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ABSTRACT: Photo-, microbial, and abiotic dark reduction of soil
mercury (Hg) may all lead to elemental mercury (Hg(0)) emissions.
Utilizing lab incubations, isotope signatures of Hg(0) emitted from
mining soils were characterized to quantify the interplay and
contributions of various Hg reduction pathways, which have been
scarcely studied. At 15 °C, microbial reduced Hg(0) showed a negative
mass-dependent fractionation (MDF) (δ202Hg = −0.30 ± 0.08‰, 1SD)
and near-zero mass-independent fractionation (MIF) (Δ199Hg = 0.01 ±
0.04‰, 1SD), closely resembling dark reduced Hg(0) (δ202Hg = −0.18
± 0.05‰, Δ199Hg = −0.01 ± 0.03‰, 1SD). In comparison,
photoreduced Hg(0) exhibited significant MDF and MIF (δ202Hg =
−0.55 ± 0.05‰, Δ199Hg = −0.20 ± 0.07‰, 1SD). In the dark, Hg
isotopic signatures remained constant over the temperature range of 15−35 °C. Nonetheless, light exposure and temperature
changes together altered Hg(0) MIF signatures significantly. Isotope mixing models along with Hg(0) emission flux data highlighted
photo- and microbial reduction contributing 79−88 and 12−21%, respectively, of the total Hg(0) emissions from mining soils, with
negligible abiotic dark reduction. Microorganisms are the key driver of soil Hg(0) emissions by first dissolving HgS and then
promoting ionic Hg formation, followed by facilitating the photo- and microbial reduction of organically bound Hg. These insights
deepen our understanding of the biogeochemical processes that influence Hg(0) releases from surface soils.
KEYWORDS: soil-atmosphere mercury flux, photoreduction, microbial reduction, HgS dissolution, bioleaching

1. INTRODUCTION
Mercury (Hg), known for its neurotoxic properties, is
disseminated globally via atmospheric pathways.1,2 Elemental
mercury (Hg(0)) is the primary form of long distance
transport in the atmosphere due to its high stability. Mercury
emissions originating from natural sources, including re-
emissions of legacy Hg, constitute approximately two-thirds
of the total atmospheric Hg inputs.3 Approximately 80% of the
observed data indicates that the exchange of Hg between soil
and the atmosphere primarily results in net emissions,3−5 with
annual Hg(0) emissions from soil ranging from 747 to 2900
tons, representing 13 to 36% of global atmospheric Hg
emissions.6,7 The conversion of Hg(II) to Hg(0) is a
significant biogeochemical process by which natural Hg is
emitted into the atmosphere.4 Research findings on the
pathway of soil Hg(II) reduction identify three primary
mechanisms for the production of soil Hg(0): photochemical,
microbial, and abiotic dark reduction.8−10 The photochemical
reduction induced by solar radiation is usually recognized as a
significant driver of surface soil Hg(0) emissions, as it regulates
the diurnal variations in soil-atmosphere Hg(0) exchange
flux.11,12 However, there is still a considerable gap in
understanding the effects of microbial reduction and abiotic

dark reduction on Hg(0) emissions from soils and their
synergistic impacts with photoreduction.
The Wanshan Hg mining area stands out as one of the most

affected regions worldwide in terms of surface soil Hg(0)
emissions.13 With original Hg reserves totaling 28,775 tons,
Wanshan held the distinction of being the largest in Asia and
was dubbed the Mercury Capital of China. Despite the
cessation of mining activities in 2001 due to resource
exhaustion, the lingering environmental Hg pollution resulting
from its extensive history of mining remains unresolved. The
persistent and significant Hg(0) emissions from soil have
resulted in elevated local air Hg concentrations for an extended
period, averaging 111 ± 165 ng m−3,14 which greatly surpasses
the global background Hg levels of 1.5 ng m−3.15 Such
unusually high soil Hg(0) emissions, via leaf uptake of
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atmospheric Hg, have led to elevated Hg accumulation in rice
(27−74 ng g−1), a local staple crop, exceeding the Chinese
food Hg limit of 20 ng g−1.16 Additionally, human exposure to
Hg among local residents is noteworthy, as indicated by hair
Hg concentrations ranging from 4 to 53 μg g−1.17 Accordingly,
the Wanshan mine has an extraordinaly Hg environmental
transfer pathway, characterized by soil Hg emissions, Hg
contamination in atmosphere, and Hg bioaccumulation in
crops and local population. A recent study indicated that
nighttime soil-atmosphere Hg(0) emission fluxes from farm-
land, forests, and exposed surfaces in the Wanshan mining area
decreased by 78, 37, and 65% respectively compared to
daytime levels.3 Despite the abatement in nighttime soil Hg
emission, quantitative data revealed that the emission fluxes
remain substantial (94−475 ng m−2 h−1). In line with prior
research, solar radiation has been shown to enhance soil Hg(0)
emissions in mining regions; however, there remains a dearth
of empirical evidence to elucidate the notable nighttime soil
Hg(0) emissions. On the other hand, it is puzzling that in the
Hg slag landfill, the emission intensity of Hg(0) from surface
soil at night (10,147 ng m−2 h−1) is marginally higher than
during daytime (9955 ng m−2 h−1).3 As previously stated, the
explanation of these phenomena through photoreduction alone
is challenging, suggesting additional factors substantially
influencing Hg(0) emissions from surface soil, such as
microbial activities. Currently, there is a notable gap in
systematic research on soil Hg(0) emissions driven by multiple
reduction pathways (i.e., photo-, microbial, and abiotic dark
reduction), and in particular, how each pathway contributes to
total soil Hg(0) emission under different environmental
conditions remains unclear.
To date, reducing soil Hg(0) emissions and air Hg pollution

in the Wanshan Mining Area has so far proven to be
challenging. The main obstacle is the lack of clarity on the
quantitative relevance of the different driving mechanisms of
soil Hg(0) emissions, thereby hindering the implementation of
effective regulatory measures. Today, stable Hg isotope
technology offers a novel approach to improve our under-
standing of Hg migration and transformation in soils. Mercury
is distinguished by its unique three-dimensional isotope tracing
system, encompassing mass dependent (MDF), odd mass
independent (odd-MIF), and even mass independent fractio-
nation (even-MIF). It is capable of performing quantitative
analysis on various Hg biogeochemical processes.18 In general,
most physicochemical processes could result in MDF, whereas
only a specific subset of these processes would induce
MIF.18,19 Typically, Hg(0) produced by Hg(II) photo-
reduction displays significant odd-MIF, with a slope of
approximately 1.0 for Δ199Hg versus Δ201Hg.19 Even-MIF is
only observed during the photochemical oxidation/reduction
process in the upper atmosphere.20 While Hg(0) produced by
abiotic dark reduction can also exhibit odd-MIF, the
magnitude of the fractionation is minimal and the slope of
Δ199Hg versus Δ201Hg differs significantly from that of
photoreduction.21 In comparison, the Hg(0) generated
through microbial-mediated Hg(II) reduction lacks odd-
MIF.19 As a result, Hg isotope technology can effectively
differentiate between various Hg reduction pathways, offering
valuable insights for investigating the mechanisms driving soil
Hg(0) emissions. In this study, we utilized Hg isotope
technology to track the emissions of Hg in the Wanshan
surface soil under different reduction mechanisms. The
objectives of this study are to quantify the relevance of

different driving pathways and associated mechanisms for
Hg(0) emissions as well as to provide insights into the
biogeochemical cycling of Hg(0) in surface soils.

2. MATERIALS AND METHODS
2.1. Soil Sample Collection and Parameter Testing.

The Wanshan Hg mine is located in the Wanshan District of
Tongren City, eastern Guizhou Province, China (27°30′ ∼
27°32′N, 109°11′ ∼ 109°14′E), which detailed in the
Supporting Information (SI), Section S1. (i) Soil sample
collection: the top 0−10 cm layer were collected at 11
locations within the Wanshan mining area (Table S1), placed
in sterile sampling bags, and transported in a cryogenic storage
box with dry ice. (ii) Field experiments: measurements of
surface soil-atmosphere Hg(0) flux, soil characteristics, and
environmental factors such as soil temperature, moisture
content, pH (water/soil = 2.5:1, m/m), and solar radiation
intensity were taken at each site. (iii) Laboratory experiments:
the soil organic matter (SOM) content was assessed using the
potassium dichromate-sulfuric acid titration method, while soil
enzyme activities, such as urease, phosphatase, and peroxidase
activities, were determined using colorimetric methods,
specifically phenol-sodium hypochlorite, disodium phosphate
colorimetry, and potassium permanganate titration, respec-
tively. Additional details on these methods can be found in the
SI, Section S2.
2.2. Simulation Experiment of Soil Hg(0) Emissions.

Five experimental configurations were utilized, including the
inoculated group (IG), sterilized group (SG), dark group
(DG), light group (LG), and SG group with light presence
(SG+light). In order to avoid the impact of vegetation on soil-
atmospheric Hg flux, experiments were conducted using soil
from different plots in bare soil areas. Prior to experiments, the
soil sample from the same plot was subjected to various
treatments. Specifically, 1.0 kg of fresh soil sieved through a 40
mesh sieve was divided into five groups (IG, SG, DG, LG, SG
+light) and placed in glass dishes measuring 30 cm × 30 cm ×
15 cm, each with a distinct identifier. The experimental
preparations for each group were as follows: (i) IG was treated
with 35 mL of Hg-resistant strain WS-B1 suspension, which
was isolated from Wanshan soils, cultured in LB liquid medium
and 65 mL of sterile deionized water. Additional details on the
identification, phylogenetic tree, and Hg removal capabilities of
WS-B1 can be found in the SI, Section S3 and Table S6. (ii)
The SG and SG+light groups were administered 100 mL of
sterile deionized water containing 0.8% Proclin-300, resulting
in effective sterilization as detailed in Section S4. (iii) The LG
and DG groups were given 100 mL of sterile deionized water.
The samples were subjected to gentle agitation at 120 rpm
min−1 for 20 min in an oscillator to ensure even distribution of
bacteria, sterilizing agents, deionized water, and soil. The
samples were then placed in a constant temperature incubator
set at 37 °C for approximately 15 h to achieve low temperature
drying of the soil and remove moisture. Following the
restoration of soil moisture to its initial level (200 g), the
soils were transferred to 1000 mL borosilicate glass microbial
reactors (flux chambers with 10 cm in diameter, 15 cm high, 2
mm wall thickness, and 90% light transmittance). Thereafter,
the soil thickness measured approximately 4 cm. The air supply
pump, polytetrafluoroethylene filter with a pore size of 0.22
μm, Tekran zero air filter, and flowmeter were connected in
sequence to the air inlet located at the bottom of the reactor.
This setup removed airborne particles and Hg from the

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

https://doi.org/10.1021/acs.est.4c05220
Environ. Sci. Technol. 2024, 58, 16824−16832

16825

https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c05220/suppl_file/es4c05220_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c05220/suppl_file/es4c05220_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c05220/suppl_file/es4c05220_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c05220/suppl_file/es4c05220_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c05220/suppl_file/es4c05220_si_001.pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.4c05220?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


incoming air, allowing for the collection of emitted Hg(0) from
the soil (Figure S1). The ventilation flow rate was set at 400
mL min−1. The air carrying soil-emitted Hg exited through the
top outlet of the reactor, passed through a polytetrafluoro-
ethylene filter again to prevent soil particle resuspension, and
was directed toward a 5.0 mL reverse aqua regia solution
(HNO3/HCl = 2:1, v/v) to capture emitted Hg from the soil.
The Hg isotope compositions in the trapping solutions
reflected the Hg isotope fractionation of Hg(0) emitted from
the soils.
These experimental trials were carried out at 15 and 35 °C

within a constant temperature incubator. To control for light
exposure, the experimental groups LG and SG+light utilized an
LED solar analog lamp (300−800 nm) positioned 5 cm above
the flux chamber, with a measured light intensity of 72 μw
cm−2 inside the flux chamber. The side walls of the flux
chambers were covered with tin foil, allowing only the surface
soil to be exposed to light, while all other experimental groups
were conducted in darkness. The mean system Hg blank of a
5.0 mL reverse aqua regia trap during 24 h of operation was
found to be 0.19 ng mL−1 at 15 °C and 0.74 ng mL−1 at 35 °C,
representing a negligible contribution (<6%) compared to the
Hg content collected from each treatment (Table S2).
Furthermore, the utilization of reverse aqua regia for the
collection of Hg(0) has been extensively employed in previous
research on Hg isotopes, with validated high Hg recovery rates
and results that do not introduce significant bias in Hg isotope
compositions.3,22,23

2.3. Microbial HgS Dissolution. Shewanella oneidensis
MR-1 is a significant model electrogenic bacterium and a
prevalent Gram-negative facultative anaerobe in sedimentary
environments. The status of it as a representative dissimilatory
iron-reducing bacterium (DIRB) has been extensively acknowl-
edged, prompting substantial research endeavors centered on
this microorganism.24−26 Here, Shewanella oneidensis MR-1
(Beijing Biobw Biotechnology Co., Ltd.) was applied to
investigate its potential to dissolve HgS. A 5.0 mL aliquot of
activated cultured MR-1, 0.4 g of humic acid, and 0.1 g of HgS
(Aladdin Biochemical Technology Co., Ltd.) were added to 45
mL of LB liquid culture medium. The control experiment was
conducted on sterile cell suspension concurrently. Triplicate
experiments were carried out to assess reproducibility. The
suspension was filtered using 0.22 μm membrane syringe filters
(13 mm diameter) to eliminate bacterial cells and solid HgS,
followed by analysis of the Hg content in the suspension. The
sorption of Hg on the membrane filters was assessed using LB
medium containing a 300 ng mL−1 HgCl2 solution, with a
recovery rate of 95−98% (n = 5).
2.4. Hg Content, Soil Hg(0) Emission Flux, and Hg

Isotope Measurements. 2.4.1. Hg Content Measurements.
The Hg(0) concentrations in air were measured using the RA-
915 Hg analyzer (Lumex Ltd.). Continuous monitoring was
done at a height of 1.0 m above the surface for 3 min, with
average values recorded (SI, Section S5). Soil Hg concen-
trations were measured with the DMA-80 Hg analyzer, with
the average value of three repeated measurements per sample
reported. Hg contents in the trapping solutions were
determined using cold vapor atomic fluorescence spectrometry
(CVAFS, Model 2500, Tekran Instruments).

2.4.2. Soil Hg(0) Emission Flux. The Aerodynamic Flux
Chamber (DFC) technique was utilized, as described in
previous literature,27 to determine the Hg(0) emission flux at
the soil-atmosphere interface in field. The Hg(0) emission

fluxes (FHg, ng m−2 h−1) were calculated by the eq 1. In
laboratory simulations, Hg(0) emissions from soil were
captured with reverse aqua regia solution to calculate the soil
Hg(0) emission fluxes. The FHg values in simulation experi-
ments were calculated based on eq 2.28

=F Q C C A( )/Hg out in 0 (1)

= ×F M H A/( )Hg Hg 1 (2)

where, Cout and Cin represent Hg(0) concentrations (ng m−3)
in the DFC outlet and ambient air, respectively. Q is the flow
rate through the DFC. The shear stresses in DFC are uniform
and the sidewall effect is minimal at a gas flow rate of 15 L
min−1.27 Therefore, Q is set to 15 L min−1 in this study. A0
represents the effective surface area of the soil covered by the
DFC, which is 0.09 m2. MHg represents the Hg mass emitted
from soil collected in the aqua regia (ng). A1 represents the
cross-sectional area of the flux chamber, measured at 78.5 cm2.
H represents the duration of Hg collection (h).

2.4.3. Hg Isotope Compositions. The Neptune Plus MC-
ICP-MS used for Hg isotopic analyses employed an online
Hg(0) vapor generation system for sample introduction and a
desolvating nebulizer for Tl internal standard (NIST SRM
997) introduction. The measurements were calibrated using
standard-bracketing with NIST3133, following our previously
published methods.22,23 The results of the MDF and MIF
analyses were reported as29

= [

] ×

Hg(% ) ( Hg/ Hg)sample/( Hg

/ Hg) 1 1000

202
00

202 198 202

198
NIST3133 (3)

= ×Hg(‰) Hg (0.252 Hg)199 199 202 (4)

= ×Hg(‰) Hg (0.502 Hg)200 200 202 (5)

= ×Hg(‰) Hg (0.752 Hg)201 201 202 (6)

A standard reference NIST 3177 was analyzed repeatedly to
obtain the analytical uncertainty of isotopic compositions
during instrumental procedures. The isotopic compositions of
NIST 3177 (δ202Hg = −0.51 ± 0.10‰, Δ199Hg = −0.01 ±
0.06‰, Δ200Hg = 0.00 ± 0.05‰, and Δ201Hg = −0.01 ±
0.08‰, 2 SD, n = 20), agreed with previously reported
values.30,31 In addition, isotopic compositions of standard
references of GSS-4 (δ202Hg = −1.60 ± 0.09, Δ199Hg = −0.45
± 0.06, Δ200Hg = 0.00 ± 0.07, and Δ201Hg = −0.41 ± 0.07‰,
2 SD, n = 5) were also measured and consistent with
previously published results.32

2.5. Hg Isotope Mixing Model. Soil Hg(0) emissions
result from the photoreduction of Hg(II) on the soil surface, as
well as microbial and abiotic dark reduction in deeper soil
layers.22 In the case of Wanshan soil, microbial reduction was
found to be the major driver of Hg(0) emission under dark
conditions, with abiotic dark reduction playing a minimal role
(as discussed in Section 3.2). Thus, the isotope mixing model
(eqs 7 and 8) was employed to estimate the relative
contributions of photoreduction and dark reduction (encom-
passing both microbial and abiotic processes) to soil Hg(0)
emissions.

= * + *F FHg Hg Hg199
LG pho

199
pho DG

199
DG (7)

+ =F F 1pho DG (8)
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where, Δ199HgLG, Δ199Hgpho, and Δ199HgDG represent the
Δ199Hg signatures of Hg(0) in the total soil emission product
under light exposure (affected by microbial reduction, abiotic
dark reduction, and photoreduction), soil emission product
solely influenced by photoreduction, and soil emission product
under dark conditions, respectively (unit: ‰). Fpho and FDG
represent the proportionate contributions of Hg(0) emitted
through photoreduction and dark reduction, respectively (unit:
%).

3. RESULTS AND DISCUSSION
3.1. Air Hg Concentration and Soil-Atmosphere Hg(0)

Exchage Flux in the Field. Air Hg(0) concentrations in the
Wanshan mining area (15−185 ng m−3, n = 55, Table S1) were
significantly higher than global (1.5 ng m−3)15 and local (2.3−
4.4 ng m−3)14 background levels. The majority of soil-
atmosphere Hg(0) exchange measurements yielded positive
values (200−5670 ng m−2 h−1, n = 10), indicating that soil
serves as a net emission source of Hg(0). The sole instance of a
negative value was identified in the surface soil of a residential
area (−70 ng m−2 h−1), potentially attributed to human
activities leading to soil compaction and reduced solar
radiation during monitoring. Analogous to the emissions
observed in the Wanshan mining region, substantial surface
soil Hg(0) emissions have been documented at other Hg
mining sites, such as the Idrija Hg mining area in Slovenia
(71−702 ng m−2 h−1)33 and the El Callao Hg-gold
amalgamation mining area in Venezuela (9−239 μg m−2

h−1).34 The flux of Hg(0) emissions from surface soils at Hg
mining sites is significantly higher, by three to 5 orders of
magnitude, compared to the global background soil-atmos-
phere Hg(0) flux (1−69 ng m−2 h−1).33−36

3.2. Hg(0) Emissions from Soils in Laboratory
Simulations. Figure 1 illustrates the Hg(0) emission fluxes
from the soils of various treatments (DG, SG, IG, LG, and SG
+light soils) at two distinct temperatures. SG and IG were
selected as representatives to elucidate the impact of abiotic
dark reduction and microbial reduction on soil Hg(0)
emissions, with DG serving as a comprehensive representation

of these processes in natural soil in the dark. While IG may
include some influences from abiotic dark reduction, its
contribution is deemed negligible in comparison with micro-
bial reduction (as discussed below), and is therefore
inconsequential for the purposes of this study.
At 15 °C, the Hg(0) emission fluxes for DG and SG were

measured to be 86 ± 10 ng m−2 h−1 (1SD, n = 4) and 7 ± 1 ng
m−2 h−1 (1SD, n = 4), respectively. The calculated Hg(0)
emission flux of SG was found to be only 8% of DG, with the
quantitative data of Hg content in the trap solution
approaching the system blank (Table S2). These findings
suggest the minimal contribution of abiotic dark reduction to
soil Hg(0) emissions, while microbial reduction plays a
dominant role in the absence of light, as evidenced from IG.
Adding a low-dose bacterial solution (IG-LC), there was a
notable increase in Hg(0) emission flux, reaching 1246 ± 97
ng m−2 h−1 (1SD, n = 3). Furthermore, Hg(0) emission fluxes
were observed to increase with the quantity of bacteria added.
A comparison between IG-LC and IG-HC revealed a 2.3-fold
increase in bacterial content (2.1 × 107 vs 4.9 × 107 cell g−1

soil) and a corresponding 2.5-fold increase in Hg(0) emission
flux (1246 ± 97 vs 3082 ± 283 ng m−2 h−1, 1SD). Such
findings underscore the significant role and potential impact of
microorganisms in facilitating soil Hg(0) emissions. The
process by which biotic reduction of Hg(II) is achieved is
intricately linked to the mer operon of microorganisms,
primarily regulated by the MerA and MerB genes.37,38 The
observed increase in Hg(0) emission fluxes from DG and IG
soils by 14.3 and 8.0 times, respectively, with a temperature
jump from 15 to 35 °C. Such promoting effect of temperature
rise on Hg(0) emissions consistent with field studies.,39,40

which may be due to increased microbial activity resulting in
elevated levels of volatile Hg and vapor pressure. With
increasing temperature, microbial activity is consistently the
primary driver of Hg(0) emissions in dark reduction, as
opposed to the minimal contribution of abiotic reduction
(<2%, Table S2).
SG+light experiments revealed that Hg(0) emission fluxes

under lighting conditions at 15 °C (543 ± 43 ng m−2 h−1, 1SD,
n = 4) and 35 °C (7547 ± 825 ng m−2 h−1, 1SD, n = 4) were
5.3 and 6.2 times higher than those of the DG group at
corresponding temperatures. Furthermore, the combined
Hg(0) emission fluxes of SG+light and DG were comparable
to the Hg(0) flux of LG (Table S2), suggesting a synergistic
effect and equilibrium relationship among different Hg
reduction pathways. Under simulated experimental conditions,
the relative contributions of photoreduction, microbial
reduction, and abiotic dark reduction to soil Hg(0) emissions
were determined to be 84, 15, and 1% at 15 °C, and 86, 13,
and 1% at 35 °C, respectively. This indicates that in the surface
bare soil at Hg mining sites, Hg(0) emissions are primarily
controlled by photoreduction, followed by microbial reduction,
with negligible contribution from abiotic dark reduction.
3.3. Isotopic Composition of Hg(0) Emitted via

Different Reduction Pathways. Figures 2 and S2 display
the isotopic compositions of Hg(0) emitted from IG, DG, LG,
and SG+light soils. Since SG soil-emitted Hg(0) was close to
the system blank, quantifying its isotopic composition was
impossible (Table S2). At 15 °C (Figure 2a), The Hg(0)
emitted from IG soil exhibited negative δ202Hg values of −0.30
± 0.08‰ (1SD, n = 6) and near-zero Δ199Hg values of 0.01 ±
0.04‰ (1SD, n = 6). These results supports the argument that
microbial Hg reduction does not lead to significant odd-MIF.18

Figure 1. Soil Hg(0) emission fluxes of dark groups (DG), sterilized
group (SG), inoculated group (IG), light group (LG), and SG group
with light presence (SG+light) under 15 and 35 °C. Error bars
represent 1 SD of the parallel experiments. LC: low-dose inoculation
group; HC: high-dose inoculation group.
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Wherein, the δ202Hg values for IG-LC and IG-HC were
determined to be −0.31 ± 0.10‰ (1SD, n = 3) and −0.29 ±
0.06‰ (1SD, n = 3), respectively, while the Δ199Hg values
were 0.01 ± 0.04‰ (1SD, n = 3) and 0.00 ± 0.05‰ (1SD, n
= 3). There were no statistically significant differences in
Δ199Hg or δ202Hg (t test, both p > 0.05) between IG-LC and
IG-HC, indicating that The small variations in the amount of
bacteria added had no significant effect on the isotopic
composition of Hg(0) released by microbial reduction. The
isotopic compositions of Hg(0) emitted from DG soil were
comparable to those from IG soil, exhibiting negative δ202Hg
(−0.18 ± 0.05‰, 1SD, n = 4) and near-zero Δ199Hg (−0.01 ±
0.03‰, 1SD, n = 4). The Δ199Hg versus Δ201Hg plot in Figure
2a,b demonstrates a close relationship in the isotope
compositions of Hg(0) emitted from, suggesting the
potentially significant contribution of microbial-driven soil
Hg(0) emission in the absence of light, as reflected by the
results of soil Hg(0) emission flux discussed in Section 3.2.
LG-emitted Hg(0) had the most negative δ202Hg (−0.55 ±
0.05‰, 1SD, n = 4) and negative Δ199Hg (−0.20 ± 0.07‰,
1SD, n = 4) compared to the others, mirroring MIF due to
lighter isotope escape under light-driven conditions.18,41

At 15 and 35 °C, the δ202Hg values of various soil emitted
Hg(0) displayed a consistent pattern of LG < IG < SS (Figure
2c,d), suggesting the preferential reduction of lighter Hg
isotopes of by light, followed by microbial processes. In
comparison, heavier Hg isotopes remain in the soil. With
increasing temperature, Hg(0) emitted from LG and IG
generated negative δ202Hg shifts with mean values of −0.19
and −0.09, respectively This indicates that elevated temper-

ature may exacerbate the preference for Hg isotopic in
photoreduction and microbial reduction.
The Δ199Hg values of various soil emitted Hg(0) were in the

order of LG < IG ≈ SS. Increasing the temperature from 15 to
35 °C, the Δ199Hg shift of IG emitted Hg(0) was insignificant
(t test, p > 0.05), whereas LG-emitter Hg(0) cause a
significantly positive shift of 0.16 (t test, p < 0.01). Field
monitoring data revealed an increase in MIF of soil-emitted
Hg(0) with increasing solar radiation.3 Nevertheless, our Hg
isotope data suggests that under light conditions, elevated
temperatures also result in a positive MIF shift during Hg(II)
reduction to Hg(0). Previous studies have indicated that net
MIF during Hg(II) reduction is the result of (+)MIF and
(−)MIF co-occurrence. Specifically, Hg(II) bound to S and N
ligands shows (+) MIF during the photoreaction, while Hg(II)
bound to O ligands has (−)MIF.21,42−44 Meanwhile, differ-
ences in the photoreduction rates of various ligands binding to
Hg(II) have also been observed. Low-molecular-weight
organic compounds containing reduced S ligands, e.g., cysteine
and glutathione, exhibit slower Hg(II) photochemical
reduction compared to those lacking reduced S ligands, e.g.,
serine and oxalic acid.42 It is postulated that temperature may
impact the photoreduction rate of different ligands binding to
Hg(II). Consequently, the phenomenon can be explained as
the O-ligand bound Hg(II) with a higher photoreduction rate
contributing to the (−)MIF development at low temperatures
under the light. As temperatures increase, the photoreduction
rate of the S and N ligand-binding-Hg(II) increases, resulting
in a partial offset of (−)MIF and (+)MIF, as well as an overall
MIF increase.

Figure 2. Δ199Hg versus Δ201Hg plot of soil substrate (SS) and Hg(0) emitted from the soils of dark groups (DG), inoculated groups (IG), light
groups (LG), and sterilized groups with light presence (SG+light) at 15 and 35 °C. The bacterial addition concentrations for the low-dose
inoculation group (IG-LC) and high-dose inoculation group (IG-HC) were 4.9 × 107 cell g−1 soil (8% of 1SD, n = 3) and 2.1 × 107 cell g−1 soil
(11% of 1SD, n = 3), respectively. Error bars are 2SD analytical uncertainty of Δ199Hg and Δ201Hg. The slope of Δ199Hg versus Δ201Hg of various
experimental groups shown in Figure S4.
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3.4. Contributions of Different Hg Reduction Path-
ways. Since abiotic dark reduction contributes generally trace
to total soil Hg(0) emissions (see Section 3.2), we are able to
assume that the SG soil Hg(0) emissions from SG soils are
predominately driven by microbial reduction, while the
emissions from SG+light soils are mainly driven by photo-
reduction. Considering SG+light and DG soil emitted Hg(0)
as the end-members of light reduction and nonlight reduction,
the relative contributions of photoreduction and microbial
reduction to soil Hg(0) emissions can be quantified (formulas
7 and 8). Based on the binary mixing model output with
Δ199Hg as an inert tracer, photoreduction accounted for 79 ±
15% (1SD, n = 4) of total Hg(0) emissions at 15 °C, with
microbial reduction contributing 21 ± 15% (1SD, n = 4). At
35 °C, the contributions of Hg(0) emissions via photo- and
microbial reduction were 88 ± 10 and 12 ± 10% (1SD, n = 4),
respectively. Accordingly, the relative contribution of photo-
reduction to Hg(0) emissions from soils appears to increase
with increasing temperature.
Additionally, the contribution of soil Hg(0) emissions

between photoreduction and microbial reduction, as deter-
mined by the Hg isotope mixing model, coincides with the
Hg(0) emission flux results (Table S3). The combination of
these two methods effectively confirms the relative impact of
different pathways for soil Hg(0) emissions.
3.5. Correlations between Organic Matter, Enzyme

Activity, and Hg in Soil.Mercury contents in the surface soil
ranged from 3.16 to 21.12 mg kg−1, with an average of 12.04
mg kg−1 (n = 11, Table S1) and correlated strongly with
organic matter levels in soils (Figure S3a−d). Mercury ions
possess a high electron affinity and are capable of forming
covalent bonds with organic functional groups that contain
electron donors such as S, O, and N, including thiol (−SH),
carbonyl (−C=O), carboxyl (−COOH), hydroxyl (−OH),
and amino (−NH2) groups.

45−47 Enzymes within soil organic
matter (SOM) are a group of proteins with biocatalytic
properties, primarily originating from microorganisms, root
exudates, and the decomposition of animal and plant
residues.48,49 Also, Hg contents correlated with different soil
enzyme activities, particularly the notably negative correlation
with urease activity (R2 = 0.79, p < 0.01), over peroxidase
activity (R2 = 0.46, p < 0.01) and phosphatase activity (R2 =
0.45, p < 0.01) (Figure S3b−d). This negative correlation can
be considered from two perspectives: the toxic inhibitory effect
of Hg on microbial activity and microbial-driven Hg migration.

For instance, Hg can form stable chemical bonds with
sulfhydryl (−SH) and imidazole ligands (Hg2+ + 2C3H4N2
⇋ Hg(C3H4N2)22+) in the active sites of soil enzymes, leading
to noncompetitive inhibition with substrates and partial
deactivation of soil enzymes.50,51 Additionally, some Hg-
resistant bacteria possess genes encoding for Hg reductase
(merA) and organic Hg lyase (merB), which contribute to Hg
emissions from soils.52,53 Liang et al. suggested that microbial
growth plays a important role in the accumulation of SOM by
depositing microbially derived carbon into the SOM reservoir
through biomass turnover and necrotic mass accumulation.54

This is supported by a positive correlation between soil
enzyme (urease) activity and SOM content (R2 = 0.53, p <
0.01, Figure S3e), indicating the potential contribution of
microorganisms to the SOM reservoir. This relationship
implies that microorganisms may collectively regulate both
Hg content and organic matter level in soil.
3.6. Microbial Dissolution of HgS. Extended X-ray

absorption fine structure spectroscopy and sequential extrac-
tion evidenced the predominance of HgS in Wanshan soils
(>80% of total Hg).55−57 Given its insolubility, HgS has long
been considered to be biologically inert and a minor
participant in Hg biogeochemical cycling.58 Surprisingly,
although the water-soluble fraction represented <0.5% of
total Hg in Wanshan soils, the corresponding pool (0.05 to
0.49 μg g−1, n = 8)47 was still remarkable, for which plausible
explanations are still lacking. Recently, the bioavailability of
HgS has been revealed by microbial transformation of HgS to
MeHg e.g., sulfate-reducing bacteria,58,59 delivering potential
insights into the cause of high water-soluble Hg concentrations
in soils from mining areas.
Figure 3a shows the rapid increase of dissolved Hg

concentrations from 251.0 to 1676.2 μg L−1 within the first
8 incubation hours in the HgS-humic acid-microbe (S.
pneidensis MR-1) ternary system, reflecting distinctly HgS
dissolution due to the presence of MR-1. Conversely, he
release of dissolved Hg in the control was constantly and
comparably trace (<40 μg/L) throughout the incubation. It
can therefore be inferred that certain soil microorganisms
capable of dissolving HgS, e.g., via proton sorption to mineral
surfaces by microorganisms and electron transfer,60 promoting
the breaking of Hg−S bond. Such hypothesis was also
confirmed by the similar bioleaching effect of MR-1 on
Wanshan soils (Figure 3b).

Figure 3. Dissolved Hg concentration variation in the suspension during HgS bioleaching process by Shewanella oneidensis MR-1. The bacterial
concentrations of MR-1 added was 1.5 × 107 cell mL−1 (13% of 1SD, n = 3). The Hg content and SOM content of the Wanshan soil used for
biological dissolution validation are 11.33 mg kg−1 and 57.12 g kg−1, respectively. Error bars represent 1SD of three parallel experiments.
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Thus, the high Hg(0) emissions from the Hg slag landfills in
Zhu et al. (2022)3 are most likely the result of microbially
promoted Hg dissolution. Moreover, organic matter (OM)
could complex HgS which facilitates microbial enrichment,
thereby inhibiting HgS precipitation and promoting HgS
dissolution.61,62 With microbial involvement, SOM plays a key
role in Hg dissolution and subsequent photoreduction and
microbial reduction of Hg(II) to Hg(0), affecting gaseous
losses and biotransformation of Hg.
Here, we propose that Hg(0) emissions from soils in the

Wanshan mining area occurred via (1) microbial HgS
dissolution facilitated by OM-Hg complex formation and
then followed by (2) Hg(II) reduction to Hg(0), mainly via
photo- and microbial reduction. In particular, certain Hg
complexes (e.g., mercuric thiols) are more mobile and available
for organisms.56,63 In the presence of microorganisms with Hg
metabolism function, Hg(II) is reduced to Hg(0) and
sunsequently emitted from soils.37,38 Today, the mechanism
of Hg(II) photoreduction is still unclear, although direct and
indirect photolysis theories have been proposed.21,64,65 The
former explanation is based on the absorption of photons by
Hg complexes leading to the homologous cleavage of Hg
ligand bonds, while the latter explanation is related to the
reaction between Hg complexes and photochemical reactants.
Although the contribution of microbial directly driven Hg(0)
emissions is relatively small, microbial HgS dissolution may
provide a leading condition for the formation of soil organic
Hg and play an indirect role in Hg(0) emissions under
photoreduction. Abiotic dark reduction to soil Hg(0)
emissions are so low that it is nigiligible.

4. IMPLICATIONS
The output of the binary Hg isotope mixing model is
consistent with the soil Hg(0) emission flux, suggesting
photo- and microbial reduction as the primary mechanisms
driving surface soil Hg(0) emissions in the Wanshan mining
area, explaining approximately 79−88 and 12−21% of total
Hg(0) emissions, respectively. In comparison, the contribution
of abiotic dark reduction is extremely low. Two important
processes affecting the fate of soil Hg(0) emissions were
inferred. Although the contribution of microbial reduction is
minor, microbe-mediated HgS dissolution could increase the
dissolved Hg pool to complex with organic ligands in soils,
providing advantageous conditions for photo- and microbial
reduction. Therefore, from a long-term perspective, anti-
bacterial strategies may be a feasible to control soil Hg(0)
emissions and air Hg pollution in Wanshan mining area, and
needs to be further validated in future research. Our results not
only provide explanatory evidence for the persistently high
surface Hg(0) fluxes observed in Hg mining areas worldwide
but also deliver insights into the microbial involvement in
global soil Hg emissions and Hg cycling.
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