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ABSTRACT
The sources and mechanisms driving fluxes of dissolved gaseous mercury (DGM) in aquatic ecosystems 
represent a critical yet poorly constrained component of the global mercury (Hg) cycle. Current models 
assume that DGM is primarily formed through the reduction of HgII in water, largely supplied by 
atmospheric HgII deposition. Here we quantify the �200 Hg signatures of DGM across marine (median: 
0.02 ‰ ) and freshwater (0.02 ‰ ) ecosystems, intermediate between water dissolved HgII and 
atmospheric Hg0 . This indicates that DGM in natural waters is not derived solely from HgII reduction 

as previous assumed but also from atmospheric input of Hg0 during air-sea gas exchange. A 

�200 Hg-based mixing model reveals that ∼40% and 54% of DGM in seawater and freshwater, 
respectively, is derived directly from atmospheric Hg0 input. Combining these findings with an 

existing oceanic Hg budget, we show that re-emission of previously deposited atmospheric Hg0 

accounts for ∼70% of gross oceanic Hg0 evasion. Consequently, we demonstrate that existing models 
have systematically underestimated gross atmospheric Hg0 deposition while overestimating net 
oceanic Hg0 emissions. 

Keywords: dissolved gaseous mercury, mercury stable isotope, atmospheric Hg deposition, 
re-emission, ocean mercury cycling 
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mitigates the formation of neurotoxic methylmer- 
cury mainly in the oxygen minimum zone by re- 
ducing the Hg burden in the seawater column and 
exerts a major influence on Hg cycling between the 
ocean and atmosphere. 

A fundamental assumption in contemporary 
marine Hg biogeochemical models is that DGM 

production occurs primarily through photochem- 
ical and microbial reduction of HgII in natural wa- 
ters (hereafter referred to water HgII reduction)—
derived from atmospheric HgII deposition and 
from oxidation of atmospheric Hg0 following air- 
sea gas exchange [8 ]. In contrast, the contribu- 
tion of direct atmospheric Hg0 input during air- 
sea gas exchange without subsequent oxidation 

(hereafter referred to direct atmospheric Hg0 in- 
put or deposition) to Hg0 evasion is considered 
negligible [8 ,11 ,13 ,14 ]. This prevailing view is 
mainly supported by the empirical parameteri- 
zation of aqueous Hg0 /HgII redox reactions and 
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NTRODUCTION 

ercury (Hg), particularly its organic forms (i.e.
ethylmercury species), are classified as neuro-

oxins with adverse effects on both wildlife and
uman populations [1 ]. Methylmercury, predom-
nantly formed through microbial methylation of
norganic Hg in aquatic and terrestrial environ-
ents, can bioaccumulate to high levels in top-

rophic fish and rice [2 ,3 ]. Atmospheric Hg0 and
gII deposition are the predominant Hg sources in
quatic ecosystems [4 –6 ]. Following deposition, a
arge fraction (70%–89%) undergoes transforma-
ion to dissolve gaseous Hg (DGM, primarily Hg0 )
n surface waters in the presence of sunlight and
issolved organic matter and is subsequently re-
mitted back to the atmosphere [7 –10 ]. Current
stimates of gross ocean Hg0 evasion (DGM eva-
ion) are ∼4800 Mg yr−1 , accounting for over half
f global atmospheric Hg emissions [4 –6 ,11 ,12 ].

he occurrence of DGM in seawaters therefore 
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ir-sea Hg0 exchange models, which holds that
edox reaction rates are substantially faster than
g0 gas exchange, suggesting atmospheric Hg0 

eposition undergoes redox cycling rather than
eing promptly re-emitted [8 ,11 ]. Global mod-
ls simulate bidirectional (reciprocal) air-sea Hg0 

luxes using a thin film gas exchange approach,
stimating gross oceanic evasion and deposition
luxes at 4600–5000 Mg and 1700–2200 Mg yr–1 ,
espectively, yielding a net ocean Hg0 efflux of
2800 Mg yr–1 [4 –6 ]. 
Despite extensive DGM concentration mea-

urements in marine and freshwater systems,
ignificant uncertainties persist in quantifying
ir-sea Hg0 exchange flux due to incomplete
nderstanding of Hg0 exchange mechanisms,
arametrizations, and DGM sources [15 ]. Recent
irect measurements of turbulent Hg0 fluxes over
he coastal Baltic Sea revealed frequent net Hg0 

eposition events ( ∼50% occurrence) even under
onditions of oversaturation of DGM with respect
o the solubility of atmospheric concentrations—a
henomenon inconsistent with thin film gas
xchange model predictions [16 ]. Additionally,
arine Hg isotope studies (primarily HgII ) suggest

hat modeled estimates of atmospheric Hg0 depo-
ition to the ocean are likely to be significantly un-
erestimated [11 ]. Note, these isotopic approaches
nly reflect the relative contributions of Hg0 and
gII to the small fraction of atmospheric Hg

11%–30%) that eventually accumulates in marine
eservoirs (i.e. net deposition) [4 –6 ,15 ,17 ], while
he sources of most deposited Hg that is re-emitted
o the atmosphere (i.e. oceanic DGM evasion)
emain unclear. As a result, we lack the ability to
esolve bidirectional Hg0 air-sea exchange fluxes,
ither individually or as a net composite net flux.
iven that oceanic DGM evasion potentially
epresents the largest Hg emission flux to the
tmosphere, quantifying this is critical for con-
training bidirectional air-sea Hg0 exchange and
cean/atmosphere Hg chemical cycling. Never-
heless, this process remains poorly characterized.

Hg stable isotopes, particularly mass-
ndependent fractionation of even-mass Hg
sotopes (even-Hg MIF, �200 Hg, and �204 Hg sig-
atures), can provide powerful tracers for track-
ng Hg sources and transformation pathways.
ven-Hg MIF anomalies in the environment
rise exclusively from high-altitude atmospheric
hotochemical reactions [18 –20 ], resulting in
haracteristic negative �200 Hg in atmospheric
g0 , and the reverse in atmospheric HgII samples
18 –21 ]. If DGM production occurs predomi-
antly through HgII reduction in natural waters as
s conventionally assumed, DGM should exhibit
Page 2 of 11
an identical �200 Hg signature as its aqueous HgII 

precursor. 
To test this hypothesis, we present an investi- 

gation of the isotopic composition of ultra-trace- 
level DGM across diverse marine and freshwa- 
ter ecosystems (Fig. 1 ). By coupling these mea- 
surements with concurrent analyses of water dis- 
solved Hg (DHg) and atmospheric Hg0 isotopes, 
we quantify the relative contributions of water 
HgII reduction and direct atmospheric Hg0 input 
to DGM. Furthermore, by integrating the con- 
strained DGM sources in this study and seawa- 
ter HgII sources in a previous study [11 ], together 
with current best estimates of the global surface 
ocean Hg budget [4 –6 ,15 ,17 ], we estimate the ra-
tio of atmospheric Hg0 to HgII gross deposition to 
the ocean and the net oceanic Hg0 emissions. 

RESULTS AND DISCUSSION 

DGM concentration and isotope 

composition 

DGM concentrations showed a large variation 

across marine and freshwater ecosystems. Higher 
DGM concentrations in seawaters were typically 
observed close to land (Fig. 1 a). The median 

DGM concentrations in the Bohai Sea (BHS), 
Yellow Sea (YS), East China Sea (ECS), and South 

China Sea (SCS) seawaters and Hongfeng Lake 
(HFL), Huguangyan Lake (HGYL), and Nam 

Co Lake (NCL) freshwaters were 343, 605, 246, 
239, 438, 264, and 647 fM, respectively (Fig. 1 a, 
and Fig. S1a and Table S1). The overall median 

seawater DGM concentration was 271 fM (in- 
terquartile range (IQR): 198–389, n = 37), slightly 
lower than that in freshwaters (median: 440 fM, 
IQR: 362–499, n = 56). The DGM concentrations 
in seawater measured in this study align with 

previous observations in YS (median: 317 fM) 
[22 ], SCS (161 fM) [23 ], and the Mediterranean 

Sea (174 fM) [24 ], but were higher than those 
reported for the central Pacific (median: 63 fM) 
[25 ,26 ] and Atlantic Ocean (62 fM) [27 ]. 

DGM stable isotopes in seawater and fresh- 
water exhibited negative δ202 Hg and �199 Hg 
signatures, with near-zero �200 Hg signatures 
(Fig. 2 ). The median (IQR) DGM �200 Hg values 
were 0.06 ‰ (0.05 to 0.07 ‰ , n = 2), 0.01 ‰
(0.00 to 0.03 ‰ , n = 10), 0.02 ‰ (0.00 to 0.04 ‰ ,
n = 13), 0.02 ‰ (0.01 to 0.03 ‰ , n = 12), 0.02 ‰
( −0.02 to 0.04 ‰ , n = 44), −0.01 ‰ ( −0.02
to 0.01 ‰ , n = 5), and 0.09 ‰ (0.06 to 0.10 ‰ ,
n = 7) in BHS, YS, ECS, SCS, HFL, HGYL, and
NCL, respectively ( Fig. S2 and Table S1). DGM 

�199 Hg displayed consistently negative values in 
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Figure 1. Spatial distribution patterns of DGM concentration (a) and corresponding δ202 Hg (b), �199 Hg (c), and �200 Hg (d) signatures. In NCL, 
HFL, HGYL, and SCS, DGM were collected at fixed sampling sites and the concentrations and isotopic compositions shown in the figures are 
the median values (range) of all observations. In BHS, YS, and ECS, DGM were collected at stations along the cruise route. 
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oth seawater and freshwater, with the median
IQR) values of −0.09 ‰ ( −0.10 to −0.07 ‰ ),
0.08 ‰ ( −0.10 to −0.04 ‰ ), −0.15 ‰ ( −0.22

o −0.12 ‰ ), −0.10 ‰ ( −0.19 to −0.08 ‰ ),
0.05 ‰ ( −0.14 to −0.02 ‰ ), −0.04 ‰ ( −0.15

o −0.02 ‰ ), and −0.15 ‰ ( −0.18 to −0.11 ‰ )
n BHS, YS, ECS, SCS, HFL, HGYL, and NCL,
espectively. The median DGM δ202 Hg values
anged from −0.87 to −0.05 ‰ in the BHS, YS,
CS, and SCS seas and from −0.97 to −0.35 ‰ in
he HFL, HGYL, and NCL lakes. Seawater DGM
202 Hg values increased with latitude, while DGM
oncentrations, �199 Hg, and �200 Hg showed no

lear spatial trends with latitude ( Fig. S3).  

Page 3 of 11
Water DHg and atmospheric Hg0 

concentration and isotope composition 

The elevated concentrations of DGM in this study 
were concomitant with heightened water DHg 
and atmospheric Hg0 levels ( Fig. S1b and c). 
The median (IQR) water DHg concentrations in 

the seas and lakes investigated were 1.69 (1.19–
2.52) and 10.27 (7.99–12.70) pM, respectively 
( Table S1). These values were ∼1.7 and 10 times 
higher than the median global surface seawater 
(e.g. 0.5–1.3 pM) [11 ,26 ,28 ,29 ]. The median at-
mospheric Hg0 concentrations in BHS (2.50 ng 
m−3 , n = 2), YS (2.40 ng m−3 , n = 8), ECS (2.02 ng

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf590#supplementary-data
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Figure 2. Scatterplots of isotopic compositions ( �199 Hg vs δ202 Hg (a) and �200 Hg (b)) of DGM and DHg in water, as well as Hg0 in the 
surrounding ambient air. PHg in the Pacific Ocean (PHg-Pacific) and THg in the Atlantic Ocean (THg-Atlantic) are from Jiskra et al. [11 ], while 
other values were made for this study. The representative analytical uncertainty at ±2 σ is established through repeated measurements of an 
international standard reference (NIST RM 8610). 
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−3 , n = 12), and HFL (4.40 ng m−3 , n = 26)
xceeded the Northern Hemispheric background
n 2014 (1.51 ng m−3 ) [30 ]. Conversely, the me-
ian concentrations in SCS (1.13 ng m−3 , n = 8),
GYL (1.11 ng m−3 , n = 6), and NCL (1.16 ng
−3 , n = 6) were slightly lower than the North-
rn Hemispheric background ( Table S1). 

Seawater DHg samples ( n = 32) had a median
IQR) δ202 Hg of −0.69 ‰ ( −0.83 to −0.49), a me-
ian (IQR) �199 Hg of 0.12 ‰ (0.06 to 0.16), and a
edian �200 Hg of 0.07 ‰ (0.03 to 0.09). Freshwa-

er DHg samples ( n = 22) showed median (IQR)
202 Hg, �199 Hg, and �200 Hg of −0.67 ‰ ( −1.03
o −0.41), 0.20 ‰ (0.17 to 0.33), and 0.06 ‰ (0.04
o 0.08), respectively (Fig. 2 and Table S1). These
alues align with previous observations of to-
al mercury (THg) in the Atlantic Ocean and
editerranean Sea [11 ]. Atmospheric Hg0 exhib-

ted median (IQR) δ202 Hg of 0.10 ( −0.02 to 0.65)
ver the seas and −0.31 ( −0.49 to 0.05) over the
akes, with corresponding median (IQR) �199 Hg
f −0.16 ‰ ( −0.21 to −0.11) and −0.09 ‰ ( −0.19
o 0.00), and median (IQR) �200 Hg of −0.06 ‰
 −0.08 to −0.04) and −0.03 ‰ ( −0.04 to −0.01),
espectively (Fig. 2 and Table S1). 

DGM �199 Hg values were consistently more
egative compared to DHg across all seas and lakes
median �199 Hg(DGM-DHg) of −0.23 ‰ in seawa-
er and −0.35 ‰ in freshwater, Fig. S2b), suggest-
ng that photoreduction of HgII complexed with
xygen-containing ligands, which imparts nega-
ive �199 Hg signatures to the Hg0 product, as the
Page 4 of 11
major driver. In contrast, microbial and abiotic 
dark reduction, as well as photoreduction of HgII 

bound to other organic ligands (e.g. nitrogen, sul- 
fur, and carbon-containing), would yield �199 Hg 
similar to or more positive than those of DHg 
( Fig. S4) [31 –33 ]. Moreover, the absence of clear 
diel variations in DGM �199 Hg suggests that mi- 
crobial and abiotic dark reduction are weak ( Fig.
S5), otherwise a positive shift in DGM �199 Hg 
at night would be expected. Atmospheric input 
of Hg0 may also contribute to the observed neg- 
ative DGM �199 Hg. Although oxidation of Hg0 in 

water could impart a minor positive �199 Hg shift 
[34 ], it may be insufficient to counterbalance the 
initial negative signature of the atmospheric Hg0 , 
resulting in the overall negative �199 Hg in the re- 
maining aqueous Hg0 directly deposited from the 
atmosphere ( Fig. S6). 

Gross Hg0 evasion flux and isotope 

composition 

Gross Hg0 evasion fluxes across the investigated 
seas ranged from 1.1 to 34.4 ng m−2 h−1 ( n = 34),
with median (IQR) values of 2.6 (1.9–3.3), 3.9 
(2.5–6.7), 7.3 (2.4–11.8), and 7.9 (6.2–9.0) ng 
m−2 h−1 in YS, BHS, ECS, and SCS, respectively. 
These values are comparable to those previously 
reported for coastal oceans globally, with a median 

of 1.4–7.0 ng m−2 h−1 ( n = 6, Table S2). Com- 
bining ours with global observations, the median 

gross Hg0 evasion flux in coastal oceans is 4.6 ng 
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–2 h–1 (IQR: 2.4–8.2, n = 277, Fig. S7), ∼3.3
imes higher than the median value for global
pen oceans ( ∼1.4 ng m−2 h−1 ) [11 ]. Based on
he measured fluxes and corresponding sea surface
reas (see Text S5 and Table S2), we estimate that
oastal oceans emit 1155 (711–2118) Mg yr−1 of
ross Hg0 . Although covering only 7.2% of the
lobal ocean surface, coastal oceans contribute
early one-quarter of the global gross oceanic Hg0 

vasions [4 ,5 ,11 ,35 ]. Despite this significance, our
stimate remains subject to significant uncertainty
ue to limited field observations in these regions
 Fig. S7). 

Evasion of DGM from waters, primarily sea-
aters, represents an important source of atmo-

pheric Hg0 [5 ,36 ,37 ]. Our observations indicate
hat Hg0 evasion from both seawater and freshwa-
er exhibits negative δ202 Hg and �199 Hg and near
ero �200 Hg signatures. Given the MDF fraction-
tion factor ( ε202 Hgair-water ) of −0.44 ‰ and negli-
ible odd-Hg MIF obtained from DGM volatiliza-
ion experiments [38 ], we estimate that the me-
ian δ202 Hg, �199 Hg, and �200 Hg of oceanic gross
g0 evasions are −1.04 ‰ (IQR: −1.29 to −0.89),
0.11 ‰ (IQR: −0.15 to −0.07), and 0.02 ‰ (IQR:
.01 to 0.04), respectively. These values are similar
o soil Hg0 emissions ( δ202 Hg: −1.13 ‰ , �199 Hg:
0.13 ‰ , �200 Hg: 0.02 ‰ ) [39 ,40 ], but are clearly
istinct from anthropogenic Hg0 sources, charac-
erized by a median δ202 Hg of −0.58 ‰ and near-
ero �199 Hg and �200 Hg [41 ]. 

GM sources from water and the 

tmosphere 

urrent understanding of Hg biogeochemical cy-
ling in the surface ocean indicates that DGM
riginates primarily from in situ reduction of HgII 

nd, to a lesser extent, from direct atmospheric
g0 input (subsequently unoxidized) [14 ]. Nev-
rtheless, the global production of DGM through
hotochemical and biological HgII reduction is es-
imated at 206 × 103 Mg yr–1 [8 ], ∼100 times
igher than gross atmospheric Hg0 deposition flux
1700 to 2200 Mg yr−1 ) [4 ,5 ,17 ]. Furthermore,
tmospheric Hg0 dissolved into surface waters is
hought to be rapidly oxidized [13 ,42 ] and largely
onverted to HgII before potential re-emission.
herefore, current thinking is that DGM in nat-
ral waters is predominantly derived from HgII 

eduction in water, with negligible contributions
rom direct atmospheric Hg0 input. However, in
ur study DGM �200 Hg were significantly lower
han those of dissolved HgII in both seawater
nd freshwater samples (Independent-Sample T
est, t(67) = −5.4 and p < 0.001 in seawater;
Page 5 of 11
t(76) = −5.1 and p < 0.001 in freshwater). Ad-
ditionally, both DGM and dissolved HgII �200 Hg 
were greater than atmospheric Hg0 (Independent- 
Sample T test, p < 0.001 for all, Fig. 3 c and f and
Fig. S2c). These observations suggest that DGM 

production in natural waters cannot be explained 
solely by water HgII reduction, but rather requires 
substantial contribution from direct atmospheric 
Hg0 deposition that is not subsequently oxidized. 

We employed a binary �200 Hg mixing model 
to estimate the relative contributions of direct 
atmospheric Hg0 input and in situ HgII reduc- 
tion to DGM in both seawaters and freshwaters 
(see Text S8). Measured �200 Hg values of dis- 
solved HgII and atmospheric Hg0 from diverse ma- 
rine and lacustrine environments were used as 
endmembers representing these two sources. The 
production of DGM via HgII reduction in natural 
waters is predominantly linked to the dissolved Hg 
pool [8 ,42 –44 ]. Our findings ( Fig. S8) show that
direct atmospheric Hg0 deposition that is not sub- 
sequently oxidized contributes a median of 40% 

(IQR: 35%–54%, n = 37) of DGM in seawaters and
54% (median; IQR: 42%–74%, n = 56) in freshwa- 
ters. In marine environments, the highest contri- 
butions from direct atmospheric Hg0 input were 
observed in the Yellow Sea (median: 57%, IQR: 
48%–61%, n = 10), followed by the East China Sea
(median: 42%, IQR: 37%–54%, n = 13) and the 
South China Sea (median: 38%, IQR: 32%–40%, 
n = 12), with the lowest values in the Bohai Sea
(median: 28%, IQR: 25%–31%, n = 2). In fresh- 
water lakes, the greatest contributions were found 
in HGYL (median: 63%, IQR: 57%–67%, n = 5), 
followed by HFL (median: 56%, IQR: 47%–73%, 
n = 44) and NCL (median: 23%, IQR: 20%–33%, 
n = 7). 

Our findings suggest that atmospherically de- 
posited Hg0 is not effectively oxidized to HgII 

in surface waters. Rather following deposition, 
a substantial fraction persists as aqueous Hg0 

(DGM) and is subsequently re-emitted back to the 
atmosphere. This mechanism is in contrast with 

the current understanding of Hg biogeochemical 
cycling in the surface ocean [8 ,11 ]. The relative
contribution of direct atmospheric Hg0 input to 
DGM depends on both deposition flux and in situ 
Hg0 /HgII redox dynamics. Hg redox reactions oc- 
cur at a slower rate in freshwater compared to 
seawater [44 ,45 ], which may explain the higher 
contributions of direct atmospheric Hg0 input to 
DGM in the lakes studied. Utilizing the method- 
ology of Jiskra et al. (see Text S4) [11 ], we es-
timated gross atmospheric Hg0 deposition fluxes 
across the seas studied with a range from 0.1 to
2.9 ng m−2 h−1 (median: 0.5). These values are 
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ubstantially lower than previously reported pho-
ooxidation flux (60.0 ng m−2 h−1 ) [13 ] and our
stimated mean DGM production flux (69.0 ng
−2 h−1 ) from water-column HgII photoreduc-

ion, using a photoreduction rate of 0.32 h−1 and
ssuming a reducible dissolved HgII fraction of
0% in 1.8 m of seawater [8 ,42 ]. Therefore we pro-
ose that the bidirectional water-air exchange of
g0 may occur at a substantially faster rate than
reviously assumed due to our incomplete under-
tanding of the parameterization of the Hg0 trans-
er velocity [16 ], or that the kinetic rate constants
f redox reactions have been overestimated. A
igher exchange rate would facilitate rapid atmo-
pheric Hg0 invasion and swift DGM evasion, im-
lying a short residence time for Hg0 in aquatic
cosystems. Although this rapid bidirectional ex-
hange may have limited impact on the net gas
xchange flux, it could rival rapid aqueous redox
rocesses, allowing a notable fraction of DGM
o originate directly from atmospheric Hg0 . In
queous systems, Hg0 oxidation and HgII reduc-
ion are predominately photochemically driven
13 ,42 ], yet reported rate constants vary largely by
p to 1 ∼2 orders of magnitude [8 ,46 ]. Overall, our
Page 6 of 11
findings suggest that atmospheric Hg0 deposition 

fluxes should be of a similar order of magnitude as 
in-water redox transformation. 

Implications for Hg cycling between the 

atmosphere and ocean 

Our data collected from diverse marine ecosys- 
tems indicate consistent contributions of direct 
atmospheric Hg0 input to DGM regardless of 
latitude, vertical water depth, and proximity to 
land ( p > 0.05 for all, ANOVA, Fig. S9). Fur- 
thermore, the contributions of direct atmospheric 
Hg0 input to DGM under low atmospheric Hg0 

(e.g. ≤1.50 ng m−3 ) and seawater DHg (e.g. 
≤1.30 pM) conditions, typical of open ocean set- 
tings, were comparable to those under elevated at- 
mospheric Hg0 and seawater DHg levels ( Fig. S10). 
This pattern suggests that a substantial portion 

of DGM from direct atmospheric Hg0 input is 
likely a widespread occurrence in ocean environ- 
ments. Given that the atmospheric Hg0 deposi- 
tion also accounts for ∼50% (median, IQR: 34%–
67%) of HgII in seawater globally [11 ], we estimate 
that the total contribution of atmospheric Hg0 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf590#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf590#supplementary-data
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eposition via direct input and Hg redox-cycling
s 70% (median, IQR: 57%–85%) of seawater DGM
ool (Fig. 4 a). For freshwater ecosystems the con-
ribution is slightly higher at 76% (median, IQR:
4%–89%) (Fig. 4 b). These findings indicate that
he evasion of Hg0 from natural waters is predom-
nantly driven by the re-emission of atmospheri-
ally deposited Hg0 . 

Atmospheric Hg0 and HgII deposition to sur-
ace ocean is balanced by re-emission of Hg0 to the
tmosphere (DGM evasion) and transport of HgII 

o deep water or sediment (sedimentation). We
ouple the latest model estimates by Shah et al. [5 ]
f a gross ocean Hg0 evasion flux (4800 Mg yr−1 )
nd net transport HgII from the surface ocean
o deep water or sediment (1100 Mg yr−1 ), to-
ether with our observations of the relative con-
ributions of atmospheric Hg0 to DGM and HgII 

n seawater [11 ] to estimate gross atmospheric
g0 deposition. This result shows a gross atmo-
pheric Hg0 deposition flux of 3910 Mg yr−1 to
he oceans globally representing 66% of total at-
ospheric Hg deposition and a Hg0 :HgII deposi-

ion ratio of ∼2:1 (Fig. 4 a). We also made esti-
ates based on the Hg evasion and sedimentation

lux data from other oceanic models [4 ,6 ,15 ,17 ],
hat show similar gross atmospheric Hg0 deposi-
ion contributions of 64%–68% ( Table S3). 

The estimated contribution of atmospheric
ross Hg0 deposition to the ocean, derived from
Page 7 of 11
the DGM �200 Hg mixing model, exceeds earlier 
modeling results (27%–40%) [4 –6 ,15 ,17 ] and the
marine sample �200 Hg-based estimate (50%) by 
Jiskra et al. [11 ]. The possible reasons for the low
contribution of atmospheric gross Hg0 deposition 

in global ocean models have been speculated by 
Jiskra et al. [11 ], such as overestimate of dry and
wet HgII deposition or incomplete understanding 
of the air-sea Hg0 exchange parameterizations. Es- 
timates based on marine �200 Hg samples only re- 
flect the contribution of atmospheric Hg0 to the 
dissolved and particulate HgII pool [11 ], without 
considering atmospheric Hg0 that has re-evaded 
back to the atmosphere, and therefore represent 
the net, rather than the gross, atmospheric Hg0 de- 
position to the ocean. Although Jiskra et al. incor- 
porated DGM in their THg samples from seawa- 
ter, the steady-state DGM pool represents merely 
∼5% of annual DGM production in surface sea- 
water [5 ,8 ,12 ], which is largely driven by atmo-
spheric Hg0 deposition rather than water HgII re- 
duction. As a result, their approach underesti- 
mates the gross Hg0 uptake by the ocean. 

Based on the steady-state assumption for 
�200 Hg of atmospheric Hg (i.e. emission �200 Hg 
equals deposition �200 Hg), our previous study 
proposed a potential bias towards HgII deposi- 
tion pathways in global models [20 ]. Importantly, 
gross oceanic evasion of Hg0 constitutes the dom- 
inant global source of atmospheric Hg. In our 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf590#supplementary-data
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arlier study, a mean �200 Hg signature of 0.05 ‰
or gross oceanic Hg0 evasion was estimated based
n seawater HgII observations [11 ]. However,
his value appears high relative to DGM mea-
urements reported here (median 0.02 ‰ ). Ac-
ordingly, we have revised the �200 Hg signatures
or various atmospheric Hg emission sources, in-
orporating both current and prior observations,
ielding a median �200 Hg of 0.01 ‰ (IQR: −0.01
o 0.03) for global gross Hg emissions ( Table S4). 

Assuming equivalence between emission and
eposition �200 Hg (see Text S9) and combin-
ng global �200 Hg signatures for atmospheric
g0 (median: −0.06 ‰ , IQR: −0.08 to −0.04,
 = 1120) with wet and dry HgII deposition
including precipitation, gaseous, and particulate
gII ; median: 0.15 ‰ , IQR: 0.10 to 0.18, n = 898,
able S4 and Fig. S11), we estimate that atmo-
pheric Hg0 deposition accounts for ∼66% (IQR:
0%–73%) of total atmospheric Hg deposition on
 global scale. This estimate closely matches the
ontribution of Hg0 to the global ocean (66%, this
tudy) and to individual land ecosystems (53%–
0%) reported previously [47 –49 ]. Overall, our
indings indicate that atmospheric Hg0 deposition
lays a more significant role in global Hg cycling
han has been previously acknowledged. 

Global air-sea Hg exchange models, based on
ater-air Hg0 gradient and exchange velocity pa-
ameterization, estimate net ocean Hg0 emissions
t ∼2800 Mg yr–1 [8 ,12 ]. These models, how-
ver, did not consider the origins of DGM from
irect atmospheric Hg0 input. Here we combine
he atmospheric Hg0 contributions to DGM (this
tudy) and HgII in seawater [11 ] as well as the gross
cean Hg0 evasion [5 ] to estimate the global net
cean Hg0 emissions at ∼890 Mg yr−1 (Fig. 4 a and
able S3), ∼3-fold lower than earlier estimates.
hile preliminary, our results strongly suggest

hat the thin-film gas exchange model has un-
erestimated global gross atmospheric Hg0 depo-
ition and overestimated net oceanic Hg0 emis-
ions. This discrepancy implies that ocean emis-
ions may represent a smaller source of atmo-
pheric Hg emissions globally than previously rec-
gnized, delivering new insights into recent de-
lines in atmospheric Hg in the Northern Hemi-
phere and informing future projections on the re-
overy of Hg contamination under the Minamata
onvention [50 ,51 ]. Additionally, our revised es-
imate of atmospheric Hg0 deposition implies a re-
uced net oxidation of atmospheric Hg0 ( −1910
nd −2577 Mg yr−1 over the ocean and globally)
nd a lower net HgII reduction to Hg0 in the sur-
ace ocean ( −1920 Mg yr−1 ) than prior assump-
Page 8 of 11
tions ( Fig. S12) [5 ], the former of which is con-
sistent with recent field-based findings that less 
HgII is deposited from the atmosphere to terres- 
trial and marine ecosystems than previously ac- 
knowledged [52 , and references therein]. Recent 
computational and modelling studies have sug- 
gested that gas-phase oxidized HgI and HgII species 
would efficiently photodissociate back to Hg0 and 
offset atmospheric Hg0 oxidation [53 ,54 ], which 

may partly explain the lower net atmospheric Hg0 

oxidation. Given the complex Hg redox chem- 
istry and the numerous poorly-understood mech- 
anisms and reaction rates [28 ,54 ,55 ], further re- 
search into the transport and transformation of Hg 
species in the atmosphere and ocean is critical for 
advancing a comprehensive understanding of the 
global Hg biogeochemical cycle. 

MATERIALS AND METHODS 

DGM and DHg in natural waters, along with 

atmospheric Hg0 , were simultaneously sampled 
during open research in the Bohai Sea, Yellow 

Sea, and East China Sea. In situ sampling was 
also conducted near Weizhou Island in the South 

China Sea, in the Hongfeng Lake in southwestern 

China, the Huguangyan Lake in southern China, 
and the high-altitude Nam Co Lake in the Tibetan 

plateau. Immediately after sampling, DGM in 

120 L of seawater and 60 L of freshwater were 
extracted on to chlorine-impregnated carbon 

(CLC) traps following our previous study on 

board or at the sampling site [56 ]. DHg was 
initially filtered from 20 L of seawater and 10 L 

of freshwater and then pre-concentrated on to 
CLC traps [57 ]. Atmospheric Hg0 was collected 
using CLC traps [58 ]. DGM, DHg, and air Hg0 

pre-concentrated in CLC traps were further 
pre-concentrated into 5 mL of mixed concen- 
trated acid (2 HNO3 :1 HCl, v/v). Hg isotope 
ratios were determined utilizing a Nu Plasma 
II (Nu Instrument Ltd., UK) multi-collector 
inductively coupled plasma mass spectrometer 
(MC-ICPMS). MDF Hg isotope composition (in 

delta notation, δ) is reported as referenced to the 
bracketing NIST SRM 3133 standard [59 ]: δxxx Hg 
= [(xxx Hg/198 Hg)sample /(xxx Hg/198 Hg)Nist 3133 –1], 
where xxx Hg are 199 Hg, 200 Hg, 201 Hg, 202 Hg, and 
204 Hg, respectively. MIF signatures are expressed 
in capital delta ( �) and calculated using the ki- 
netic MDF law [59 ]: �xxx Hg = δxxx Hg—( βxxx 

× δ202 Hg), where βxxx is 0.252, 0.5024, 0.752, 
and 1.492 for 199 Hg, 200 Hg, 201 Hg, and 204 Hg, re- 
spectively. Relative contributions of direct atmo- 
spheric Hg0 input to DGM were calculated using 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf590#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf590#supplementary-data
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 binary �200 Hg mixing model: fHg0 × �200 HgHg0 
 (1 −fHg0 ) × �200 HgHgII = �200 HgDGM 

. The
raction of atmospheric Hg0 deposition in total
tmospheric Hg deposition on a global scale is
stimated using a binary �200 Hg balance model:
l (Emisl ×�200 Hgl )/ �l Emisl = fHg0 ×�200 HgHg0
 (1 − fHg0 ) × �200 HgHgII . A Monte Carlo sim-
lation was used to estimate the uncertainty of
Hg0 . Detailed information of the open research
ruise and in situ sampling sites, field sampling,
ample processing and Hg pre-concentration, Hg
oncentration and isotope analysis, procedural
lanks as well as air-sea Hg0 exchange flux, wa-
er dissolved HgII isotopic compositions, DGM
200 Hg mixing model, and atmospheric �200 Hg
ass balance model are described in Text S1–S9. 
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UPPLEMENTARY DATA 

upplementary data are available at NSR online. 

CKNOWLEDGEMENTS 

ata and samples in Bohai Sea, Yellow Sea, and East China
ea were collected onboard R/V Lanhai 101 implementing
he open research cruise NORC2023-01 and XiangYangHong
8 implementing the open research cruise NORC2023-
2 + NORC2023-301 supported by NSFC Shiptime Sharing
roject (42249901 and 42249902). 

UNDING 

his work was supported by the National Natural Science
oundation of China (42394092), the Key Research Program of
rontier Science (ZDBS-LY-DQC029), and the Strategic Pri-
rity Research Program (XDB40020404), Chinese Academy of
ciences. 

UTHOR CONTRIBUTIONS 

.W.F and X.B.F conceived the study. H.Z., K.H.T. and X.W.F
erformed field sampling. H.Z., K.H.T. and X.W.F perform
aboratory analysis. X.W.F. and X.B.F led the writing of the
anuscript. All authors contributed to the data interpretation

nd writing. 

onflict of interest statement. The authors declare that they have
o conflict of interest. 

EFERENCES 

1. AMAP/UNEP. Technical Background Report to the Global
Mercury Assessment 2018 . https://wedocs.unep.org/
items/b06d2098-5370-4ce8-93ba-c3da54dfe23d/full (9
January 2026, date last accessed). 
Page 9 of 11
2. Blanchfield PJ, Rudd JWM, Hrenchuk LE et al. Experimental 
evidence for recovery of mercury-contaminated fish popu- 
lations. Nature 2021; 601 : 74–8. 

3. Qiu G, Feng X, Li P et al. Methylmercury accumulation
in rice ( Oryza sativa L.) grown at abandoned mercury
mines in Guizhou, China. J Agric Food Chem 2008; 56 : 
2465–8. 

4. Horowitz HM, Jacob DJ, Zhang Y et al. A new mechanism
for atmospheric mercury redox chemistry: implications for 
the global mercury budget. Atmos Chem Phys 2017; 17 : 
6353–71. 

5. Shah V, Jacob DJ, Thackray CP et al. Improved mechanis-
tic model of the atmospheric redox chemistry of mercury. 
Environ Sci Technol 2021; 55 : 14445–56. . 

6. Selin NE, Jacob DJ, Yantosca RM et al. Global 3-D land-
ocean-atmosphere model for mercury: present-day ver- 
sus preindustrial cycles and anthropogenic enrichment 
factors for deposition. Glob Biogeochem Cy 2008; 22 : 
GB2011. 

7. Mason RP, Choi AL, Fitzgerald WF et al. Mercury bio-
geochemical cycling in the ocean and policy implications. 
Environ Res 2012; 119 : 101–17. 

8. Soerensen AL, Sunderland EM, Holmes CD et al. An im-
proved global model for air-sea exchange of mercury: high 
concentrations over the North Atlantic. Environ Sci Technol
2010; 44 : 8574–80. 

9. Zhang Y, Jaeglé L, Thompson L et al. Six centuries of chang-
ing oceanic mercury. Glob Biogeochem Cy 2014; 28 : 1251–
61. 

10. O’Driscoll NJ, Lean DRS, Loseto LL et al. Effect of dis-
solved organic carbon on the photoproduction of dissolved 
gaseous mercury in lakes: potential impacts of forestry. 
Environ Sci Technol 2004; 38 : 2664–72. 

11. Jiskra M, Heimbürger-Boavida L-E, Desgranges M-M et al. 
Mercury stable isotopes constrain atmospheric sources to 
the ocean. Nature 2021; 597 : 678–82. 

12. Strode SA, Jaegle L, Selin NE et al. Air-sea exchange in
the global mercury cycle. Glob Biogeochem Cy 2007; 21 : 
GB1017. 

13. Lalonde JD, Amyot M, Orvoine J et al. Photoinduced oxida-
tion of Hg0 (aq) in the waters from the St. Lawrence Estuary.
Environ Sci Technol 2004; 38 : 508–14. 

14. Lamborg CH, Rolfhus KR, Fitzgerald WF et al. The atmo-
spheric cycling and air-sea exchange of mercury species in 
the South and equatorial Atlantic Ocean. Deep-Sea Res Part
II Top Stud Oceanogr 1999; 46 : 957–77. 

15. Zhang Y, Zhang P, Song Z et al. An updated global mercury
budget from a coupled atmosphere-land-ocean model: 40% 

more re-emissions buffer the effect of primary emission re- 
ductions. One Earth 2023; 6 : 316–25. 

16. Osterwalder S, Nerentorp M, Zhu W et al. Critical observa-
tions of gaseous elemental mercury air-sea exchange. Glob
Biogeochem Cy 2021; 35 : e2020GB006742. 

17. Holmes CD, Jacob DJ, Corbitt ES et al. Global atmospheric
model for mercury including oxidation by bromine atoms. 
Atmos Chem Phys 2010; 10 : 12037–57. 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf590#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf590#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf590#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf590#supplementary-data
https://wedocs.unep.org/items/b06d2098-5370-4ce8-93ba-c3da54dfe23d/full
http://dx.doi.org/10.1038/s41586-021-04222-7
http://dx.doi.org/10.1021/jf073391a
http://dx.doi.org/10.5194/acp-17-6353-2017
http://dx.doi.org/10.1021/acs.est.1c03160
http://dx.doi.org/10.1029/2007GB003040
http://dx.doi.org/10.1016/j.envres.2012.03.013
http://dx.doi.org/10.1021/es102032g
http://dx.doi.org/10.1002/2014GB004939
http://dx.doi.org/10.1021/es034702a
http://dx.doi.org/10.1038/s41586-021-03859-8
http://dx.doi.org/10.1029/2006GB002766
http://dx.doi.org/10.1021/es034394g
http://dx.doi.org/10.1016/S0967-0645(99)00011-9
http://dx.doi.org/10.1016/j.oneear.2023.02.004
http://dx.doi.org/10.1029/2020GB006742
http://dx.doi.org/10.5194/acp-10-12037-2010


Natl Sci Rev, 2026, Vol. 13, nwaf590

1 nd fractiona- 
ir. Environ Sci

1 ation of both 
borough, ON, 

2 ation of even 
ox reactions. 

2 pendent frac- 
of elemental 
6; 50 : 9232–

2 ater of Yellow 

Environ 2011; 

2 ry and sea-air 
s Chem Phys

2  from coastal 
n Sea. Atmos

2 es concentra- 
Biogeochem

2 ry concentra- 
n Sci Technol

2 ermined from 

tration differ- 
hem Cy 2011; 

2 e on mercury 

2 l ocean inven- 
easurements. 

3 rcury concen- 
 distributed in 
6; 16 : 11915–

3 nation during 
n Sci Technol

3 nation during 
nic ligands. J

3 n during pho- 
tio. Geochim

3 tionation dur- 
tural organic 

3 ew. Annu Rev

3  oceanic mer- 
ssment 2018. 

3 sphere-ocean 
eposition and 
 : 5052–61. 

3 tionation dur- 
. J Anal Atom

3 during the ex- 
: implications 
hnol 2022; 56 : 

4 c mercury de- 
t floor by mer- 

4 010) mercury 
 atmosphere. 

4 of the Eastern 
n Sci Technol

4 the formation 
Cosmochim

4 and photooxi- 
rbon concen- 

4 f Hg(0) in arti- 
7–72. 

4 hysical trans- 
ci 2014; 10 : 

4 cene mercury 
Space Chem

4 itions across 
5–92. 

4 rcury transfer 
ry deposition. 

5 gnificantly re- 
ev 2024; 11 : 

5 enic emission 
tion declines. 

5  biogeochem- 

5 lysis of Hg(I) 
rocess. J Am

5 y of oxidized 
ion in the tro- 

D
ow

nloaded from
 https://academ

ic.oup.com
/nsr/article/13/2/nw

af590/8405285 by guest on 05 August 2026
8. Gratz LE, Keeler GJ, Blum JD et al. Isotopic composition a
tion of mercury in Great Lakes precipitation and ambient a
Technol 2010; 44 : 7764–70. 

9. Chen JB, Hintelmann H, Feng XB et al. Unusual fraction
odd and even mercury isotopes in precipitation from Peter
Canada. Geochim Cosmochim Acta 2012; 90 : 33–46. 

0. Fu X, Jiskra M, Yang X et al. Mass-independent fraction
and odd mercury isotopes during atmospheric mercury red
Environ Sci Technol 2021; 55 : 10164–74. 

1. Sun G, Sommar J, Feng X et al. Mass-dependent and -inde
tionation of mercury isotope during gas-phase oxidation 
mercury vapor by atomic Cl and Br. Environ Sci Technol 201
41. 

2. Ci Z, Zhang X, Wang Z. Elemental mercury in coastal seaw
Sea, China: temporal variation and air-sea exchange. Atmos
45 : 183–90. 

3. Wang C, Wang Z, Hui F et al. Speciated atmospheric mercu
exchange of gaseous mercury in the South China Sea. Atmo
2019; 19 : 10111–27. 

4. Gårdfeldt K, Sommar J, Ferrara R et al. Evasion of mercury
and open waters of the Atlantic Ocean and the Mediterranea
Environ 2003; 37 : S73–84. 

5. Munson KM, Lamborg CH, Swarr GJ et al. Mercury speci
tions and fluxes in the Central Tropical Pacific Ocean. Glob
Cy 2015; 29 : 656–76. 

6. Soerensen AL, Mason RP, Balcom PH et al. Elemental mercu
tions and fluxes in the tropical atmosphere and ocean. Enviro
2014; 48 : 11312–9. 

7. Kuss J, Zülicke C, Pohl C et al. Atlantic mercury emission det
continuous analysis of the elemental mercury sea-air concen
ence within transects between 50°N and 50°S. Glob Biogeoc
25 : GB3021. 

8. Bowman KL, Lamborg CH, Agather AM. A global perspectiv
cycling in the ocean. Sci Total Environ 2020; 710 : 136166. 

9. Lamborg CH, Hammerschmidt CR, Bowman KL et al. A globa
tory of anthropogenic mercury based on water column m
Nature 2014; 512 : 65–8. 

0. Sprovieri F, Pirrone N, Bencardino M et al. Atmospheric me
trations observed at ground-based monitoring sites globally
the framework of the GMOS network. Atmos ChemPhys 201
35. 

1. Kritee K, Blum JD, Barkay T. Mercury stable isotope fractio
reduction of Hg(II) by different microbial pathways. Enviro
2008; 42 : 9171–7. 

2. Motta LC, Kritee K, Blum JD et al. Mercury isotope fractio
the photochemical reduction of Hg(II) coordinated with orga
Phys Chem A 2020; 124 : 2842–53. 

3. Zheng W and Hintelmann H. Mercury isotope fractionatio
toreduction in natural water is controlled by its Hg/DOC ra
Cosmochim Acta 2009; 73 : 6704–15. 

4. Zheng W, Demers JD, Lu X et al. Mercury stable isotope frac
ing abiotic dark oxidation in the presence of thiols and na
matter. Environ Sci Technol 2019; 53 : 1853–62. 

5. Selin NE. Global biogeochemical cycling of mercury: a revi
Env Resour 2009; 34 : 43–63. 
Page 10 o
6. Outridge PM, Mason RP, Wang F et al. Updated global and
cury budgets for the United Nations Global Mercury Asse
Environ Sci Technol 2018; 52 : 11466–77. 

7. Zhang Y, Horowitz H, Wang J et al. A coupled global atmo
model for air-sea exchange of mercury: insights into wet d
atmospheric redox chemistry. Environ Sci Technol 2019; 53

8. Zheng W, Foucher D, Hintelmann H. Mercury isotope frac
ing volatilization of Hg(0) from solution into the gas phase
Spectrom 2007; 22 : 1097–104. 

9. Zhu W, Fu X, Zhang H et al. Mercury isotope fractionation 
change of Hg(0) between the atmosphere and land surfaces
for Hg(0) exchange processes and controls. Environ Sci Tec
1445–57. 

0. Yuan W, Wang X, Lin C-J et al. Quantification of atmospheri
position to and legacy re-emission from a subtropical fores
cury isotopes. Environ Sci Technol 2021; 55 : 12352–61. 

1. Sun R, Streets DG, Horowitz HM et al. Historical (1850–2
stable isotope inventory from anthropogenic sources to the
Elem Sci Anth 2016; 4 : 1–15. 

2. Ci Z, Zhang X, Yin Y et al. Mercury redox chemistry in waters 
Asian Seas: from polluted coast to clean open ocean. Enviro
2016; 50 : 2371–80. 

3. Amyot M, Mierle G, Lean D et al. Effect of solar radiation on 
of dissolved gaseous mercury in temperate lakes. Geochim
Acta 1997; 61 : 975–87. 

4. O’Driscoll NJ, Vost E, Mann E et al. Mercury photoreduction 
dation in lakes: effects of filtration and dissolved organic ca
tration. J Environ Sci 2018; 68 : 151–9. 

5. Lalonde JD, Amyot M, Kraepiel AML et al. Photooxidation o
ficial and natural waters. Environ Sci Technol 2001; 35 : 136

6. Batrakova N, Travnikov O, Rozovskaya O. Chemical and p
formations of mercury in the ocean: a review. Ocean S
1047–63. 

7. Jiskra M, Guédron S, Tolu J et al. Climatic controls on a Holo
stable isotope sediment record of Lake Titicaca. Acs Earth
2022; 6 : 346–57. 

8. Zheng W, Obrist D, Weis D et al. Mercury isotope compos
North American forests. Glob Biogeochem Cy 2016; 30 : 147

9. Enrico M, Le Roux G, Marusczak N et al. Atmospheric me
to peat bogs dominated by gaseous elemental mercury d
Environ Sci Technol 2016; 50 : 2405–12. 

0. Feng X, Fu X, Zhang H et al. Combating air pollution si
duced air mercury concentrations in China. Natl Sci R
nwae264. 

1. Feinberg A, Selin NE, Braban CF et al. Unexpected anthropog
decreases explain recent atmospheric mercury concentra
Proc Natl Acad Sci USA 2024; 121 : e2401950121.

2. Sonke JE, Angot H, Zhang Y et al. Global change effects on
ical mercury cycling. Ambio 2023; 52 : 853–76. 

3. Saiz-Lopez A, Acuña AU, Trabelsi T et al. Gas-phase photo
radical species: a new atmospheric mercury reduction p
Chem Soc 2019; 141 : 8698–702. 

4. Saiz-Lopez A, Travnikov O, Sonke JE et al. Photochemistr
Hg(I) and Hg(II) species suggests missing mercury oxidat
posphere. Proc Natl Acad Sci USA 2020; 117 : 30949–56. 
f 11

http://dx.doi.org/10.1021/es100383w
http://dx.doi.org/10.1016/j.gca.2012.05.005
http://dx.doi.org/10.1021/acs.est.1c02568
http://dx.doi.org/10.1021/acs.est.6b01668
http://dx.doi.org/10.1016/j.atmosenv.2010.09.025
http://dx.doi.org/10.5194/acp-19-10111-2019
http://dx.doi.org/10.1016/S1352-2310(03)00238-3
http://dx.doi.org/10.1002/2015GB005120
http://dx.doi.org/10.1021/es503109p
http://dx.doi.org/10.1029/2010GB003998
http://dx.doi.org/10.1016/j.scitotenv.2019.136166
http://dx.doi.org/10.1038/nature13563
http://dx.doi.org/10.5194/acp-16-11915-2016
http://dx.doi.org/10.1021/es801591k
http://dx.doi.org/10.1021/acs.jpca.9b06308
http://dx.doi.org/10.1016/j.gca.2009.08.016
http://dx.doi.org/10.1021/acs.est.8b05047
http://dx.doi.org/10.1146/annurev.environ.051308.084314
http://dx.doi.org/10.1021/acs.est.8b01246
http://dx.doi.org/10.1021/acs.est.8b06205
http://dx.doi.org/10.1039/b705677j
http://dx.doi.org/10.1021/acs.est.1c05602
http://dx.doi.org/10.1021/acs.est.1c02744
http://dx.doi.org/10.12952/journal.elementa.00009
http://dx.doi.org/10.1021/acs.est.5b05372
http://dx.doi.org/10.1016/S0016-7037(96)00390-0
http://dx.doi.org/10.1016/j.jes.2017.12.010
http://dx.doi.org/10.1021/es001408z
http://dx.doi.org/10.5194/os-10-1047-2014
http://dx.doi.org/10.1021/acsearthspacechem.1c00304
http://dx.doi.org/10.1002/2015GB005323
http://dx.doi.org/10.1021/acs.est.5b06058
http://dx.doi.org/10.1093/nsr/nwae264
http://dx.doi.org/10.1073/pnas.2401950121
http://dx.doi.org/10.1007/s13280-023-01855-y
http://dx.doi.org/10.1021/jacs.9b02890
http://dx.doi.org/10.1073/pnas.1922486117


Natl Sci Rev, 2026, Vol. 13, nwaf590

5 geochemical 

5 lved gaseous 
table isotope 

5 g and precon- 
tope analysis. 

5 gaseous mer- 
-impregnated 
4; 29 : 841–

5 tural isotopic 
–9. 

©
C
t

5. Fitzgerald WF, Lamborg CH, Hammerschmidt CR. Marine bio
cycling of mercury. Chem Rev 2007; 107 : 641–62. 

6. Zhang H, Wu X, Deng Q et al. Extraction of ultratrace disso
mercury and reactive mercury in natural freshwater for s
analysis. J Anal Atom Spectrom 2021; 36 : 1921–32. 

7. Li K, Lin C-J, Yuan W et al. An improved method for recoverin
centrating mercury in natural water samples for stable iso
J Anal Atom Spectrom 2019; 34 : 2303–13. 
The Author(s) 2025. Published by Oxford University Press on behalf of China Science Pub
reative Commons Attribution License ( https://creativecommons.org/licenses/by/4.0/), wh
he original work is properly cited. 

Page 11 o
8. Fu X, Heimburger L-E, Sonke JE. Collection of atmospheric 
cury for stable isotope analysis using iodine- and chlorine
activated carbon traps. J Anal Atom Spectrom 201
52. 

9. Blum JD and Bergquist BA. Reporting of variations in the na
composition of mercury. Anal Bioanal Chem 2007; 388 : 353
lishing & Media Ltd. This is an Open Access article distributed under the terms of the 
ich permits unrestricted reuse, distribution, and reproduction in any medium, provided 

f 11

D
ow

nloaded from
 https://academ

ic.oup.com
/nsr/article/13/2/nw

af590/8405285 by guest on 05 August 2026

http://dx.doi.org/10.1021/cr050353m
http://dx.doi.org/10.1039/D1JA00212K
http://dx.doi.org/10.1039/C9JA00174C
http://dx.doi.org/10.1039/c3ja50356a
http://dx.doi.org/10.1007/s00216-007-1236-9
https://creativecommons.org/licenses/by/4.0/

	INTRODUCTION
	RESULTS AND DISCUSSION
	DGM concentration and isotope composition
	Water DHg and atmospheric Hg0 concentration and isotope composition
	Gross Hg0 evasion flux and isotope composition
	DGM sources from water and the atmosphere
	Implications for Hg cycling between the atmosphere and ocean

	MATERIALS AND METHODS
	DATA AVAILABILITY
	SUPPLEMENTARY DATA
	ACKNOWLEDGEMENTS
	FUNDING
	AUTHOR CONTRIBUTIONS
	REFERENCES

