR Qlaf AW olsl offshore 3 el x]-9-%1
243k o183 S, oUW WA Bekn FAMe} rsh BAF MPFS FE
ZARE olgte] AYFAT A Aot HAS FAFL2 e FYAe] wate] JEHoR
Ang HspHor o 9= dyE A7y

£ 7 E5e AusA el A 99
F99| Gmol | A%A | AR ek % FuEa

m?Zyr))
Fluxevamon =
FluXevasi | (nmol m 2 | 2MHg #7271 3% 18+2.1 By
X - = a—
N on yr )
1q:|7] Pé]’ 0'26 FO cn—oce
X—q, +0.31 an;) Fopenfocean 04%9/] ice—free B]% 0.50 E}akgglgt
Fice*free 5 -
riod Fice free ice—free 713+ 0.29 Skaret
" period (7OJ 10'(';J i) ’ 2016
ISS)
, Iigc(IR e st 1.3x10 )+46X102 o
m
Sy 0.18 KX Crg( ; -
Bl 3 Hg(I) Zlo]¥
v & 5} £0.089 | mxD Crgan = 0.96+0.37, o
(pM) (O)*ZO, 20-50, 50-75 | 0.84%0.17, 0.81+0.22
m
D (m) 7l o] 0-20, 20-50, 50-75
Qs (m® Brink and
erﬁ) Laptev Sea %] % 3.2x10" Robinson,
2005
Laptev
0.082 | QrsxCrL Laptev Sea?] D
Sea + AP = Heimbtuirger
o o) £0.098 | s/Agss | Cis (pM) Uﬂ‘f"j_vr— T 0.025£0.030
Arss (m?) | BA el o}s) A 9.910" e et
Qcs (m? Brink and
3 Chukchi Sea ¢ % 8.8x10™ Robinson,

Chukch | o5 | Quexce | V7 ) 2005

LA | =006 | < /A Chukchi Seacl Agather et

% ‘ ukchi Sea gather e
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MeHg, <200 m)

Apss (m%) | SA W2 ols] Fw A 9.9x10"! Oindge o
3 . Brink and
' ?rA'?) (m Arctic Ocean 9] & 0.2x10'2 ﬁglbinign
Arctic QuoxC 2005
cean 0.94 AOTA Arctic Ocean®] o3
oo o/Arss | Cao (PM) rctic Oceans| F 7t Soerensen
o w0 MEFs = 0020 et al., 2016
Apss (m?) | EA g ols] A=A 11 Outridge et
FIF% & A vl 2 o3l 9.9x10 al, 2008
UXEKolyma :
(nmol - Kolyma River®] 9.3x10M Sonke et
i T EEs ' 1, 2018
(FluxXgo! Igll" ) al.,
yma ™ UXIndigirka . .
% 49| 033 | FWXna| tamol fdeie fuer 3.7x10% A 018
irka "
Fvierg/ 52 g
AESSg Faverig il —E]EI—"F%EH H{ =3 0.05 1;1{[618206112et
Apss (m?) | SA #| ol TAA 11 Outridge et
ESS & A |l 2] of3i 9.9x10 al., 2008
Peng and
Qs w melt A 1
Qsnow G i meltwater Q= | 3.0x10"+9. 10 Meier,
N R e L o | i
- 0,036 | Canow/A = = S
ESs /A Cooe OM) | 9] MEFE S5 0.051+0.017 | ¥ A
Apss (m) | FAlHl 2ol EE A 9.9x10" Outridge et
al.,
_ Peng and
Qicg melt 3l meltwater ™ Mei
- Qice (m'’ yr') | frdE 3.1x10"%+1.0x10" 20?86;rZ’hang
Y R | 027 | mar et al, 2018
C‘):} +0.14 sea-ic Cseasice 6“ l:lo]g] ﬂ]%%\"‘% N
Apss (pM) = 0.017+0.0072 oot
Agss (m”) | EAI#lols] EHA 9.9x10" Olutrzigogg et
al.,
Peng and
Qmp mel melt pond (MP) 12 Meie
Melt 0.98 Qup (&vl? yr) | 2.8x10%49.2x10" 2018;rZhang
%Ogﬁj £0.12 | maCap melt pond water<] L al. 2018
Y Apss | Cwe (OM) | g o e 0.020+0.0053 Bl
Apss (m) | EAlvl2lols] EH A 9.9x10" Outridge et
al.,
Fluxerosi n Arctic O ° N :
(Fluxe, | (ng yr b %‘—r—c?lé 75 ijmg@ii 47%10% SIUtrZIggSG B
3l oF . 2 >~ o = =
73]:1/5} 0.28 7XAO)X Fiierig 7%;;}?‘:—0‘7‘%%3‘ 0.012 I‘{Oﬂ%ﬁ% “
Fveng 9 . — ‘ A 2
Axo (m®) | Arctic Ocean 3% 9.5x10? (%Utrzlggg et
al.,
0 Porosity &= & 0.70 Chen et al,
DOxDx( 2016
5134% CpW_Cb D (mZ Uﬂ%‘/‘l\“'g‘ Qﬂ'ﬁ]“/l:
LA} 49+34 | )/Zx Sl Dc25/[1+0.048%(25-T | 5. 104 -1 | Soerensen
o 3153600 | S ] ( A0 T LAA0 T e, 2016
0 Doy (m” | 25Col A o] me42
g . =T -9 - Hollw t
ol & 27| 2= L3x10°%55<10™" | 175006,

_23_




Hollweg et

al., 2010
T Ul HEsS
Cow OM) | 5% (STI3, 15,25, | 043715 1w gp
28, 31) )
NETe] Hes
Cow (M) | ¥% (STI3, 15, 25, | 04 92h 02l Tw a5
28, 31) _ .
z ) | 5T e A 0.010 BT
Schartup et
R N LIRS 1.3 aslﬁggéfl,and
FluXaittu et al., 2010
. ><R
ston Fluxaittusio .
(nmol m* | §45 &4t 4.9+3.4 2 AT
yr b
B - jﬁ%%ﬁr ) _ B oo
FrA] Abge AHeE fEY
AA | QA A 2 e
DMeHg dEAS= )
Ky (cm (SFA st F5) 51459 Wanninkhof
hrfl) AX)(%%()FX(SCDMeHg/SC S , 1992
co2/)
DMeHg®] = =9 Talmi and
Kwx[Cp w & Henry A5 Ao an
MeHg in H Expl (-2512.43/Kiemp) + 0.14+0.0013 ll\/éggmer,
%r‘face_ 727]
DMeHg — =
];H I3 in CDMeH in 3—}_%‘—01] /\19] DMeHg + __E_ Od
2 iy o P D %DM) YT (ST23) 0.016+0.0026 -
((Fopenfs C .
um ™ “DNietle in 7] 5 DMeHg Baya et
Fopen-win | {001 e 0.023x0.01 141 2015
m ®)
Fopenm | 9129 ice-free & 050 Baksh, et
o o] : o Baksh et
Fopen-win 718 2] ice—free H| & 0.00 al. 2018
7y Fo A WEg 070+0.032
Cess (pM) | &% (—)O 14+0.016 =
EESSXIX (0-60 m, 10 m ©%]) ) :
pd > ko (m° ] A . Lehnherr et
owen | B el SHEAd 0.001 al,, 2011
53 %eanx 1o]o u}
b ice—free Z’T_O ig\:
st | gt | R ERA paison
X<To en -1 m (PAR) 30-0.31 Simpson
+Ticeg d?) I:IOX[(RXGWDD)‘*«I 1977p ’
R)xe”P?)]
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g | ESAA Y
b (Bm= g g 3y 30 B oAy
(PAR)
Fopen ocean | G152 ice—free H & 0.50 E)lakgglgt
Fice-free ice—free 7]%F 0.99 Skaret,
period (7%_10% &) ) 2016
Light et
e Ea urA al., 2008;
Tice gﬂ mﬁé &g 0.15 Nakanowat
arl et al.,
2018
ISENECY B3
. ﬂ;;\g%g r/]Uﬂ Eﬁ' {0x10" 3+35><10 3’
kq (day ) ((1)_20 20-50. 50-75 7.9x10 3+1. 9><10 SR A
. m) ’ ’ 6.8x107°
(o]
5 Ka*Cwe g 42 zlold
SR | 8416 | R g %55 °] 00820027, |
D (m) 21 0] 0-20, 20-50, 50-75
= = A
Cess (M) | o2l ot e 0.13+0.077 | ¥ A
ARG wEdFS H S
Fovery | 1-[1/(1+Kd 0.0059 Sunderland
o] 22 CrssxF CSPM)] o
7‘;{ = 0.33£0.38 pMeHgXV v ( 1:1 o O]X]-./] x] 7(-1 /\1: Knightes,
| Ve (0| 9/0((d, o)/ )5 415 2008
(1pw)?x 31536000 underland
P et al., 2010
] E’\] ) 2] o} 3]
Copr(me FedaEd B 0.60£0.61 2oy
o =
(3 ) ‘ Brink and
;QILH)<m Laptev Sea W& % 3.2x10" Robinson,
oDV | 0 43025 | QusxCe R EEEEER: .
W= SS/AESS Crss (DM) HEse Ex gt 0.13+0.077 oA
Apss (m) | BAM e oks) EwA 9.9x10" cEe o
Qcs (m? Outflow from 12 Brink and
Chuke vr ) Chukchi Sea %% % 6:6x10 Rebinson,
Qcs*Cr =
+ = [9) ]
hi Sea | 088:052 | (Jhpss [Cass oM) | S g LA B 013:0077 | A7
< (m?) | = H v A 11 Outridge et
Agss (m®) Al gl o}bsl 3EH A 9.9x10 al., 2008
Qao (m® | Outflow from Arctic : Brink and
- yr) | Ocean W% L1x10% | Robinson
rctic
Qao*xCg = & =
Qecan | 154090 | Jarss |Coss (M) | oot B 013:0077 | ¥ AT
2y | = 3 = 11 Outridge et
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H (GFADTE A

Sh?

Q) #T HAg= nAE A

- 201610l A g At (A 2)3 wgstol=dolE FH 13 HAE HU4F] vAdE {7 E
glst Ay (19 12), Deltaproteobacteria, Alphaproteobacteria, Archaea W€ 22 OTUE ]
AA o2 2 s HoluR o]s OTUY FAMY B4lo] A3 o|gdt AxE nigow
3abdEe = A 4, 28914 AU A7 DA (INGS) S ©]-88 16srRNA #2418 H8sta OTU
49l FAMIEAS Eoke] 7 OTUS 7)5s g9lstal ol 2% Wslel dax|of M o4

|

1

ARN"I.&RWXS) AR/W' (A ox1) ARvXB) Ava1)

I OTU000107 I OTU000055
[ 0TU000036 I OTU000690
[ 0TU000046 % 0TU000200

0TU000216
E 8%323:):: I OTU000301
[ OTU000162 [ OTU000081
[ 0TU000047 [ oTu000377
[ OTU000123 [ OTU000410
B OTU000154 I OTU000058
[ OTU000544 I OTU000179

Deltaproteobacteria Alphatproteobacteria

ARA
ARv:XS) AR/v)xﬂ v’xs) ARA"BXn

I OTU000009
I OTU000012 [ 0TU000007
[ OTU0000S6 [ OTU000011
[E 0TU000023 [C—1 oTU000010
[C—] OTU000067 B 0TU000022
I OTU000072 [ OTU000029
[ OTU000110 [0 0TU000030
=1 oTu000183 =1 0TU000020
1 oTu000386 I OTU000037
I OTU000048 EE OTU000025
[ OTU000343

Gammaproteobacteria ARCHEA

9 12, 2016 A4 2, 139 £ HE A= Wl WA= F Bl
4) #F H4&=] & 3 oAb Ak QA

- S YEA ST W W F=2 vebibst vbd elol, wEAks A e Hufnkgol] od AR E =
7] 3= 84 %+ methane monooxygenase (mmo)$} methyl-coenzyme M

reductase (mcr)2] F 7FA17} &3 A o= 2 (Banerjee et al, 2015) °o]& FdA2] HAHFS =3
EAF vegiare #o 0} Vg% BEAAES stz o] F wEitksl Bhe Elolb=
particulate mmo (pmmo) %+ soluble mmo (smmo) WlAYSES 7FA 22, wgAkst 1A 7S mer
HAUSS 7HA I+ A= ¢4EAd I+

- ol 2 19 714 weakst et A 29 nitrite $HY-3 714 W EH4F3}= Proteobacteria,
Verrucomicrobia (Opden Camp et al., 2009), NC10 (Ettwig et al., 2010) Hre|g|o} 153}
A=, A 3-63 Zo] ik, AL, H H oz Ay A3d P74 v eAEstE anerobic
methanotrophic A+ (ANME)S FvlZ2 85+ Ao Hu¥AS (Ettwig et al, 2016; He
et al., 2019)
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CH + 205 — €03 +2H0 (1)

3CH4 + 8NOz + BH™ —3C02 + 4Nz + 10H:0 (2)
CHa + SO3" —HCO3 + HS~ + Ha0 (3)
CH4 + 4NO3 —CO2 + 4NO3 + 2H20 (4)
CH4 + 8Fe(OH); + 15H" —HCO3 + 8Fe?* + 21H50 (5)
CH4 + 4MnO, + 7H" —HCO; + 4Mn2* + 5H,0 (6)
- AFAE ASS =X 0 cm XFAAM= 3714 w e dhE 2o}t (Proteobacteria,

NC10 pmoA) WEARe FQa7]20 2 (-2 cm °}%ZF) A & nitrate/nitrite

3-8 7] g ekst 7 (NC10 ¥rglglof, ANME-2d ZAlF) 27|22 35 Q3 8-10cm
SOl = FAtdstd-F 71w ebakst At o] (ANME-1/2a/2b/2c) &44-80°] +8 HEi
717 o2 gelgQ o g (He et al, 2019) o]9F H|=d FZ27F oAAH

dsrA (dissmitatory sulfite ruductase)®} mcrA (methyl-coenzyme M reductase) -7 AFell o 3l A
AHS Jagst A3 4 4 28 BF 0-2 cm oA =2 %9 dsrA FAA7 A8

Pl s (19 13). s vtelgote F2HdEst rAEE 484 dom 53

deltaproteobacteria 13 % delsulfobacteriacea$} delsulfovivroneceae 7 &°] T2 =7
Hestgo] B vl

At 28] ¢ wEr2 Hlef dsrA AR o] H 3 profiles HolR=

[e]
delsulfobactenaceaﬂ delsulfovivroneceae 5 23] vhg|g|o} gxdo] =22 wE sl 7] olst=
Ao =w A, T vEstol=dolE FH 49 A5 £FH 68 cm oA =S FE9] dsrA
FAA7E BFE, B2 ky, %= v F o8 7 delsulfobacteriacea®} delsulfovivroneceae 5 2
it sdnte|gol o] S T2 wEst 7] 04?3‘P% Aoz FAE
Hgk sto]=do]E HH 49 52 5AAoE u]§ =2 kg ahS Holal sAlel 17 13% mer
frazre] FE7t =2 AdE HolBE FI7|AAWEAISHANME) aAldo] WEa&e] tud sl
7lofgtth= Aol 7hesh ey 20161 A 139 mAETH S st 15 EH A EA
ANME 3 Avt& i w A o rmg o] EAAue oJ&3H mer TC’erX}

A4 Rs AeAdEss] A4 AAH 7w )
5]

=L A8 Ak
keE ¥ol= ALz 4. st ES 2AR =35 merA7F B2 75‘% YA ZAEgo
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2, 10 L 104
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© ]
(i O
15 15 4
—e— ST04 i Lo
—=— 5728 —e— ST23
20 20
mcrA (copies/g) dsrA (copies/g)
1% 13, dsrA, merA AR Azl X
5) EF HAE] vAEUAL AsAl HFE T
0.30
0.14 4 I Control
= '\Cﬂontrol . Vo
] o EE BESA
025 B BESA 0124 Allyl sulfide
Allyl sulfide
0.10 4

0.08

Kd
Kd

0.06

0.04 4

0.02 4

0.00 -

9 14, HrHlote wghbel aAlte] tAMA A E TR - ST HuEs} S

AX 4, 282 0-4 cm ol kg skdate|glo} A8 (molybdate, 2mM), wlEHAFS}aLAl A 3 A
(2-bromoethanesulfonate, BESA, 50mM), w|etitslutg|g]o} A& A (allyl sulfide, 2mM)<}
TEEALERE FYote] T2AFE 4T WY F k& 73 235 19 140 HER S

- A3 49 % Mo, BESAE T3 A% kg #oll & #ol7} gl oyt 5714 wiekiksiatbe] 2o}
AAE AHEgE B5 kg wkol 3’—71] volxl. 7|4 wigbshatE|gol, 58] w=iolA HuEsE
sithar 22 Alphatproteobacteria 5 methanobacting 7F4]+= Mehylosinus trichosporium

OB3b (Lu et al, 2017) G°] WEF22] Zald 7148 = 33

Ak 289 9 Mo, BESA, allyl sulfideE T3 EE %l ko #ol7t gl AgEHAE
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£% vgse dugsis B Aol dAw WAR Sulaavks gl gl Zlow vepy

Ab HA S Gt —vlE HelF (SMTZ) 72 3 v= &4

o

(1) +2F 55 +X

- HEsto]EYolE mh A A 4= FEIolE AT AFTEAEAA wE sto]=HolEg}
CaCOy7} 7 =o] ghibsl wgk 2kalrt dojd Zoz 7= = A -, 9F 100-120 cm Z o]l A
sakol - el M o] (sulfate-methane transition zone, SMTZ)o] 7%

- 7)1 EatslE spaslolEdolEe] dlglR AtEE HEe] 8 AR7|FO=Z (Cho et al,
2017; Vegneron et al., 2019) &&# 2™ Reeburgh (2007)¢] A7+ 37173 vl &-4k3}21-8-o]
HAEF vee] 0% A=E ARt Aoks SMTZolA &= Aol o3 7|4 v ekatalrt

Fo% 4L @ Qo

>
z
=<
)
ot
r
o2
ot
rio,
i
rl
B>
>

192 ol Fmm oo Fush] v 8
7l o]o tigh AR ITF AFStER 2 AFdA SMTZ 73] F&F 5, ky, ke #S
TE F FAAYY 2 FATE v vwsng I

- SMTZ+7H106-116 cm)®] WY+ F%5+ 93 pg/gl s 22 o9 %3 WEFTS v% 5.4
pg/gel Mla) A 2 ghg wel FEe o) WEsed g T 012%2 2 HHE
E59) 0003%°) M3 FI e @S B (29 15)
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1 1
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THg (ng/g) MeHg (pg/g) MeHg/THg (%)

120

a9 16 A 4 HAEe] T2 w8 MEFS 5 T2 U] WEs2 HE

(2) SMTz W WEs} fues Se/d
- Ygtsto| =g ol E HAE SMTZ #3te] 2 ves} fues)t i
160 HZo] & A" EZ= ky, (0097 day Dol Hl&) 30% A= =11

7d; =
Hl&l (021 day ') ©3]8] 3u] AE @} kS Bl SMTZ it eE EAAH o= k0] =&
Ro = vobd
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(3) SMTZ W A= EH-EA (A4 23
(A) Relative abundance (B) Relative abundance
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m Chiorofiexi mli51 B Euryarchasota B MBGB_p
m Dehaprotecbacteria M Planctomycetes ® Thaumarchaeota m Bathyarchaeota
m Aminkenantes OP8 m Bacter oidetes W Archaea_uncissfied
B Gammaprotecbacteria H Frmicutes
m Betsproteobacteria m Bacteria_unclssFied
B Others
a9 17 44 4 HHE W AdFA) 2 2HAFB)Y 7 FE
- ¥ 173 o] veslol=golE HAHE SMTZ 17+ nAE FH+2E g3 Ay AH 4
106-116 cm ZoJoll Al LM Euryarchaeota %o $43Far ¥y g ob= Deltaproteobacteria,
JST gl S o gl Agshs fAAE WAEA e A3} Euryarchaeota 1594 =
OTU 001, 0047} Deltaproteobacteria L3591 OTU 006°] 3o OTU 001, 004=
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ANME-1°] 3 &3t

- &3 93y ANME-13 343t Deltaproteobacteria®ll €3} th2] F©] (Desulfobacriacea,
Desulfovibrionaceae) %2 "l@3& 2345 7HA 2R SMTZAA A9 gk vHH 2lo}rt
ANME-1¢] AAZ wro} 2 AL Qs s FAA Lo wadslr) Wz dojus Aoz
wel (19 18)

(A) ( ) Myxococcus fubvus HQ623101 HQ623101

Cold seep sediment _Japan Sea (AB121098)
Arctic Ocean (EUZ87257,

Haakon Mosby Mud Volcano Barents Sea (AM287207)

Napoli Mud Volcano Fastern Mediterranean Sea (AY302579)

Hydrothermal vent sediment_Guaymas Basin (AF420336)

Desulfobulbus japonicus Prol (AB110549)

Desulfobulbus oligotrophicus Prop6 (KUS45305)

Desulfobutbus rhabdoformis M16 (U12253)

Desulfobulbus mediterraneus 86FS1 (AF354663)

Desuifobulbus marinus 3prl0 (M34411)

Hydrate Ridge (FN549944)

Mud Volcano_Gulf of Cadiz (HQ405662)

Unculfured bacterium cold seep sediment

Japan Trench (AB189380)

Haakon Mosby Mud Volcano_Barents Sea (AT704694)

Nitinat Lake_Canada (EUS70912)

732425 2
uncultured - archacon (KU324250) ANME-2 Desulfobacula phenolica DSM 3384 (AT237606)
Desulfobacula toluotica Tol2 DSM 7467 (AJ441316)

Uncultured archacon(AB525486)
Uncultured archacon (AB252424) [, Dessliobacies baotolerans (V14745) Ly
Methanohalobium cvestigatum (FR733675) Desulfofaba hansenit P1; DSM 12643 (AF321820)
Methanolobus oregonensis (U20152) R
Methanclobus tindarius (M59135) Methanosarcinales
[ Meth (NR_044724)
! Methanosarcina barkeri (A7012094)
Uncultured archacon (DQ521778)
Uncultured archacon (KP204804)
oTU001

Uncultured archaeon (JQ740752)
Uncultured archacon (AJ578084) ANME-1
Uncultured euryarchaeote (AM745258)
OTU004

Uncultured archaeon (AJ578134)
Uncultured archacon (DQ522919)

darius (NR 074267)
[ bryantii (AF02868%) | Methanobacteriales
Methanobacterium formicicum (AF169245)
4‘_‘:}15&&:&5 masismortui (NR_113421) | Halobacteriales
Helobacterinm salinarum (M38280)

Methanospirillum hungatei (M60880)
Methanofollis tationis (AF095272 )
Methanoculleus thermophilus (AJ862839)
Methanomicrobium mobile (M39142)
Uncultured archacon (TF268328)

Methanomicrobiales

Desulfofaba gelida PSv20 (AF099063)

Desuifosarcina alkanivorans PL12 (AB468588)

Desulfosarcina variabilis (M34407

Desulfosarcina ovata 0XyS1 (Y17286)

Desulfosarcina widdelii PP31 (AB610146)

Desuifacoccus mulivorans DS 2059 (AF418173)

Desulfococcus biacutus DSM 5651 (AT277887)

Methane seep_North Sea (FM179872)

Kazan Mud Volcano_ Eastern Mediterranean Sea (AY592214)
Hydrocarbon polluted marine sediments (JF344696)

Sediments above gas hydrate Hydrate Ridge (AJ335240)

Methane seep_Eel River Basin (EU622205)

Mud volcano sediment_Gulf of Cadiz (F1813539)

Amsterdam mud volcano sediment_East Mediterranean Sea (HQ588578)
Kazan Mud Volcano Eastern Mediterranean Sea (4Y362192)
OTU006

Methane seep sediment _Fel River Basin (GQ3356952)

Gas hydrate_Hydrate Ridge (AM220185)

Methane seep_Yung-An ridge_SW Taiwan (GU553778)

01

a9 18. SMTZ W M|t 5 Euryarchaeota(A)9} Alit < deltaproteobacteria(B)9] % 12

(4) SMTZ W utgglo} AL AsA] = A3

- SMTZ%= H4E gstdstdutgelol AsiAl (molybdate, 2mM), ™E-AF3L Al A 3 A
(2-bromoethanesulfonate, BESA, 50mM), w&titslete|g]ol A& Al (allyl sulfide, 2mM)9}
-’FQEH AA2E FYste] 72417 E<t 4CHH°]E km, ka& 78 A¥E 217 199 YERASA

- kn @t vgRibstEbE ol ASiAlE FHE A5 Z Abolrb gllont shalkd skl ubE g o} x{aﬂxﬂg}
Uﬂ%&ﬂ#*ﬂﬁ AAE FHe B5 whol AA Rl = vwlEAst AT 2
it sdnte glofe] FAo] 29 HEstol] 7]ofsh= Ao = A H.

- FHEA Auto] 9 106-116 cm =4 Euryarchaeota®t Deltaproteobacteria’} ¢ 38taL o] =
Euryarchaeota ZE01A= OTU 001, 0042 AHth= 9ko](OTU0L, 97%), Deltaproteobacteria
A= OTU 0069 A4 ol (88%) 7Hd =w. 19 189 FAMIEAlddl ostd OTU 001
004= ANME-19] 3l9d3staz OTU 006 gas hydrate, mud volcano, methane hydrateo]l A WA % +=
Hl—Eﬂg]o].—-—J,} FAIA S EO]

- ka #& 919 A3} v b skt ol A A o wEbst AT AsiAlE FAE Aol
ﬁ«] W37 gl ot wleikstatd glol AAlE FUT & AA vopxlon R wekilksiabe g olol
Fazbgo] Wy e 7ok Ae® A H

ol Axts FdAH oz |4 sd SMTZAlA Deltaproteobacteria & #4H 31 8Hg) 2] o} 7}

|
fo

ok
J
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ftlo
o

ANME-1 wlgtts} wkgol A A AAE ol At S Sdsts A & 529 vdsrt

w27 dojubs Aoz AZE (17 20)

3.0 0.8
I Control I Control
I Mo I Mo
254 N BESA EE BESA
Allyl sulfide 06 Allyl sulfide
2.0 4
-
S o
E s T o4
1.0 4
0.2 1
0.5
T
0.0 -

a9 19, vEEol W wAF AARAE 24T F S s, g SEYs

SMTZ
ANME-1 SRB MOB

: Alphaproteobacteria
Hg(ll) [ Euryz:z?:eota Deltaprt{);:fgbactena = MeHg(|) ’ Gammaproteobacteria
pmoA, mbnA

= Hg(ll)

b 1+
MeHg(1)(?) Hg(ll)

29 20. SMTZ 3te] =2 vdst 2d
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3. 32kd % (20199 ARALI0C ®HAH

o EA el s5 e 2

ke

5m

10m

30m

75m

125m

250m

750m

1250 m

1750 m

2500 m

I 21. ARAI0C FAIlEloball Al& A AH
- 2019 99 1025 163744 A Mo SdolAl a4 W Az e AR} ool H o,
= 12709 Aol el s 2 EA At (19 21). 5o A5 T 54709 A=
HAEe Ao 1218 BE ARS A2 STI(23 me STISE0 mE A9 he gde)
3}

FALE 41-60 m= & Holl &

(1) FAMelols] T Ea Qa B

Temperature ( T) Oxygen (pmol kg-1) AOU (pmol kg-1)
1] " “ ]
E

o]

& 400
TEN TEFN 156N TIEN 4N TN T4TN AN BIN TEEN I8N AN TN TN N 5N TEE'N
Fluorescence {mg m-3) Salinity (psu)
= o - "

>3
3
&
4
B
i
=
i
2

Density (kg m-3)
2

-
B ®

100

s -

g g

5 5
S » §

] a
300

]

=2

i
o
-l

400

®
g

A0¢
TAEN  TAIN TAAN TN TEN TAFN  TEEN TASN TN TAAN TN TN TEIN TIEN FIEN  TAIN  TA4N TATN TEN FAEN PRGN

a9 22 Ao sre] A=stetA QA FE (ST14 Al<))

1340.438C)o] 2018 =l H]3) =7

- STIA(-0328C)5 ALl A AN HSe (3t
2 Yo 93 &% A 2yt 743

o)
oE =




Depth {m)

Depth (m)

Aoz Azt (¥ 22)

A7 A 2018} wFRTIA R STI3, 14, 159] OFEZF(20-40 m)ol A 27| vehkon] vk
T4 9] Xé@Oﬂ/ﬂ—E NZzo| ] Z7tE= AS wol.

AOU= H5&9 A5 2 tisAre a3F sAolA =7 yet

X ot

=
i pmi A AR o)A,

Ak % e Aol A= ASedA
Z71E e AS BYom(0519-149 mg LY, £E57184E (Ao whe} 22 9H1.13+0.138 mgC
LY diF® 2304 85 =4 S35 A5(1.51+0.281 mgC L1>

0.25
100 0.2
=
&
i 200 015
7]
Q (5}
300
0.05
400 ]
7i8°N TAI°N T44°N TAT°N T5°N TEIN TEE"N Ti.8°N T41°N Td4°N T4.T°N T5°N 75.3°N T5.6°N
THg (pM) MeHg (pM) MeHg/THg (%)
04 08 12 16 20 24 28 32 0.00 005 0410 015 020 025 030 0 15 20 25 3
0 P R : - - - -
10 10
20 20 T
i
30 30
40 40 3
g g
50 50 R -
S
60 \E: _ &0 ; \“\u
70 | & = 70 N = 70
a0 T E’ a0 \T E‘ a0 \q"
! £ ‘l £ !
ag |! % a0 !. % a0 ':I
—o— ST08 O Sl TR ) —o— STO8
100 ! == I 1001 - st ! wo =5 2 A
110 | —%— ST 1104 3T Sh ! 1104 —w— ST =
{ —4— STN *— | —4e— ST I
120 ' —g— ST 20 = A ' 120 o stz :
— - 5713 - = 5T13 e
250 'Y e 250 L S 250 o - -
500 —&— STI5 500 —:— ;T_g 500 { —a— sTi8
—&— S5T20 T —o— S5T20
750 T o 7501 & ses 50 AT T
1000 —4— ST w00 T I 1000 { —4— sT21
1250 == SR8 1250 1250 { —® ST

O =% Y 51T
-5 Tk

19 23, sA o] e

als

o F(18+0.74 pMOANA AZF7HEE AL
% F7hE AL AFNAY Sk HYFoRRY

#9102 A7y

e 2o By 201839} vk Al BB A FoA A3(0.1420.062 pM)oI A =4 YER o™
E5(00290.0092 pM)ell A 7Hasl= Aol A& A5 T7h= mass budget A7E 312 8}o]
HAZFoRTE FYoR kg
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L A obel HAE F2F TX

- 1278 ARl BFHAE (02 cm), 45, o574 F2F & 248 Jde80s (1d
24-26; 3% 9-11)

- HA g AT 42 v=e 19 109 Zol dlietdt ke A19(1.06-2.08 pM; ST08-10)°] w
A199(0.683-0.831 pM; STI3-15) Rt A Uebd. wWlEdg29] 495 dAT 4342 o ST12

(0.199 pM)I A 7 =41 UEelskon S22 71 77k STO8, 09, 24 A4 (0. 133 0.138 pM)
H]—/;q l-:o h:l:?——' E_o] (:7_31 24; ¥

- AFF SEAVIEL FEE MUSe BREo NS FEATS 2. SUVA e TUE YU
bl EA $4719 FHAS olEstER e ke Ao 2 g ne

135

ors

—= -——«Ig LE]

160°E  165°E 1TO'E  1TS°E  180°E  175'W

v H
160°E  165°E  170°E  1T5°E  {80°E  1TS'W

4% | 7ol | THg (3 pM) | MeHg (¢33} pM) | DOC(mgC L) SUVA,ib““m,l
(L mgC*'mH)
STO8 41 1.06 0.133 1.36 121
ST09 48 1.65 0.138 1.26 1.03
STI0 49 2.08 0.0732 2.10 0.763
STI1 59 0.751 0.0857 1.16 0.990
STI2 65 1.01 0.199 1.65 1.03
STI3 | 123 0.831 0.0909 1.38 0.763
ST14 | 1351 0.815 0.128 1.69 0.679
ST15 | 370 0.683 0.0803 1.05 0.499
ST20 55 1.02 0.0886 1.41 1.46
ST24 45 150 0.138 1.64 198
ST31 52 0.634 0.0773 1.36 1.14
ST36 48 0.973 0.0663 1.20 1.66
- 2% H4%E 355 eSS TRE AT vS A §X9 7k ST9-10, 36 (852-9.93 pM)}
Sl B STIA (879 pM)OIA WaLd %A e (28 25 % 10)
- I FERIEARY A= A AT S HolA] oy HENsET) Hrha o AtE = A A ol A

o o=
(STI10, 20, 24, 31, 36)oll A =] SN2 wghg=ete] vl ag



SUVAzss (L mgCtnrl)

DOC (mgC L)

160°E  16S5°E  170"E 175°E 180°E 175'W

44 | 2ol Melg (%}, pM) DOC (mgC L™ SUV Az
(L mgC'm?h
STOS | 41 9.93 875 1.20
ST09 | 48 852 833 114
ST10 | 49 873 9.59 0.990
STI1 | 59 794 12.1 1.77
STI12 | 65 8.05 10.0 0.398
STI13 | 123 763 10.0 0.299
ST14 | 1351 879 8.27 0.363
ST15 | 370 6.42 8.13 0.861
ST20 | 5 754 125 116
ST24 | 45 7.32 117 213
ST31 | 52 6.94 145 0.828
ST36 | 48 9.93 12.0 179
- HHE T4 A9 201893 v R 4ol 21 STIS-15004 =7 S =0 en (82.3-127
ng g ), Mol A9t olg) wlz £79 ke AREA AUHOR e FEE e
Tl 2 AN = AEIA AR w7t HEH. 53] ST, 31 oA vk =7t
= WEbs = o= 201830l = A Ehd GR(ST28)3 dAI8kH 729 &3k,
s 4S8 dds EE et % (2" 26 & 11
- TOC= Aol 77k AAell A Hlad =2 Holn, TOC/TN2 Aol 22 AoA o2 fs
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THg (ng g%} MeHg (pg g™}

160°E 165°E ITOPE ITS°E 1B0°E 1TF'W

160°E T165°E 170°E 175°E  180°E  175°W TO0E;EE OETIRIE

oY 2. HHRe) £eF W fUlEs X

33 2ol e Melle = roc 9] TN 06) | TOC/TN | TS (96
(ng g) (pg g )
STO8 AL | 455:485 | 960425 103 | 0142 728 0.147
ST09 18 | 494239 | 1542429 106 | 0152 699 0.131
ST10 19 | 501201 | 1114943 | 0922 | 0135 6.83 0.139
ST11 59 | 592+219 |  402:298 140 | 0212 661 0.186
ST12 65 | 502:152 | 160¢10.9 | 0858 | 0133 6.47 0.143
STI3 123 | 9744166 | 3530374 | 151 | 0225 671 0.444
ST14 | 1351 | 127+450 |<DL(1.99:0491)| 0835 | 0.133 6.26 0.202
STI5 370 | 823+1.80 |<DL(230:0.441) 0770 | 0.132 585 0.157
ST20 55 | 749+261 | 105+243 | 175 | 0260 6.75 0.226
ST24 15| 5724137 | 270:224 143 | 0207 692 0.167
ST31 52 | 6640763 | 368272 137 | 0202 6.78 0.183
ST36 48 | 463+0647 | 152¢157 | 0948 | 0.140 6.77 0.102

REE
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- e 420 A9 ST13-15914 F718 Fol Hl&te] dejdoz v Tyl 55 AS. 22
AGoAA F74 w57 oS ddshd nAE giAb) vEgse] guesie vojds o
He) WHlE ST13-155 Al9je YA A de] F523 g3t e o Jade nAE
S5 Hophe Fr)|529 sxrt WdstE Aot Ae on g

- e s TOC 7F 4o #AES f71E dAs MEF29 FAFYT (runoff +4) HAE
U mAEe o WY S S T A A9t 7FEst R R ky vs TOC azo] FQa 3k

140
# 5T13 14,15 @ # 57131415
» # ST0812 2036 * # ST08-12 20-38
120 5 '
o R2=0.2558
- - Pp=00406
[a)] -
mﬂlo - R‘““-.L_ T /f"i
= RZ . it ® i
o » = 08283 = ] . o
T & p=00007 # PR s -~ RZ=09067
= i B - p <0.0001
b L] L Bt ® e
B0 g @ . . -
N -
40 . ; .
08 10 12 14 16 18 58 60 62 64 66 68 70 72 74 01 0.2 03 04 05
TOC (%) TOCTN TS (%)
ad 27 RFEAE W 2 171E 94 HlE e A
1000 | * ST1314,15 * ® 5T1314,15 # 5713, 14,15
& ST0212 2036 * #®  ST0E12 20-36 ST08-12, 20-36 /,’
ey -
- 800 1 R2=07650 . RZ = 07420 i
p=00020_.~ p=00028 ~
=)} e 35
o 600 - A L
= 7 s .~ RZ2=0p8328
s - =
L 401 P V] 7 B
-
E /// » i ///
2L * o b . { P
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o
0 'E.&f = . i & & & a3 ] r
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TOC (%) TS (%) THg (na @)

a9 28, HAE W e 7r71e 94 vle ke dad
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- SAuYole] 52 A EoA e wEs 2 Onds} SEAsE £ 129 2 vEse 520t
= ST20004 EolatA =& WEs&TAda7E SAHHAS UuEst 245 49 44
A8S HolA Fgor}t Frl vre STO8, STI301A Hlwd =A AHAEe. A v 470
AAoM £AFE A T AS

- AgAFoN =EE Lol vwstd WEs 2 gues) &5 Aot vjua v S-S
(3 13). ol & sdd o] AdeA o]FofA ] & A, 257 e =4 IS
a8t ddE 4 de A 2

- HEFe e 2 YHEFEe /R e MEdEENE kW B2 %o A4S 1Y

=0.83, 0.76; 18 29). ol FF HAE WEdFS X7} runoff olF Bube YA FA

% 12 BAlElcls] HAE vgs @ tugs) Suas

A4 zle] (m) kq (day ™) kn (day™) MeHg (pg g ')
STO8 41 0.0678 0.000224 96.0+4.25
STO09 48 0.0375 0.000238 154+4.29
ST10 49 0.0379 0.000625 111£9.43
ST11 59 0.0220 0.000712 402+29.8
ST12 65 a - 160+10.9
ST13 123 0.0930 0.000313 3.53+0.374
ST14 1351 S - <DL (1.99+0.491)
ST15 370 ND ND <DL (2.30+0.441)
ST20 55 0.0631 0.00161 1025+24.3
ST24 45 - - 270+22.4
ST31 52 0.0472 0.000342 368+27.2
ST36 48 - - 152+15.7

F 13 AgdTote] i vl

ke (day ) | ke day) | xfi é\{e)Hg
Long Island Sound 0.014-0.082 2003200 Hﬁ?gifgg’ﬁ%oz“d
Mid-AtlanticContinenti | o 96 | 0002-0.053 8-96 Hollweg et al, 2010
al shelf
S%ne 121:arézilsi§(§)r£§y 0.144-0.216 <0.000§*0.004 9505400 Marvinall?ﬂ;g;guale et
% A Wl €] o} 3 0.0220-0.0930 O'OOO%I_O'OO 353-1025 B

_40_



MeHg (pg g 1)

1200 1.8
- 1.4 &
1000 4 P s -
=
500 - o £ -
- - . n '1[| b ,.-"',.- -
L4 ml=naEne Z g = =07973
&00 - - p =0.0041 08 S o= 0.00E
- = -
-~ T 06 s L
"-1{|[| E & .-"* o & L ] f___.-
ot = 0.4 -
004 L.~ N
o 02{ ¥ .
1] L na &

0.0000 EI.{I'IIII{Id {I.{I:'IIE {I.[I:'ZI1E {I.{HIII1E- 0.0020
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0.0000 0.0004 0.0008 0.0012 00018 00020

da2 ddFA A
AR fal A
2= ol i
2 s —
mHelALTE e !
UCIHE = — o
225 ==l
S = A5l
= 7|l Gk
2HE|= 8l ElTDH
2 EE =i
MEw
2t
5] gl
e 2=
afl
" Ci2 &S
OIfIKS OOUICes | gl 5t
L=
(L

-12-10-8 6 -4 -2 0 2 4 6 § 1012
Flux {nmaol m-2 '_-,rr'1}

- 2AbdEe] AR ARsA A ABE o 3AIE HAR FI5 s FEE
gokel HAR U BYLE wAHT oF ool AYFAS ANAYH A3} HAZ F
AR FAAA DG Jlolst FANEN FAHA @G fYdol LuHE AAE A
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ot s otks HAE vAE A

- 16S rRNA ¥4 Z 3} proteobacteria”’} 7H¢ o] #3381 t}3- 0 &+= cyanobacteria, bacteriodetes
st 2> sl HAE x99} H|S=35H proteobacteria oA gammaproteobacteria®]
ol AA YebkE (17 31)

AEE B wskedS W= ST11, 14, 15904 proteobateria®] H]&o] =LA YElkon &X ¢} 717pe

A A4 E bateroidetes 2 cyanobacteria®] E¥7} A el 4o 218 Ao =

actinobacteria®] H]&o] TV AS

149 2o WiEsl 704 hacA BAle] 4§ URE FHHel olFolNA Ryenw AEE
TAS Sate] AR A vAE TS THE gAY olE sk kyol 7HE =& ST2000
gk P AE FH 2SS FEE JY Sl A
A A N K, ke BA0) BT B F 0B WLEe s vlawela, B vEd 4042
7ER mAdEe] FEE AR EE ¥ty kol 7ok AdES =5 444

Other | Acidobacterig

Actinob
Acidobacteria ; B;tc‘::ro?dcgt?ensa
Nirospinae g ——

= Firmicutes s B Firmicutes

= Chloroflexi 8 — Ertrosp;nae

£ Verrucomicrobia L o Mt B

O Actinobacteria = = Other

Bacteroidetes 2
Cyanobacteria
Proteobacteria

0 10 20 30 40 50
Abundance (%)

1% 31 16S rRNA 32k A0 93 s o5 3

F 14 hgcA FAAE 7H MAE 2% (family @91, %)

STO08 ST09 ST11 ST13 ST14 ST15
Uncultured bacteriums* 0.035 - 0.754 0.233
Micromonosporaceae - 0.016 - - - -
Dehalococcoidaceae - 0.0064 - 0.216 - -
Planctomycetesbacteriums - 0.040 - 0.0093 - -
Phyllobacteriaceae - - - 0.0056 - -
Rhodobacteraceae 0.014 0.0016 0.0039 0.047 0.028 -
Acetobacteraceae - - - - 0.842 0.057
Rhodospirillaceae - - - - 0.678 -
Burkholderiaceae - - - - 0.084 0.068
Desulfovibrionaceae 0.0016 0.013 0.0013 - - -
Xanthomonadaceae - - - - - 0.011
Chlorellaceae - - - - - 0.025
Other 99.9 99.9 99.2 99.5 98.4 99.8

*Species

_42_



17w 165.9°W 168.8°W 163.7°W 163.6°W

a9 32, HAAS HA= As AF AH

¥ 16, HA & HAHE A= (STO05, ST07) Zol¥ & ¥ WEefe 5v& =74
K Z1o] (cm) THg (ng gV MeHg (pg g )
10 69.30+1.97 61.80£7.39
40 59.21+4.21 1.590+0.97
75 68.36£0.96 2.190+£1.67
105 67.08+£1.75 0.580+1.03
STO05 145 67.50+1.34 0.380£0.31
160 60.55£2.09 1.430+1.31
175 61.87+1.23 0.040+0.95
190 68.29+£5.08 ND
225 66.96+1.03 N.D
10 65.38+2.71 N.D
40 69.82+1.50 N.D
STO07 85 64.53+1.35 29.810+5.47
110 63.46+1.74 N.D
130 63.65+1.08 N.D
Ao A o] HAE A5 AFHA= 19 323 Zo] 5, TH AAA o]FoH . 5 7™ FHY
1% T2 55 % 39 vastd HA &, MEES] =gkel Hlste] BlaA =3 53|
A ] Hat gkt v =9t (3 15).
F 39 %F HYE MEFS 58 7-1500 pg g ' o2 Uit WE Lo Rt
T2 05% A== AT Ay divEes A9 558 459 WETS 55 W97t
uj-g- 52 o] fro] tiEjx e ofA WetelA| gornm ys AEe azo] o3t
HE e Fro % 5 AHolM 10 cm F29 WEFE FEE 61.80 pg g 12 =
2R, v 7H A™o A= 85em Fol AR WERe Fx7F 2981 pg g 2 A
VeSS (3 15). o] Zo]= SMTZ (sulfate-methane transition zone) v A& oS WL}
2 =234 Ql dEo] =& sEE YAANZ Ao=E Holm R % wdst S g
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AE 3 EAE T dAdE FHE 287 U

- ARA mound Wl fAst= 7 -9 HAE F52 g5 AvbHoR zlolof uwa AA
Wz FetheE MM B3 A3y (21 33; Fox et al, 2014). H A& A FLolA S=HE
HHES 1-2 cm kyr '2 £x9} 400 -500 km A% o 7H7bE XA HAE (09- 1.3 mm
yr DR 10-20 ¥ A% S (Kolesnik et al., 2018; Vologina et al., 2019). o] # &3 10 cm
Zol= 1-2vbdel sigstn® s zlo]o vr Fimol tidh o] J g

- Metg(pgg)
Sediment Total Hg (ng g°")

5 5% 60 6 70 15 8 0 TR
0 1 I 1 I L -
5 | 20F 5 |
£ I
100 - c 4 €100 -
& g 2
e ° - £
o £ 60f g
8150 g " 8 1501
3
w 80+
200 - 20
—+— 705 _ 1 —+- ST05
—— 8707 1001 Hg/AI=53+05 y e §T07
20 N ‘ 20
19 330 HXAal soje] zod T, MEFS B8 s vl
& 16, A3 Foje] Zlold widst B YuEst LA
A3 Zlo] (cm) ke (day ) ke (day)) | MeHg (pg gV
10 0.005273 - 61.80£7.39
40 - 0.336 1.5900.97
STO05 75 - 0.0888 2.190+1.67
105 0.0353 - 0.580+1.03
145 - - 0.380+0.31




CH 2| 7|0 =

S [

H

X0

2%
Hr

L ERE

cEIEE

0

H

)

s

=

(1) 2017

i X X
[ae) (] o
we = =
T W
% 9 =
do o |
ol .
vl
N T T
P o®
RE i
- & z
g | = iy i
TR o
T A | R
de o ﬂo N ‘MAEV
e
e
wa o | B
o =0 O
B o _1/n 4 70
ol
T o)) ﬁ =
= & AP ol
< N x| %N
Mo T o8 | B
T il
Ll {
= v o
h a B
% 4 A
T | "
W N oo
<] B = N
o | TH

47 4

rviel

ay

T

s

-

(2) 2018

M X X 3° © e
o o Py 3 3
X0 S S S S S
it - = = S S
oo |4F Mo T |
1 To nr <A oy 5
dooog R MW p mow %o_m E W
Mm v m.E H]a No & o mm M ~
A m U ~0 Mo | o N o
L _Moﬂ. W __ﬁ R ] [ N
= X T o W R
S VR - A o Y o G L
LR | BUBE Ol 2% [°
ko) = o ‘_|§J Eﬂ# Eo - WI_W*I N o M
No o < < mK N A =% iy
WU T |of o mﬁ, R ﬂwjﬂw ﬂm
= |7 W R | T e s (R
Dl Prvew|pl NP Tad |,z
pu Mo = o IR 5o B ol EF | a T z
C 2 |eXEr|ET WT| x BT |n
< KR E | d R |
M_M ﬁ m m__.ﬁ W e ,ﬁ_ w mom =) G2 ) Ho Agﬁ.
<= .5 9= o ) =
% O ﬂ&ﬁ%%ﬂ%%ﬂ,ﬂﬂﬂ M%
~ i o — g o T = Bo B2 i
R P e i N I o
Wmemﬂ _M%%%_ZT %%MWW%W Mmﬁmw %mﬂ
o lg(dTBuldEHes| BT |dor
o NAFTIETTRETATN Ty BB
I m ) o
W | o e
Mz = T
- - . - 7
A oK Ho 7 K =o o -
B o v ey s
w | Lo = (ko) " |
= ™ A N o N_l T AR my n = T
= w%aalxr ‘naui ﬂmaaﬂo _nx_uua.,_ ﬂq.oHE
el < d;ﬂ.é. &rurmMn 2
T | BF Tad | meN Ty
=w ™ | Em | mee | Ew L |E
TR XA TwH | TNE <A
Ho o Zxﬂ o & Ho m 4r Bo O_H = | =

_45_



(3) 20199 = AA A Az}
AT SR AR =g
s ots) 8ok » FAEE ol A FY 5 F FHATA MEFS s
HAEY & vz 9 Zold B E ARk A0 57| ARG S 100 %
AAF 7+ A3 v Tjet
%/\]H]]FL]O]—*SH B A= o = B o] Ay ol AE 7Zlold
MY s A/ Suds | S > Ej_ e ;ﬂ;g el 100 %
== s/ g s} S/ A=
- O
sAH Eols] HAEY & (v dEHPo} A HAIE Fote] WEFSAdY HHd
Fr71stel i gk uhd e ol AR &0 2 & g vhgE o} o wgk A4 90 %
71 % A e glote] 2 wEs) 7o F4
A ol e mMYg U N o o 5
WAEAs Al W mdl » T Y EAE %+%*4_7§_ 2 73 s o]Esto 100 %
Ay Aol Fe wAEFHA A B HE
v A4 A
1IAd = 22PA = At =
=9 SCl=w| = =2 |79 SClE=w | Ul =5 =9 SCI&=1 o =
Al g 1 0 1 0 1 0
A4 0 0 2 0 2 0
H] 31 =HlF 1A

- 7 2k Aokl EARl Hrhglom (20184 99, 20199 9¢Y) ¥AMEAR F 5 2 HolHE

Environmental Science & Technology ©l AlAj3}A o EAHZ =& dolHE= 2020 L7t SCIHF
=i AEFTE Q.

2 ATE A T A2 AEE B AYE EEche AT E AR E Yo R AFEE AAE
(20204 5¢) Mol = 3HE AASE AL A= TAEH Aol e 7]E
s 2 AAR ARSI S A = 558 A3 oo 2

@D “The role of fluorescent dissolved organic matter on mercury photoreduction rates: A case

¢

study of three temperate lakes'
A Wl EE=R7IEY] Txol wE AEsee] RS Wt A3k AR S el A

: S =

F4719 FAL, DAkl o9 gus uilA Aol MEFes] FRASES FANNE
AP oT YFFHAL. /TS /19T I FHRAE £ S0 MDFL B
£rE 207 F donz B dvsh ddgel U

@ ‘The role of fluorescent dissolved organic matter on mercury photoreduction rates: A case
study of three temperate lakes’
Bag W 2HEed BRaAs

57
melt pond®] §E/F71E FANE T

_46_




=]
1=

@ ‘Dissolved oxygen and nitrate effects on the reduction and removal of divalent mercury by

K

pumice supported nanoscale zero-valent iron

)

B

q

A

0
0

+ Fe(ID) 2

Z_]

=
]

ae

1
o

Y nitrate =4 Aol

I EEaE

1)

e
e

B

)

—
fite)

do

s

ze]

0

T

—_—

(8)

0

!

I
Hr

0

!

A (A1)

=2
Hr

%0

!

ERGRE S

es
-

il

1

e

2017

© ) 41t 1] A bir

£ = WO | W

pSE Fr| w |

A

Ao —_— | pare —~

Bo ol NI G < <

= al7] - TOTC| A ar

e (uy Mﬁ S el @ | @

<ULl ) e .m Ho |Ho Ho Ho

L™ =6 [OF © | ©

T B i B

M = B Rl % | o=

e = o £ = XX X X

o]/ = g™
Cm =T 5 FF F | F
—_=

T S i i B e s

Tk oS5 N T 1D

% ™ 3 |l |l ol ol

o M EE P S| W™ £)

An X8 < mE gINENE N N~

T E O M 4 mFeREe] e o

F < CAEA S <

or T TR C ar
o or |l o o

Ho Ho |Ho Mo Mo

Ho o GGG R

o XA en! ol o Y

il i e T M
ol N NIX| X X
o m oz £
| o8 o2 5 7S =
Gl "B R § 2P 2

o) | o o

A i) A A

4 w Y N [ Y

4 To Tor” 7o To o
™ 1 G) )

N NENE[ N N~

o ﬂo ﬂo o o

_4’7_



24 HdEEopoe] T =

27}

Els

BEgskal 1 A 7] ZH

He

o))

"o

5 %ol A

3

Al 2] of

=
o

I=

B/

s
NI
il s

olp
BR

—~
o

‘.mo

N
N
ol
o
o
o=

%
N

ol
e
my!

—_—

=

il

)

ojp
B

o

N

N
,_ﬂ
]
23
il

M

Ho )

AR o]

o

RIS

L
.

o e

[<]

A kol EA

ol
oH
1o

—_—

0

el

il

N

"o
4
of

4

B!

hin
—_
1o

oF
ol
XO
o

=y
w

¢}

il

Aol Aol M H

)A

&
o
o
o
o)
Hr

;OO

ojp
oR

¢

o
70
el
o
o]
il

_48_



ol

090
ol

A 5

of M=

o

=

9zt o]

af| %

=i}
=

) ool EW3

hin
iy
o)
o]
-

o
o mp =

Z Ao

54 AAY

S

ol
e
Hlo

—_
o

i

el

PEE)

PR

3

)= i A
=

o] &3}

o]%

ke
T

1

5|
pud

B

o

]
I
R

ol
e
v

N

—~
o

mo

24 7|th7d 2

o%
o

il

¢ SCI

k43

7}2 AA

ofm Al

7] o

=

=

E]

1

9
yul

g ol oz

=

13

HaTel wex

=
T

=
T

)
=

34

o)

ooz HE s

=
=

3

Aol AB = F A H 2] o}

ai

N

o

d

X7

X

10
T
~
file)

i)

el

o

i
B
TH

ol
e
gy

—_—

=

71 e

=

olp

R

0

o]
B

ae

_49_



M6 & &i1Fe

Agather, A. M., Bowman, K. L., Lamborg, C. H., & Hammerschmidt, C. R. (2019). Distribution
of mercury species in the Western Arctic Ocean (US GEOTRACES GNO1). Marine Chemistry,
216, 103686.

Amos, H. M., Jacob, D. J., Kocman, D., Horowitz, H. M., Zhang, Y., Dutkiewicz, S., ... &
Sunderland, E. M. (2014). Global biogeochemical implications of mercury discharges from rivers
and sediment burial. Environmental science & technology, 48(16), 9514-9522.

Baksh, A. A., Abbassi, R., Garaniya, V., & Khan, F. (2018). Marine transportation risk
assessment using Bayesian Network: Application to Arctic waters. Ocean Engineering, 159,
422-436.

Banerjee, R., Proshlyakov, Y., Lipscomb, J. D., & Proshlyakov, D. A. (2015). Structure of the key
species in the enzymatic oxidation of methane to methanol. Nature, 518(7539), 431.

Baya, P. A., Gosselin, M., Lehnherr, I., St. Louis, V. L., & Hintelmann, H. (2014). Determination
of monomethylmercury and dimethylmercury in the Arctic marine boundary layer. Environmental
science & technology, 49(1), 223-232.

Beldowski, J., Miotk, M., Beldowska, M., & Pempkowiak, J. (2014). Total, methyl and organic
mercury in sediments of the Southern Baltic Sea. Marine pollution bulletin, 87(1-2), 388-395.

Bi, H., Huang, H., Fu, M., Fu, T., Zhou, X., & Xu, X. (2016). Estimating sea-ice volume flux out
of the Laptev Sea using multiple satellite observations. Polar Research, 35(1), 24875.

Blum, P. W., Hershey, A. E., Tsui, M. K., Hammerschmidt, C. R., & Agather, A. M. (2018).
Methylmercury and methane production potentials in North Carolina Piedmont stream sediments.
Biogeochemistry, 137(1-2), 181-195.

Brink, K. H.; Robinson, A. R., The Global Coastal Ocean-Regional Studies and Syntheses.
Harvard University Press: 2005; Vol. 11.

Chen, C. Y., Serrell, N., Evers, D. C., Fleishman, B. J., Lambert, K. F., Weiss, J., ... & Bank, M.
S. (2008). Meeting report: methylmercury in marine ecosystems—from sources to seafood
consumers. Environmental Health Perspectives, 116(12), 1706.

Chen, M., Kim, J. H., Nam, S. I, Niessen, F., Hong, W. L., Kang, M. H., & Hur, J. (2016).
Production of fluorescent dissolved organic matter in Arctic Ocean sediments. Scientific reports,
6, 39213.

Cho, H., Hyun, J. H,, You, O. R., Kim, M., Kim, S. H., Choi, D. L., ... & Kostka, J. E. (2017).
Microbial Community Structure Associated with Biogeochemical Processes in the

Sulfate - Methane Transition Zone (SMTZ) of Gas—hydrate-bearing Sediment of the Ulleung
Basin, East Sea. Geomicrobiology journal, 34(3), 207-219.

Dong, A., Zhai, S., Louchouarn, P., Izon, G., Zhang, H., & Jiang, X. (2019). The distribution and
accumulation of mercury and methylmercury in surface sediments beneath the East China Sea.
Environmental Science and Pollution Research, 26(5), 4667-4679.

Emmerton, C. A., Graydon, J. A., Gareis, J. A., St. Louis, V. L., Lesack, L. F., Banack, J. K., ...
& Nafziger, J. (2013). Mercury export to the Arctic Ocean from the Mackenzie River, Canada.
Environmental science & technology, 47(14), 7644-7654.

_50_



Ettwig, K. F., Butler, M. K., Le Paslier, 4D., Pelletier, E., Mangenot, S., Kuypers, M. M., ... &
Gloerich, J. (2010). Nitrite-driven anaerobic methane oxidation by oxygenic bacteria. Nature,
464(7288), 543.

Ettwig, K. F., Zhu, B., Speth, D., Keltjens, J. T., Jetten, M. S., & Kartal, B. (2016). Archaea
catalyze iron—dependent anaerobic oxidation of methane. Proceedings of the National Academy of
Sciences, 113(45), 12792-12796.

Fox, A. L., Hughes, E. A., Trocine, R. P., Trefry, J. H., Schonberg, S. V., McTigue, N. D, ... &
Cooper, L. W. (2014). Mercury in the northeastern Chukchi Sea: Distribution patterns in
seawater and sediments and biomagnification in the benthic food web. Deep Sea Research Part
II: Topical Studies in Oceanography, 102, 56-67.

Gobeil, C., Macdonald, R. W., & Smith, J. N. (1999). Mercury profiles in sediments of the Arctic
Ocean basins. Environmental science & technology, 33(23), 4194-4198.

Hammerschmidt, C. R., & Fitzgerald, W. F. (2004). Geochemical controls on the production and
distribution of methylmercury in near-shore marine sediments. Environmental Science &
Technology, 38(5), 1487-1495.

He, Z., Wang, J., Hu, J., Yu, H., Jetten, M. S., Liu, H., ... & Hua, M. (2019). Regulation of
coastal methane sinks by a structured gradient of microbial methane oxidizers. Environmental
pollution, 244, 228-237.

Heimbtirger, L. E., Sonke, J. E., Cossa, D., Point, D., Lagane, C., Laffont, L., ... & Van Der
Loeff, M. R. (2015). Shallow methylmercury production in the marginal sea ice zone of the
central Arctic Ocean. Scientific Reports, 5, 10318.

Hollweg, T. A., Gilmour, C., & Mason, R. P. (2010). Mercury and methylmercury cycling in
sediments of the mid Atlantic continental shelf and slope. Limnology and Oceanography, 55(6),
2703-2722.

Hollweg, T. A., Gilmour, C. C., & Mason, R. P. (2009). Methylmercury production in sediments
of Chesapeake Bay and the mid-Atlantic continental margin. Marine chemistry, 114(3-4), 86-101.
Hyun, J. H., Kim, S. H.,, Mok, J. S., Cho, H., Lee, T., Vandieken, V., & Thamdrup, B. (2017).
Manganese and iron reduction dominate organic carbon oxidation in surface sediments of the
deep Ulleung Basin, East Sea. Biogeosciences, 14(4).

Jaegle, L. (2010). Atmospheric Long-Range Transport and Deposition of Mercury to Alaska. A
report to the Alaska Department of Environmental Conservation, Prepared by Lyatt Jaeglé
James, R. H., Bousquet, P., Bussmann, 1., Haeckel, M., Kipfer, R., Leifer, I, ... & Treude, T.
(2016). Effects of climate change on methane emissions from seafloor sediments in the Arctic
Ocean: A review. Limnology and oceanography, 61(S1).

Kannan, K., & Falandysz, J. (1998). Speciation and concentrations of mercury in certain coastal
marine sediments. Water, Air, and Soil Pollution, 103(1-4), 129-136.

Kirk, J. L., St. Louis, V. L., Hintelmann, H., Lehnherr, 1., Else, B., & Poissant, L. (2008).
Methylated mercury species in marine waters of the Canadian high and sub Arctic.
Environmental science & technology, 42(22), 8367-8373.

Knightes, C. D. (2008). Development and test application of a screening—-level mercury fate model
and tool for evaluating wildlife exposure risk for surface waters with mercury—contaminated

_51_



sediments (SERAFM). Environmental Modelling & Software, 23(4), 495-510.

Kolesnik, A. N., Bosin, A. A., Kolesnik, O. N., Sattarova, V. V., Vologina, E. G., Taldenkova, E.
E., & Chistyakova, N. O. (2018). Implications of color and lightness characteristics for
lithostratigraphy of bottom sediments from the Chukchi Plateau, Arctic Ocean. Geochemistry
International, 56(3), 246-255.

Kronberg, R. M., Schaefer, J. K., Bjorn, E., & Skyllberg, U. (2018). Mechanisms of Methyl
Mercury Net Degradation in Alder Swamps: The Role of Methanogens and Abiotic Processes.
Environmental Science & Technology Letters, 5(4), 220-225.

Lehnherr, 1., Louis, V. L. S., Hintelmann, H., & Kirk, J. L. (2011). Methylation of inorganic
mercury in polar marine waters. Nature geoscience, 4(5), 298.

Lehnherr, 1., St. Louis, V. L., Emmerton, C. A., Barker, J. D., & Kirk, J. L. (2012).
Methylmercury cycling in high Arctic wetland ponds: Sources and sinks. Environmental science
& technology, 46(19), 10514-10522.

Light, B., Grenfell, T. C., & Perovich, D. K. (2008). Transmission and absorption of solar
radiation by Arctic sea ice during the melt season. Journal of Geophysical Research: Oceans,
113(C3).

Lu, X., Gu, W., Zhao, L., Haque, M. F. U,, DiSpirito, A. A., Semrau, J. D., & Gu, B. (2017).
Methylmercury uptake and degradation by methanotrophs. Science advances, 3(5), e1700041.
MacMillan, G. A., Girard, C., Chételat, J., Laurion, I, & Amyot, M. (2015). High methylmercury
in Arctic and subarctic ponds is related to nutrient levels in the warming eastern Canadian
Arctic. Environmental science & technology, 49(13), 7743-7753.

Marvin-DiPasquale, M., Agee, ]., Bouse, R., & Jaffe, B. (2003). Microbial cycling of mercury in
contaminated pelagic and wetland sediments of San Pablo Bay, California. Environmental
Geology, 43(3), 260-267.

Mason, R. P., & Lawrence, A. L. (1999). Concentration, distribution, and bioavailability of
mercury and methylmercury in sediments of Baltimore Harbor and Chesapeake Bay, Maryland,
USA. Environmental Toxicology and Chemistry: An International Journal, 18(11), 2438-2447.
Mason, R. P., Choi, A. L., Fitzgerald, W. F., Hammerschmidt, C. R., Lamborg, C. H., Soerensen,
A. L., & Sunderland, E. M. (2012). Mercury biogeochemical cycling in the ocean and policy
implications. Environmental research, 119, 101-117.

Nakanowatari, T., Inoue, ]J., Sato, K., Bertino, L., Xie, J., Matsueda, M., ... & Otsuka, N. (2018).
Medium-range predictability of early summer sea ice thickness distribution in the East Siberian
Sea based on the TOPAZ4 ice-ocean data assimilation system. Cryosphere, 12(6), 2005-2020.
Op den Camp, H. ], Islam, T. Stott, M. B., Harhangi, H. R., Hynes, A., Schouten, S., ... &
Dunfield, P. F. (2009). Environmental, genomic and taxonomic perspectives on methanotrophic
Verrucomicrobia. Environmental Microbiology Reports, 1(5), 293-306.

Outridge, P. M., Macdonald, R. W., Wang, F., Stern, G. A., & Dastoor, A. P. (2008). A mass
balance inventory of mercury in the Arctic Ocean. Environmental Chemistry, 5(2), 89-111.
Paulson, C. A., & Simpson, J. J. (1977). Irradiance measurements in the upper ocean. Journal of
Physical Oceanography, 7(6), 952-956.

Peng, G., & Meier, W. N. (2018). Temporal and regional variability of Arctic sea—ice coverage

_52_



from satellite data. Annals of Glaciology, 59(76pt2), 191-200.

Pipko, I. I, Pugach, S. P., Semiletov, I. P., Anderson, L. G., Shakhova, N. E., Gustafsson, O., ...
& Shcherbakova, K. P. (2017). The spatial and interannual dynamics of the surface water
carbonate system and air - sea CO 2 fluxes in the outer shelf and slope of the Eurasian Arctic
Ocean. Ocean Science, 13(6), 997.

Reeburgh, W. S. (2007). Oceanic methane biogeochemistry. Chemical reviews, 107(2), 486-513.
Schartup, A. T., Balcom, P. H., Soerensen, A. L., Gosnell, K. J., Calder, R. S., Mason, R. P., &
Sunderland, E. M. (2015). Freshwater discharges drive high levels of methylmercury in Arctic
marine biota. Proceedings of the National Academy of Sciences, 112(38), 11789-11794.
Semiletov, 1., Dudarev, O., Luchin, V., Charkin, A., Shin, K. H.,, & Tanaka, N. (2005). The East
Siberian Sea as a transition zone between Pacific derived waters and Arctic shelf

Shakhova, N., & Semiletov, I. (2007). Methane release and coastal environment in the East
Siberian Arctic shelf. Journal of Marine Systems, 66(1-4), 227-243.

Skaret, H. B. The Arctic Sea Ice-Melting During Summer or not Freezing in Winter? Master’s
thesis, The University of Bergen, 2016.

Soerensen, A. L., Jacob, D. J., Schartup, A. T., Fisher, J. A., Lehnherr, I, St Louis, V. L., ... &
Sunderland, E. M. (2016). A mass budget for mercury and methylmercury in the Arctic Ocean.
Global biogeochemical cycles, 30(4), 560-575.

Sonke, J. E., Teisserenc, R., Heimbiirger-Boavida, L. E., Petrova, M. V., Marusczak, N., Le
Dantec, T., ... & Tananaev, N. (2018). Eurasian river spring flood observations support net
Arctic Ocean mercury export to the atmosphere and Atlantic Ocean. Proceedings of the National
Academy of Sciences, 115(50), E11586-E11594.

Sunderland, E. M., Dalziel, J., Heyes, A., Branfireun, B. A., Krabbenhoft, D. P., & Gobas, F. A.
(2010). Response of a macrotidal estuary to changes in anthropogenic mercury loading between
1850 and 2000. Environmental Science & Technology, 44(5), 1698-1704.

Talmi, Y., & Mesmer, R. E. (1975). Studies on vaporization and halogen decomposition of methyl
mercury compounds using GC with a microwave detector. Water Research, 9(5-6), 547-552.
Trefry, J. H., Rember, R. D., Trocine, R. P., & Brown, J. S. (2003). Trace metals in sediments
near offshore oil exploration and production sites in the Alaskan Arctic. Environmental Geology,
45(2), 149-160.

Vigneron, A., Alsop, E. B., Cruaud, P., Philibert, G., King, B., Baksmaty, L., ... & Head, I. M.
(2019). Contrasting Pathways for Anaerobic Methane Oxidation in Gulf of Mexico Cold Seep
Sediments. mSystems, 4(1), e00091-18.

Vologina, E. G., Sturm, M., Astakhov, A. S., & Xuefa, S. (2019). Anthropogenic traces in bottom
sediments of Chukchi Sea. Quaternary International, 524, 86-92.

Wang, K., Munson, K. M., Beaupré-Laperriere, A., Mucci, A., Macdonald, R. W., & Wang, F.
(2018). Subsurface seawater methylmercury maximum explains biotic mercury concentrations in
the Canadian Arctic. Scientific reports, 8(1), 1-5.

Wanninkhof, R. (1992). Relationship between wind speed and gas exchange over the ocean.
Journal of Geophysical Research: Oceans, 97(C5), 7373-7382.

Zhang, J., Schweiger, A., Webster, M., Light, B., Steele, M., Ashjian, C., ... & Spitz, Y. (2018).

_53_



Melt pond conditions on declining Arctic sea ice over 1979 - 2016: Model development, validation,
and results. Journal of Geophysical Research: Oceans, 123(11), 7983-8003.

_54_



KI-

ol

O] EAME
1= SX|HTLA PAPAL

M gLk

1.

2. O] E3M W4

ol
ol
r
Tl

g1

o
o0

o LA Ho
AT AO0A PAP AIHSE =
=S

43 of

L{Ct.

St
=

0.
0{0

o

T

—t

od
IJ

0
™
[0
I

L

I

ol

0l
Rr

_55_



