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ABSTRACT: In this study, exchange fluxes and Hg isotope
fractionation during water−atmosphere Hg(0) exchange were
investigated at three lakes in China. Water−atmosphere exchange
was overall characterized by net Hg(0) emissions, with lake-specific
mean exchange fluxes ranging from 0.9 to 1.8 ng m−2 h−1, which
produced negative δ202Hg (mean: −1.61 to −0.03‰) and Δ199Hg
(−0.34 to −0.16‰) values. Emission-controlled experiments
conducted using Hg−free air over the water surface at Hongfeng
lake (HFL) showed negative δ202Hg and Δ199Hg in Hg(0) emitted
from water, and similar values were observed between daytime
(mean δ202Hg: −0.95‰, Δ199Hg: −0.25‰) and nighttime
(δ202Hg: −1.00‰, Δ199Hg: −0.26‰). Results of the Hg isotope
suggest that Hg(0) emission from water is mainly controlled by
photochemical Hg(0) production in water. Deposition-controlled experiments at HFL showed that heavier Hg(0) isotopes (mean
ε202Hg: −0.38‰) preferentially deposited to water, likely indicating an important role of aqueous Hg(0) oxidation played during
the deposition process. A Δ200Hg mixing model showed that lake-specific mean emission fluxes from water surfaces were 2.1−4.1 ng
m−2 h−1 and deposition fluxes to water surfaces were 1.2−2.3 ng m−2 h−1 at the three lakes. Results from the this study indicate that
atmospheric Hg(0) deposition to water surfaces indeed plays an important role in Hg cycling between atmosphere and water bodies.
KEYWORDS: water, −, atmosphere Hg(0) exchange, lakes, stable Hg isotope, MDF, MIF, emission, deposition

1. INTRODUCTION
Exchange of gaseous elemental mercury (Hg(0)) between
water and atmosphere plays a pivotal role in mercury
biogeochemical cycling. The current exchange flux estimates
are however associated with high uncertainties, and a better
constraint is crucial for assessing mercury sources and sinks
and associated atmospheric and biogeochemical cycling.1 The
surface layer of sea and fresh water bodies is usually in a state
of supersaturation with respect to dissolved Hg(0) (DGM) as
shown by extensive surveys using automatic continuous
equilibrium systems.2 Despite the fact that concentration
gradients of Hg(0) between water and air are in favor of
emissions, several studies report intermittent periods of net
Hg(0) uptake in the flux dynamics possibly driven by high
primary production (e.g. algal blooms).1,3 Generally, net
atmosphere-surface exchange of Hg(0) is a result of
simultaneously occurring emissive and depositional flux
vectors.4 Atmospheric Hg(0) deposited to surface water can
increase the Hg(II) pool in aquatic systems, which can
subsequently convert to neurotoxic methylmercury (MeHg)
that bioaccumulates in food webs.5 In contrast, reduction of

Hg(II) to Hg(0) followed by evasion to the atmosphere
increases the amount of Hg actively cycling between
environmental reservoirs.6,7

Photochemical and biotic/abiotic dark reduction are the
main mechanisms causing surface water supersaturation of
DGM and consequentially promoting Hg(0) emissions from
water.6,8−10 Although it has been suggested that photo-driven
reduction is optimally significantly faster than thermal abiotic/
biotic reduction in surface water,8,11,12 its relative contributions
currently lack a precise quantification. Furthermore, there is
paucity of knowledge of the specific mechanisms that lead to
prevailing Hg(0) deposition to natural waters. Incubation
experiments suggest that Hg(0) oxidation rates in marine
waters are fast,11,12 while counterbalancing abiotic dark
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reaction and photo-induced processes are more prominent in a
fresh water ligation environment.13,14 Current models operate
with Hg(0) flux partitioning into emission and deposition,15,16

although there are still no reports of in situ methods that can
do this partitioning and therefore serve as a reference for
performance testing and validation. A proven approach to
achieve flux partitioning is based on combining measurements
of mass fluxes with sampling of stable isotopes for the specific
gas of interest.
Stable Hg isotope techniques have been applied to estimate

the co-occurring Hg(0) emission and deposition fluxes at the
soil−atmosphere interface and quantify the atmospheric Hg
deposition pathways to seawater.17,18 Fractionation of Hg
isotopes during water−atmosphere Hg(0) exchange processes
could provide insights into the redox transformation and
cycling of Hg in aquatic systems. Previous experimental studies
revealed that all biotic and abiotic reactions can produce
significant Hg mass-dependent fractionation (MDF, reported
as δ202Hg),13,19−23 whereas large mass-independent fractiona-
tion (MIF) of odd-Hg isotopes (odd-MIF) (reported as
Δ199Hg and Δ201Hg) are dominantly observed in photo-
induced reactions.13,21,24−27 The mechanism of odd-MIF is
mainly attributed to the magnetic isotope effect (MIE) with
the Δ199Hg/Δ201Hg slope of 1.0,21, 27 but small odd-MIF can
also be caused by the nuclear volume effect (NVE) with the
Δ199Hg/Δ201Hg slope of 1.6.13,26 In addition, MIE can assume
both positive and negative values,28 while NVE exhibits an
opposite sign to MDF and increase in magnitude as MDF
increases.29 It has been experimentally demonstrated that
(−)MIE and (+)MIE mainly resulted from photoreduction of
Hg(II)-bonded S-containing and surfurless ligands, respec-
tively.30 Furthermore, the microbial reduction and Hg(0)
volatilization and diffusion do not significantly affect odd-
MIF.22,31,32 More unusual, even-Hg MIF (determined as
Δ200Hg and Δ204Hg) has been observed mainly in atmospheric
samples and speculated to have resulted from dissociative
processes of molecular Hg species at high altitudes.33−35 Thus,
even-MIF has been recognized as a conservative tracer to
distinguish deposition pathways of atmospheric Hg species
into aquatic systems.18

Globally, Hg(0) emission from natural waters is considered
as one of the largest sources of atmospheric Hg(0),15,16 and
therefore has a potential to affect the isotopic composition of
atmospheric Hg(0) and water Hg pools. Although fresh water
ecosystems (including lakes, reservoirs, rivers, wetlands, and
periodically flooded paddy fields) only represent 3.2% of the
Earth’s total water area, Hg(0) exchange between these inland
water bodies and atmosphere is of importance for better
understanding the biogeochemical cycling of Hg in aquatic
ecosystems.36 Knowledge of Hg isotope fractionation and
bidirectional Hg(0) fluxes during water−atmosphere exchange
is limited for both fresh and sea water, and the study over fresh
water, to some extent, may have implications for understanding
and interpretation of the sources and stable isotope signatures
in sea water.23 Previously, Hg isotopic fractionation during
soil/foliage−atmosphere Hg(0) exchange has been inves-
tigated.37−40 Mercury isotopic fractionation during chemical
conversion of Hg in water has also been investigated
extensively;13,21,27,41 however, results from these studies are
insufficient to make reliable predictions about the isotopic
composition of DGM in water and its efflux to the atmosphere.
Hg(0) emission from water is predicted to show negative
δ202Hg and positive Δ199Hg values by a global Hg isotopic box

model,42,43 which has yet to be validated by in situ
measurements.
In this study, fractionation of Hg isotopes and underlying

mechanisms during water−atmosphere Hg(0) exchange were
investigated at three lakes in China using a dynamic flux
chamber (DFC) method. During the experiments, ambient air
(gas exchange), zero Hg(0) air (emission-controlled), and
spiked Hg(0) air (deposition-controlled) were separately
supplied to the DFC inlet. Measuring background fluxes
requires quantifying small concentration differences. The
intrusive DFC method amplifies the concentration differences
and enables relatively short isotope measurement times. The
objectives of this study are to (1) characterize the isotopic
compositions of exchanged Hg(0) between water and
atmosphere, (2) quantify the individual Hg(0) emission and
deposition fluxes, and (3) discern the controlling factors and
mechanisms of Hg isotope fractionation during bidirectional
water−atmosphere Hg(0) exchange.

2. EXPERIMENTAL METHOD AND MATERIALS
2.1. Sites’ Descriptions. Three lakes in China with

distinctly different characteristics were selected for inves-
tigation. Hongfeng lake (HFL) (26°26′ N, 106°26′ E, 1150 m
elevation) is a typical and the largest karst lake in the Yunnan-
Guizhou plateau area of southwest China. Huguangyan maar
lake (HGL) (21°09′ N, 110°17′ E, 57 m elevation) is one of
the well-preserved maars (broad, low-relief crater lakes) in the
world and located in the tropical zone of South China. Lake
Nam Co (Nam Co) (30°30′ N, 90°16′ E, 4718 m elevation) is
the largest saltwater lake and the one at the highest elevation in
the Tibetan Plateau (Figure S2). HFL is moderately polluted,
whereas HGL and Nam Co are pristine lakes. Major input
pathways of Hg are atmospheric deposition and riverine
loading to HFL, atmospheric deposition to HGL, and
atmospheric deposition and glacier meltwater to Nam Co.
Geographical, hydrological, meteorological, and water quality
data were collected at the three lakes and are presented in the
Supporting Information (Text S1, Tables S1 and S3).
2.2. Measurement of Hg(0) Fluxes and Sampling and

Processing of Hg(0) Isotope Samples. The Hg(0)
exchange flux between water and atmosphere at the three
lakes was measured using a DFC (semi-cylinder, ø 25 × 35cm)
coupled with an automated Tekran 2537B Hg analyzer (Figure
S3).44 Hg(0) vapor in the DFC inlet and outlet was collected
using chlorine-impregnated activated carbon (CLC, 500 mg)
traps at a flow rate of 3.0−5.0 L min−1 for the subsequent
measurement of Hg isotopes.45 The experiment setup of
Hg(0) collection is similar to that reported in previous
studies38,40 and is also documented in Text S2 and Figure S3.
All the CLC traps were sealed with Teflon stoppers and three
successive polyethylene bags after the completion of sampling
and stored in darkness at room temperature until subsequent
analysis of the Hg concentration and isotopic composition.
The Hg(0) collected on CLC traps was preconcentrated

into 5 mL of 40% reverse aqua regia acid-trapping solution (v/
v, 2HNO3:1HCl) using a thermally desorbed method.

46 After
the thermal combustion, the trapping solutions were kept in a
20 mL brown screw neck borosilicate glass bottle and stored in
a refrigerator at 3 ± 1 °C before Hg concentration and isotopic
analysis. Hg concentrations in trapping solutions were
determined using a standard purge and trap method with
chloride (SnCl2) reduction following the USEPA method
1631.47
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Water−atmosphere Hg(0) exchange flux was quantified by
measuring the difference in Hg(0) concentration of the DFC
inlet and outlet. Hg(0) concentrations in the DFC inlet and
outlet were calculated by dividing the total mass of Hg(0)
collected (ng) by the total cumulative sampling air volume
(m3). The Hg(0) exchange flux was calculated by eq 138

= =F
C C Q

A
M V M V Q

A
( ) ( / / )out in out out in in

(1)

where F is the Hg(0) exchange flux in ng m−2 h−1; Cout and Cin
are the Hg concentrations of the DFC outlet and inlet air in ng
m−3, respectively; Q is the total flushing flow rate through the
DFC in m3 h−1; A is the surface area of water in DFC in m2
(0.0875 m2); Mout and Min are the mass of Hg (ng) recovered
from CLC traps at the DFC outlet and inlet, respectively; and
Vout and Vin are the total gas volume (m3) in the DFC outlet
and inlet air, respectively.
2.3. Measurement of Hg Isotopes in Hg(0) Emission-

and Deposition-Controlled Experiments. Emission- and
deposition-controlled experiments were performed at HFL to
investigate the Hg isotope fractionation during Hg(0) emission
from water and atmospheric Hg(0) deposition to water,
respectively. The emission-controlled experiments were
accomplished by using Hg-free air at the DFC inlet, which
aimed to eliminate Hg(0) deposition and only collect Hg(0)
emissions from water. The experimental setup of emission-
controlled experiments was prepared similarly to that of soil−
atmosphere Hg(0) exchange under Hg-free air exposure,17 as
detailed in Text S2 and Figure S4. Both daytime and nighttime
samples were collected by CLC traps to investigate the diurnal
variations in Hg(0) emission flux and isotope fractionation
(Table S4).
For deposition-controlled experiments, Hg(0) vapor with

known Hg mass and isotopic compositions was injected into
the DFC inlet using a microliter syringe (Hamilton, USA) in
the presence of Hg-free air, aiming to investigate the Hg(0)
isotope fractionation during atmospheric Hg(0) deposition
process. The inlet Hg(0) concentrations under deposition-
controlled experiments (mean ± 1σ: 76.7 ± 7.4 ng m−3, n = 6,
Figure S4 and Table S4) were significantly higher than those in
ambient air (Table 1) to minimize the effects of Hg(0)
emission, which in turn primarily reflect the Hg isotope
fractionation during Hg(0) deposition to water. During the
experiments, a fraction of Hg(0) in the chamber deposited to
water, and the residual Hg(0) was then collected by CLC traps
to represent the Hg(0) modified by the deposition process.
2.4. Hg Isotope Analysis. The Hg isotope ratios were

measured by MC-ICPMS (Nu II, Instruments, U.K.) at the
State key Laboratory of Environmental Geochemistry, CAS
(Guiyang, China), following the previous studies.48,49 MDF is
expressed using delta notation [δ, reported in permil (‰)]
and calculated relative to the reference NIST 3133 standard as
follows50

= [

] ×

Hg (‰) (( Hg/ Hg)

/( Hg/ Hg) ) 1 10

xxx xxx

xxx

198
Sample

198
SRM3133

3
(2)

where xxx is the mass number of Hg isotopes (199, 200, 201,
202, and 204). The MIF is expressed using the capital delta
notation (Δ) and calculated as

=Hg (‰) Hg Hgxxx xxx xxx 202 (3)

where βxxx is the scaling factor of the theoretical mass-
dependent law and has values of 0.2520, 0.5024, 0.7520, and
1.493 for 199Hg, 200Hg, 201Hg, and 204Hg, respectively.50 The
analytical uncertainty (±2σ) of isotopic composition was
assessed by repeatedly measuring standard reference RM 8610
(UM-Almaden), BCR 482 (lichen CRM), and SRM 1947
(Fish) during Hg isotope measurement. In this study, the 2σ of
Hg isotopic compositions is the larger 2σ value of either the
repeated analysis of the Hg(0) sample or the procedural RM
8610. (Table S2).
2.5. Hg(0) Isotopic Compositions and Emission and

Deposition Fluxes during Water−Atmosphere Ex-
change. An isotopic binary mixing model was applied to
the measurement data to determine MDFex (δ202Hgex) and
MIFex (Δ199Hgex, Δ200Hgex, and Δ201Hgex) signatures for
water−atmosphere Hg(0) exchange. The exchange of Hg(0)
isotopic compositions were calculated as

=
C C

C C
Hg (‰)

Hg Hg202
ex

202
out out

202
in in

out in (4)

=
C C

C C
Hg (‰)

Hg Hgxxx
xxx xxx

ex
out out in in

out in (5)

where δ202Hgin and δ202Hgout represent MDF and ΔxxxHgin and
ΔxxxHgout represent the MIF isotopic signatures in the DFC
inlet and outlet air, respectively. The calculation procedure
follows the method described in a previous study.38 Given that
the Hg(0) emission and deposition occur simultaneously in
the water−atmosphere exchange, this procedure allows for
calculating the conclusive MDFex and MIFex signatures. Briefly,
the concentration modification factor (CMF) was defined as
the ratio of (Cout − Cin)/Cout, aiming to separate the Hg(0)
flux with significant emission (CMF > 0.15) and deposition
(CMF < −0.15).38
A Δ200Hg isotopic mass balance model was applied to

quantify the contribution of the individual flux components to
the total Hg(0) flux during the water−atmosphere Hg(0)
exchange process. The Hg(0) flux of emission from or
deposition to water was determined by the following equation

=F
C V

Ah

( Hg Hg )

( Hg Hg )Emis
inlet out

200
out

200
in

200
water

200
out (6)

=F F FDep Emis (7)

where FEmis and FDep represent the Hg(0) emission flux from
and deposition flux to water (ng m2 h−1), respectively, and h is
the sampling duration. Δ200Hgwater is the DHg isotopic
compositions in surface water, which was collected by the
CLC traps method (Text S3).46 DHg represents the sum of
dissolved Hg(0) and Hg(II). The detailed information of the
calculation method can be found in Text S4.
Based on the Hg isotopic mass balance model, the MIF of

Hg(0) emissions (ΔxxxHgEmis, with xxx being 199 or 200)
during water−atmosphere exchange was calculated as follows

= [

+

+ ] [ × + ]
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where FEmis is the Hg(0) emission flux from water (ng m−2

h−1). A detailed description of this method can be found in
Text S5.
2.6. Quality Assurance and Control. The chamber blank

was determined in the field by using an ultraclean quartz plate
on the chamber bottom, which showed negligible blanks (0.10
± 0.12 ng m−2 h−1, 1σ, n = 15). Full procedural blanks with
500 mg CLC traps were thermally desorbed and preconcen-
trated into 5 mL of acid-trapping solution. The mean
procedural blank was 0.056 ± 0.024 ng mL−1 (1σ, n = 6),
which is negligible (<6%) compared to the Hg concentrations
in the final trapping solution. The DFC inlet and outlet of
Hg(0) concentrations were continuously measured using CLC
trap collection in parallel to the automated Tekran 2537B Hg
analyzer at HFL and Nam Co. Nearly identical Hg(0)
concentrations were observed between those two methods
(Figure S5). More importantly, the DFC technique does not
significantly introduce Hg isotope bias effects,38 indicating that

this method can accurately measure the isotopic compositions
during the water−atmosphere Hg(0) exchange process.
The standard references of RM 8610, BCR 482, and SRM

1947 were measured during Hg isotope analysis to obtain the
analytical uncertainties of instrumental procedures and
laboratory preconcentration. The measured Hg isotopic
signatures of the three standards were consistent with
recommended values (Table S2).51,52

3. RESULTS AND DISCUSSION
3.1. Concentrations and Isotopic Compositions of

Water-Dissolved Hg and Atmospheric Hg(0). Average
DHg concentrations at the HFL (n = 18), HGL (n = 3), and
Nam Co (n = 2) were 2.05 ± 0.42 (1σ), 3.50 ± 0.16, and 0.61
ng L−1, respectively (Table S3). These values were similar to
the DHg concentrations (0.28−1.19 ng L−1) observed for lakes
in Canada53 but slightly higher than the DHg concentrations in
seawater (0.30−0.78 ng L−1).18 Mean δ202Hg values of DHg in
surface water at HFL, HGL, and Nam Co were −0.93 ±

Figure 1. MDF (δ202Hg) and MIF (Δ199Hg and Δ200Hg) isotope signatures of DFC inlet, outlet Hg(0), and water DHg in HFL (A,B), HGL
(C,D), and Nam Co lake (E,F). The gray lines are used to connect isotopic compositions of Hg(0) at the inlet and outlet of the flux chamber in
each of the lakes.
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0.41‰ (n = 18), −0.39 ± 0.14‰ (n = 3), and 2.24 ± 0.10‰
(n = 2), respectively (Figure 1, Tables 1 and S3). DHg samples
at the three lakes show positive Δ199Hg (mean ± 1σ: HFL =
0.21 ± 0.13‰, HGL = 0.20 ± 0.04‰, Nam Co = 0.36 ±
0.04‰) and slightly positive Δ200Hg signatures (mean ± 1σ:
HFL = 0.07 ± 0.03‰, HGL = 0.06 ± 0.03‰, Nam Co = 0.04
± 0.03‰). The DHg isotopic compositions of HFL and HGL
are similar to those reported for DHg at lakes in Ontario,
Canada53 and THg in seawater.18

Ambient air DFC inlet Hg(0) concentrations at HGL (mean
± 1σ: 1.27 ± 0.57 ng m−3, n = 6) and Nam Co (mean ± 1σ:
1.27 ± 0.26 ng m−3, n = 6) were similar to the background
values (<1.5 ng m−3),54 but those at HFL (mean ± 1σ: 4.57 ±
2.02 ng m−3, n = 26) were about four times higher (Tables 1
and S6). Air at HFL was affected by anthropogenic emissions
while at HGL and Nam Co, it was essentially pristine. Our
observations of DFC inlet Hg(0) enriched with lighter isotopes
at HFL (mean δ202Hg: −0.48‰) and heavier isotopes at HGL
(mean δ202Hg: 0.04‰) and Nam Co (mean δ202Hg: 0.49‰)
are in agreement with literature reported values.55 The mean
Δ199Hg of the DFC inlet Hg(0) were determined to be
−0.06‰ ± 0.10‰ (±1σ) for HFL, −0.19‰ ± 0.07‰ (±1σ)
for HGL, and −0.10‰ ± 0.11‰ (±1σ) for Nam Co. Mean
Δ200Hg of inlet Hg(0) at the three lakes ranged from −0.04 to
−0.02‰. The isotopic compositions of the DFC inlet ambient
air Hg(0) at HFL are overall consistent with those previously
observed at an adjacent urban site in Guiyang (−0.96‰ and
−0.01‰ for δ202Hg and Δ199Hg, respectively), which was
attributed to regional anthropogenic emissions.56 The inlet
Hg(0) isotopic compositions at HGL and Nam Co are overall
similar to those observed at background sites.55 There are no
significant relationships between Hg fluxes and the isotopic
compositions of Hg(0) in the DFC inlet at the three lakes
(Figure S6), indicating that water Hg(0) emission was not a
dominant factor controlling ambient air Hg(0) isotopic
compositions.
Mean DFC outlet Hg(0) concentrations at the lakes (5.36,

2.06, and 2.19 ng m−3 at HFL, HGL, and Nam Co,
respectively) were elevated compared to the supply of ambient
air Hg(0). The mean δ202Hg and Δ199Hg values of DFC outlet
Hg(0) were −0.67 ± 0.27‰ and −0.10 ± 0.10‰ (1σ, n =
26), respectively, at HFL, 0.03 ± 0.17‰ and −0.16 ± 0.07‰
(1σ, n = 6), respectively, at HGL, and −0.31 ± 0.30‰ and
−0.21 ± 0.05‰ (1σ, n = 6), respectively, at Nam Co (Figure
1, Tables 1 and S6). Corresponding Δ200Hg values were all
near-zero (means = 0.00−0.02‰, n = 3). The isotopic shift
(Δ) during water−atmosphere Hg(0) exchange was assessed

by comparing the DFC inlet and outlet Hg(0) compositions
(i.e., Δ = DFC outlet−inlet, Figure S7). Δ-δ202Hg and Δ-
Δ199Hg at Nam Co were considerably negative (mean:
−0.79‰ and −0.11‰, respectively), indicating a steady
shift toward a lighter and an odd isotope-depleted Hg(0) vapor
exchanged with the water surface. As can be seen from Figure
1, both negative and positive differences were observed in the
chamber measurements at HFL and HGL. At HGL, mean Δ-
δ202Hg and Δ-Δ199Hg values were indistinguishable from zero
(−0.01‰ and 0.03‰ for Δ-δ202Hg and Δ-Δ199Hg,
respectively). Mean Δ-δ202Hg and Δ-Δ199Hg values at HFL
were −0.19‰ and −0.04‰, respectively, the magnitudes of
which were much lower than those at Nam Co.
3.2. Water−Atmosphere Hg(0) Exchange Fluxes and

Isotopic Compositions. Water−atmosphere Hg(0) ex-
change with prevailing net Hg(0) emissions were observed
during all measurement campaigns (Tables 1 and S6), with
slightly lower fluxes at Nam Co (mean ± 1σ: 1.2 ± 0.7 ng m−2

h−1, n = 6) than HFL (mean ± 1σ: 1.5 ± 1.0 ng m−2 h−1, n =
26) and HGL (mean ± 1σ: 1.8 ± 1.1 ng m−2 h−1, n = 6).
These fluxes were comparable to previous measurements at
Wujiang River (2.4 ± 1.5 ng m−2 h−1 ng m−2 h−1),44 Yellow
Sea (0.5 ± 1.3 ng m−2 h−1),57 Eastern Mediterranean (2.2 ±
1.5 ng m−2 h−1),58 and the Arctic Ocean (2.4 ng m−2 h−1).59

Hg(0) isotopic compositions were calculated for all the flux
exchange data except winter data at HFL due to diminutive net
Hg(0) flux (CMF ≤ 0.15). Overall, the Hg(0) isotopic
fractionation during water−atmosphere exchange at the three
lakes was characterized by negative δ202Hgex and Δ199Hgex
values and slightly positive Δ200Hgex values (Figure 2, Tables 1
and S5). Specifically, δ202Hgex varied from −3.16 to −0.66‰
(mean ± 1σ: −1.61 ± 0.83‰, n = 12) at HFL, from −0.35 to
0.19‰ at HGL (mean ± 1σ: −0.03 ± 0.20‰, n = 5), and
from −2.41 to 0.27‰ at Nam Co (mean ± 1σ: −1.29 ±
0.93‰, n = 6); Δ199Hgex varied from −0.59 to −0.01‰
(mean ± 1σ: −0.26 ± 0.15‰, n = 12) at HFL, from −0.33 to
−0.08‰ at HGL (mean ± 1σ: −0.16 ± 0.10‰, n = 5), and
from −0.60 to −0.05‰ at Nam Co (mean ± 1σ: −0.34 ±
0.18‰, n = 6). Mean Δ200Hgex was slightly positive in all three
lakes (ranged from 0.06 to 0.09‰) (Figure S8). The direction
and magnitude of mean δ202Hgex signatures align well with
those predicted by a global Hg isotope box model,42 while the
calculated odd-MIF signatures in this study (mean E199Hg =
−0.76 to −0.32‰, Section 3.5) deviate from simulated values
(e.g., E199Hg = 0.00−0.55‰42,43).
3.3. Isotope Fractionation during Hg(0) Deposition to

Water. The mean Hg(0) deposition fluxes were 29.3 ± 3.8 ng

Figure 2. Hg isotopic compositions (Δ199Hg versus δ202Hg) of exchange Hg(0) between water and atmosphere. (A) HFL, (B) HGL, and (C) Nam
Co.
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m−2 h−1 (1σ, n = 3) and 27.5 ± 14.2 ng m−2 h−1 (1σ, n = 3)
during daytime and nighttime deposition-controlled experi-
ments at HFL, respectively. The mean (±1σ) isotopic
compositions of injected Hg(0) were −1.30 ± 0.03‰ for
δ202Hg, 0.15 ± 0.05‰ for Δ199Hg, and 0.05 ± 0.02‰ for
Δ200Hg (Table S4). The isotopic compositions of residual
Hg(0) exiting the DFC showed δ202Hg values of −1.70 ±
0.10‰ (mean ± 1σ, n = 3) and −1.66 ± 0.05‰ (mean ± 1σ,
n = 3), Δ199Hg values of 0.19 ± 0.04‰ and 0.18 ± 0.04‰,
and Δ200Hg values of 0.03 ± 0.03 and 0.03 ± 0.03‰ during
daytime and nighttime, respectively (Figure 3 and Table S4).
There are no significant differences in deposition fluxes as well
as MDF and MIF signatures between the daytime and
nighttime (paired sample t-test, p = 0.20, 0.41, 0.82, and
0.67 for flux, δ202Hg, Δ199Hg, and Δ200Hg, respectively, n = 3),
implying that photochemical processes likely played a minor
role in regulating the deposition fluxes and isotope
fractionation of Hg(0) during atmosphere−water depositions.
We observed negative MDF enrichment factors (mean
ε202HgHg(0) res idua l‑Hg(0) in jected = δ202HgHg(0) res idua l −
δ202HgHg(0) injected = −0.38‰, Figure 3) during Hg(0)
deposition to surface water, which are of the opposite sign
to those for Hg(0) deposition to foliage and soils previously
observed by the DFC method that show preferential
enrichment of heavier isotopes in the residual Hg(0).37−39

The deposition-controlled experiments showed negligible MIF
of the odd- and even-mass Hg isotopes, with the mean MIF
enrichment factors (Ε199Hgresidual Hg(0)‑ in jected Hg(0) =
Δ 1 9 9Hg r e s i d u a l H g ( 0 ) − Δ 1 9 9Hg i n j e c t e d H g ( 0 ) a nd
Ε200Hgresidual Hg(0)‑injected Hg(0) = Δ200Hgresidual Hg(0) −Δ200Hg
injected Hg(0)) of 0.03 and −0.02‰, respectively (Figure 3).
Previous non-isotopically experimental studies suggested

that Hg(0) oxidation in aquatic systems can be both non-
photochemically and photochemically mediated. For example,
Hg(0) oxidation can be affected by a variety of factors
including environmental controls (e.g., solar radiation)11,14 and
substrate characteristics (e.g., thiol functional groups and
oxidizing compounds).10,60,61 We interpret that the observed
enrichment of lighter isotopes in the air was modified by
deposition process driven by aqueous phase oxidation,
knowing that the oxidation process would cause enrichment
of heavier isotopes in the oxidized portion.13,62 Dark abiotic
Hg(0) oxidation by humic acids and thiols has been observed
to produce an enrichment of lighter isotopes in residual Hg(0)
fraction (ε202HgHg(II)−Hg(0) = 1.10−1.54‰), which implies a
predominance of equilibrium isotope effect.13 Besides, photo-

oxidation of Hg(0) also causes an enrichment of lighter
isotopes and depletion of odd isotopes in the residual Hg(0)
portion, with MDF and odd-MIF enrichment factors of 3.3 and
−0.35‰, respectively.63 The deposition processes generate
relatively small odd-MIF signals in our study, which should be
attributed to the minor fraction of deposited Hg(0) (i.e., mean
of 10%, Table S4) and the small magnitude of odd-MIF
triggered by photochemical and non-photochemical Hg(0)
oxidation. Figure S9 shows the Hg(0) isotopic compositions as
a function of the remaining fraction of injected Hg(0).13,63

Rayleigh fractionation models based on the MDF and odd-
MIF fractionation factors obtained from dark abiotic and
photochemical Hg(0) oxidations could overall accommodate
our field observations; we therefore postulate that aqueous
Hg(0) oxidation is an important driver of Hg(0) uptake by
fresh water.
Gas-phase Hg(0) oxidation followed by Hg(II) dry

deposition could also be a potential mechanism responsible
for the observed isotopic fractionation during Hg(0)
deposition to water. A previous laboratory study observed
that gas-phase Hg(0) oxidation induced by Br atoms enriches
lighter isotopes and depletes odd-isotopes in the residual
Hg(0), with MDF and odd-MIF enrichment factors of 0.76−
0.96 and −0.36 to −0.27‰, respectively,64 similar to the Hg
isotope fractionation during aqueous phase Hg(0) oxida-
tion.13,63 However, the average gas-phase Hg(0) oxidation rate
in humic air in the planetary boundary layer according to the
GEOS-Chem model by Shah et al. is close to 0.017 d−1,65

which is 1−2 orders of magnitude lower than the values
observed in natural waters (0.06−0.9 d−1).14,60,66 Therefore,
we propose that the aqueous phase oxidation is the dominant
process controlling the Hg(0) deposition to water, although
the effect of gas-phase oxidation can be ruled out. The thin film
gas exchange model seems to provide a plausible explanation
for Hg(0) oxidation that occurs at the water surfaces. Since
Hg(0) emission and deposition occurred simultaneously, if
Hg(0) was rapidly oxidized in the thin film layers then Hg(0)
deposition would be enhanced and Hg exchange should occur
in both directions even if surface water is supersaturated with
Hg(0) below the thin-film layer. Further studies are needed to
gain a better understanding of the processes and mechanisms
controlling the Hg(0) deposition to water surfaces.
3.4. Isotope Fractionation during Hg(0) Emission

from Water. During the DFC experiments with supplied air
free of Hg(0) at HFL, the observed effluxes were on average
almost four times larger compared to the case with the

Figure 3. Fractionation of Hg isotopes during Hg(0) deposition to water. (A) Odd-MIF (Δ199Hg) versus MDF (δ202Hg). (B) Even-MIF (Δ200Hg)
versus MDF (δ202Hg). The dashed line and shaded area indicate the mean and interquartile range (IQR), respectively. Error bars indicate the 2σ
analytical uncertainty.
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supplied ambient air [7.8 ± 2.6 ng m−2 h−1 (±1σ, n = 6, Table
S4) versus 2.1 ng m−2 h−1]. Such a marked difference implies
that emission of Hg(0) from the water surface to air was
substantially reduced by the smaller concentration gradient
between water and air in the case of suppling ambient air, or
equivalently, we could say that the emission flux was offset by
co-occurring Hg(0) deposition during ambient atmosphere−
water Hg(0) gas exchange. Higher daytime (mean ± 1σ: 10.1
± 0.3 ng m−2 h−1, n = 3) than nighttime Hg(0) emission fluxes
(mean ± 1σ: 5.4 ± 0.9 ng m−2 h−1, n = 3) were observed, and
in addition, a significant positive correction between Hg(0)
emission flux and solar radiation (R2 = 0.96, p < 0.01, Figure
S10) was identified, indicating that photoreduction likely plays
a major role in Hg(0) emissions from water. δ202Hg and
Δ199Hg signatures of Hg(0) emissions from water exhibited
negative values during both daytime and nighttime (mean ±
1σ: δ202Hg = −0.95 ± 0.09‰ and Δ199Hg = −0.25 ± 0.06‰
for daytime, and δ202Hg = −1.00 ± 0.05‰ and Δ199Hg =
−0.26 ± 0.07‰ for nighttime). The MDF enrichment factor
(ε202HgHg(0)‑DHg = δ202HgHg(0) - δ202HgDHg) for Hg(0)
emissions from water was −0.37 ± 0.06‰ (mean ± 1σ, n =
6); this direction was similar to Hg(0) emitted from soils
(mean ε202HgHg(0)‑soil = −1.98‰ to −0.86‰) that enriches
the lighter isotopes in the Hg(0) product.17,40 The odd-MIF
enrichment factor (Ε199HgHg(0)‑DHg = Δ199HgHg(0) −
Δ199HgDHg) in emission-controlled experiments was −0.29 ±
0.06‰ (mean ± 1σ, n = 6, Figure 4 and Table S4), and the
even-MIF enrichment factor (Ε200HgHg(0)‑DHg = Δ200HgHg(0) −
Δ200HgDHg) during Hg(0) emissions from water exhibited
values that were indistinguishable from zero (mean
Ε200HgHg(0)‑DHg = 0.01 ± 0.03‰, n = 6).
3.5. Mechanisms and Controlling Factors during

Water−Atmosphere Hg(0) Exchange. The effect of
physicochemical properties of water on Hg redox chemistry
during water−atmosphere exchange seems to be complicated,
as indicated by insignificant correlation between physicochem-
ical properties of water and flux and isotope composition of
Hg(0) (Figure S11). Reduction channels that increase the
Hg(0) pool in surface water and thus propel Hg effluxes to the
atmosphere may include both photo-driven and dark
processes. Isotopically, these processes exhibit distinctly
different trajectories in terms of fractionation of the odd
isotopes 199Hg and 201Hg. The Δ199Hg/Δ201Hg slope of 1.00 ±
0.08 (±1σ, Figure S12) from the regression of the odd-MIF
data of the emission-controlled experiments suggests that these
effluxes bear a signature typical of photo-induced MIE21,27,30,67

with no traceable contribution from NVE-associated abiotic
dark reduction.26 Note that if both reduction processes were
important for Hg(0) emissions from water, a slope that lies
between 1.0 and 1.6 would be observed. Rates for photo-driven
reduction are more than 1 order of magnitude higher than for
dark abiotic reduction (Table S8),8,11,12 so we expect a low
contribution from the dark abiotic reduction. Microbial
reduction may be a potential factor; however, this process is
also expected to play a minor role in water Hg(0) emissions in
the present study (more details in Text S5.2). Our stable
isotope result is in good agreement with non-isotopic
observations,8,11,12 which mostly showed that Hg(0) emission
from water is dominated by photochemical reduction
processes. Statistical analysis showed no significant difference
in odd-MIF composition between daytime and nighttime
segregated efflux samples (paired sample T test, p = 0.61 for
Δ199Hg). We thus assume that the pool of dissolved Hg(0)
formed photochemically in daylight was large enough to also
maintain Hg(0) effluxes during nighttime. Based on the
nighttime Hg(0) emission effluxes of 4.4−6.2 ng m−2 h−1

(means = 5.4 ng m−2 h−1) at HFL, we roughly estimated that
nocturnal Hg(0) emissions from water (a 1 m2 surface area
and 30 m deep water column) accounted for 3.7% of total
DGM in the water column (Table S7), indicating that
photoreduction of DGM in daytime was sufficient to maintain
Hg(0) emissions at nighttime. Gustin et al.68 proposed that
light on surface soil provides energy for photochemical
reduction of Hg(II) to Hg(0) to volatilization at night, a
theory that supports our hypothesis above.
The calculated isotopic compositions of Hg(0) emission

during water−atmosphere exchange at the three lakes
exhibited negative Δ199HgEmis values (eq 8, means = −0.40
to −0.12‰, n = 3). Mean values of Δ200HgEmis at the three
lakes ranged from 0.04−0.06‰, which are similar to the
Δ200Hg values of surface water DHg (Figure S13). The
Δ199Hg/Δ201Hg slopes are 1.01, 1.00, and 1.10 at HFL, HGL,
and Nam Co, respectively (Figure S14). These slopes are lower
than the slope (∼1.6) associated with NVE but consistent with
that of Hg(II) photoreduction due to MIE (∼1.0−
1.2).21,27,67,69 In addition, the mean odd-MIF enrichment
factor (Ε199HgEmis = Δ199HgEmis − Δ199HgDHg) exhibited
negative values among the lakes (means = −0.76 to −0.32‰,
n = 3), which resemble the sign but are less negative than
observations from photoreduction of Hg(II) complexed with
sulfurless ligands (−0.99 to −6.61‰).21,67 Based on the
observed Hg/DOC ratios presented here (mean ±1σ: HFL:

Figure 4. Fractionation of Hg isotopes during Hg(0) emission from water. (A) Odd-MIF (Δ199Hg) versus MDF (δ202Hg). (B) Even-MIF
(Δ200Hg) versus MDF (δ202Hg). The shaded area and white line indicate the IQR and the mean, respectively. Error bars indicate the 2σ analytical
uncertainty.

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.3c01273
Environ. Sci. Technol. 2023, 57, 10673−10685

10680

https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c01273/suppl_file/es3c01273_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c01273/suppl_file/es3c01273_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c01273/suppl_file/es3c01273_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c01273/suppl_file/es3c01273_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c01273/suppl_file/es3c01273_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c01273/suppl_file/es3c01273_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c01273/suppl_file/es3c01273_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c01273/suppl_file/es3c01273_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c01273/suppl_file/es3c01273_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c01273/suppl_file/es3c01273_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c01273/suppl_file/es3c01273_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c01273/suppl_file/es3c01273_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c01273?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c01273?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c01273?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c01273?fig=fig4&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.3c01273?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


0.56 ± 0.11 ng mg−1, HGL: 0.85 ± 0.08 ng mg−1, and Nam
Co: 0.21 ± 0.01 ng mg−1), it appears that the odd-MIF
enrichment factor is controlled by Hg/DOC ratios, which may
explain the lower values of Ε199HgEmis than that of photo-
reduction of Hg(II) with high Hg/DOC ratios in laboratory
experiments.21,67 Previous studies have demonstrated that Hg
preferentially bound to the S-containing functional groups in
DOM at relatively low Hg/DOC ratios.70,71 However, most
Hg(0) generated by photoreduction of Hg(II) in natural water
bodies stems from a sulfurless bonding environment due to
high abundance of O/N ligands in natural DOM.30,70,71

Besides, much higher Hg(II) reduction rates of sulfurless
ligands than S-containing ligands in DOM were ob-
served,67,70,72 suggesting that cumulative Hg(II) photo-
reduction of sulfurless ligands may be significant on a long-
time scale. Therefore, a significantly negative Ε199HgHg(0)‑DHg
overall reflects a prevailing control of photoreduction of
Hg(II) bound to sulfurless ligands, while a less negative value
is likely attributed to the combined result of co-occurring S-
containing and sulfurless ligands.
The calculated Δ199HgEmis of Hg(0) emission was −0.23 ±

0.14‰ at HFL, −0.12 ± 0.10‰ at HGL, and −0.40 ± 0.25‰
at Nam Co. Interestingly, the calculated Δ199HgEmis values of
Hg(0) emission at HFL are consistent with that from the
emission-controlled experiment (mean = −0.25‰). No
significant relationships were observed between solar radiation
and E199HgEmis of net Hg(0) emission from any of the lakes (p
= 0.74). This contradicts the results of previous photochemical
experiments21,67 but is similar to those of Hg isotopic
fractionation during emission-controlled experiments in both
daytime and nighttime Hg(0) samples mentioned above. We
therefore concluded that the odd-MIF of water emission
Hg(0) during both daytime and nighttime at the three lakes is
mainly caused by water Hg(II) photoreduction. Motta et al.27

observed that the photochemical reduction of Hg(II) in the
presence of cysteine with the condition of oxic pH 7 exhibited
the positive Ε199Hg (0.25‰). Zheng and Hintelmann67
proposed that the significantly negative Ε199Hg (−2.75‰)
during photoreduction of Hg(II) bound to sulfurless ligands in
the condition of a low Hg/DOC ratio (35 ng mg−1).
Therefore, based on experimentally derived fractionation
factors, we roughly estimated that photoreduction of Hg(II)
associated with surfurless ligands contributed 19−34%, while
those associated with S-containing ligands contributed 66−
81% to the total Hg(0) emissions from the surface water at the
three lakes (Text S5). These percentage contributions of
different types of ligands for photoreduction of Hg(II) are
comparable to previously reported values generated from
equilibrium models.70 Our results indicate that the photo-
reduction of Hg(II) in surface water may preferentially result
in relatively small (+)MIE because of the co-occurring effects
of Hg binding to surfurless and S-containing ligands in surface
water, which may also explain the positive Δ199Hg values in
water Hg(II).
Water−atmosphere exchange and atmospheric deposition

[including Hg(0) and Hg(II) deposition] and Hg sedimenta-
tion are the major processes controlling the Hg cycling in
aquatic systems. Hg sedimentation is not expected to induce
significant odd-Hg MIF,73 and the odd-MIF signatures of Hg
in water should be therefore mainly regulated by atmospheric
Hg deposition and water Hg(0) emissions. Here, we plotted
the Δ199Hg vs Δ200Hg values of DHg measured in this and
previous studies,18,53 and we found that most Δ199Hg values

are scattered above the mixing line of atmospheric Hg(0) and
Hg(II) deposition (Figure S15). This likely indicates that some
post-deposition processes in water might also cause a positive
shift of Δ199Hg in water DHg. We therefore speculate whether
such a positive Δ199Hg shift is caused by water Hg(0)
emission. Given the sedimentation fluxes and water−
atmosphere Hg(0) exchange fluxes as well as the MIF
signatures of Hg isotopes during water−atmospheric exchange
at HFL, HGL, and Nam Co (Figure S16),74−76 we estimated
that Hg(0) emission from water would potentially yield a 0.01,
0.05, and 0.35‰ positive shift in Δ199Hg of water DHg at the
three lakes, respectively, using the Rayleigh equation.43 This
could well explain the measured Δ199Hg shift of DHg relative
to atmospheric deposition at these lakes (0.03−0.26‰)
(Figure S15). The effect of Hg(0) emission on the water
DHg Δ199Hg is mainly controlled by the emission/
sedimentation flux ratios, with a relatively higher value
occurring in the pristine Nam Co where the Hg sedimentation
flux is fairly low (Figure S16).
3.6. Estimate of the Hg(0) Emission and Deposition

Fluxes. At present, models operate with schemes separating
the deposition flux to and emission flux from the oceans, and
still no in situ method has been presented that has the capacity
to measure this flux partitioning and therefore act as a refs15
16,. We applied a Δ200Hg mass balance model to quantify
Hg(0) emission and deposition fluxes during dynamic
bidirectional water−atmosphere Hg(0) exchange processes.
The detailed calculations of Δ200Hg mass balance can be found
in Text S4. The uncertainties on the calculated FEmis and FDep
were estimated using a Monte Carlo approach (Text S6).
Hg(0) emission and deposition fluxes at HFL (mean ± 1σ, 4.1
± 5.0 ng m−2 h−1 and 2.3 ± 1.1 ng m−2 h−1, respectively,
Figure 5, Tables 1 and S6) were generally higher than those at

HGL (mean ± 1σ, 3.3 ± 4.3 ng m−2 h−1 and 1.6 ± 1.1 ng m−2

h−1, respectively) and Nam Co (mean ± 1σ, 2.1 ± 3.2 ng m−2

h−1 and 1.2 ± 0.4 ng m−2 h−1). The Hg(0) deposition fluxes
obtained in this study (means: 1.2−2.3 ng m−2 h−1, n = 3) are
similar to previously reported values to various terrestrial and
aquatic systems by isotope approaches and modeling studies,
respectively (e.g., forest: 1.0−5.5 ng m−2 h−1;17,77,78 back-
ground soils: 4.7−14.3 ng m−2 h−1;38 seawater: 0.3−0.5 ng m−2

h−1,15,16 Figure S17). The finding in this and earlier studies
confirm that Hg(0) deposition is a widely distributed
phenomenon over various types of earth’s surfaces, which

Figure 5. Hg(0) emission, deposition, and net flux at HFL, HGL and
Nam Co. Error bars are 1σ analytical uncertainty of the Hg(0) flux.
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would therefore play an important role in the biogeochemical
cycling of Hg. Based on the estimated Hg(0) deposition fluxes,
we calculated the mean Hg(0) deposition velocities of 0.02,
0.03, and 0.02 cm s−1 for HFL, HGL, and Nam Co,
respectively.
Wet deposition is traditionally regarded as an important

pathway for Hg loading to the natural water. Previous studies
observed that the mean Hg wet deposition fluxes at HFL,
HGL, and Nam Co were 1.44, 1.22 (in background area), and
0.21 ng m−2 h−1, respectively.79 These values are 1.6, 1.3, and
5.8 times lower than the Hg(0) dry deposition fluxes in the
corresponding study areas (means: 1.2−2.3 ng m−2 h−1),
suggesting that Hg(0) dry deposition is a dominant source
(range from 56 to 85% with a mean of 68%) of Hg in these
lake ecosystems, as is the case of atmospheric Hg(0)
deposition to seawater.18

4. ENVIRONMENTAL IMPLICATIONS
The present study observed that heavier Hg(0) isotopes are
pre fe rent i a l l y depos i ted to the aqueous phase
(ε202Hgresidual‑injected = −0.38‰), plausibly an effect of the
fact that dissolved gas is readily consumed by oxidation. In
turn, Hg(0) emissions from surface water, including a
contribution from residual DGM, preferentially release lighter
isotopes and are depleted in odd-mass-number isotopes (mean
ε202Hg: −0.37‰, mean Ε199Hg: −0.29‰). Aligning to a
Δ199Hg/Δ201Hg ratio of unity without discernible isotopic diel
variations, Hg(0) effluxes overall appear to be governed by
photochemical Hg(0) production in surface water. Our results
indicate that water−atmosphere Hg(0) exchange overall could
generate a positive shift of Δ199Hg in fresh water, which
provides an observational explanation for the positive odd-MIF
signatures in present-day sediments.80 Combining flux and
isotope measurements with supplied ambient air and air with
artificially high and low Hg(0) concentrations, the application
of a mass balance model indicates that dry deposition of Hg(0)
is of fundamental importance in atmospheric−water gas
exchange. Results from the present study reveal that direct
Hg(0) dry deposition fluxes greatly exceed the wet deposition
fluxes at the investigated lakes, indicating a dominant role of
Hg(0) dry deposition in the fresh water ecosystem, which is
broadly consistent with pervious findings in lake sediments and
marine ecosystems.18,81,82

Ocean Hg(0) emissions are an important source of
atmospheric Hg,15,16 yet the isotopic signatures of this
emission source remain essentially unknown. In Figure S15,
we draw an atmospheric Hg deposition mixing line based on
the Δ199Hg vs Δ200Hg signatures of atmospheric Hg(0) and
reactive Hg(II) and precipitation Hg(II). We found that
Δ199Hg of seawater DHg deviates positively (+0.07−0.11‰)
from the atmospheric Hg deposition mixing line (Figure S15),
similar to those of fresh water in our study (+0.03−0.26‰),
which is attributed to water Hg(0) emissions, as discussed in
Section 3.5. Furthermore, the contribution of atmospheric
Hg(0) dry deposition to Hg in fresh water in our study is
comparable to previously reported values of seawater.18 We
therefore postulate that odd-MIF of Hg isotopes during
seawater Hg(0) emissions may resemble that of fresh water
[i.e., negative odd-MIF in Hg(0) emissions], and this
hypothesis could be also explained by the observations of
negative Δ199Hg values in Hg(0) in marine boundary layer
air.83,84 We caution that due to the insufficient knowledge of
the gaseous oxidized mercury (GOM) isotopic signatures in

the planetary boundary layer, such an interpretation may have
large uncertainties. Previous studies observed much lower
GOM Δ199Hg values in arctic and marine boundary layer air as
compared with the free troposphere.85,86 An integration of
these data would yield a lower Δ199Hg of Hg delivered into
waters and may further indicate a larger positive shift of
Δ199Hg during water Hg(0) emissions. Future in situ studies
on the bidirectional exchange fluxes as well as their Hg isotope
fractionation at the seawater and atmosphere interface are
needed to better understand the roles of Hg(0) exchange in
the cycling of Hg in the global atmosphere and oceans.
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