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ABSTRACT

Gaseous elemental mercury (Hg(0)) emissions from soils constitute a large
fraction of global total Hg(0) emissions. However, existing studies do not distinguish
biotic- and abiotic-mediated emissions and focus only on photoreduction mediated
emissions, resulting in an underestimation of soil Hg(0) emissions into the atmosphere.
In this study, directional mercury (Hg) reduction pathways in paddy soils were
identified using Hg isotopes. Results showed significantly different isotopic
compositions of Hg(0) between those yielded from photoreduction (8?°?Hg = —0.80 +
0.34%o, A'Hg = —0.38 + 0.09%o), microbial reduction (8*°?Hg = —1.55 + 0.10%o,
A"Hg = 0.29 + 0.19%o), and abiotic dark reduction (§*?Hg = —2.50 + 0.12%o, A!*’Hg
=0.50 + 0.11%o). Hg(0) exchange fluxes between the atmosphere and the paddy soils
were dominated by emissions, with the average flux ranging from 2.2 + 5.7 to 16.8 +
21.7 ng m2 h™! during different sampling periods. Using isotopic signatures based
ternary mixed model, we revealed that photoreduction dominated Hg(0) emissions
from paddy soils. Albeit lower, microbial and abiotic dark reductions contributed up
to 34 + 20% and 29 + 17%, respectively, to Hg(0) emissions in certain periods. These
novel findings can help improve future estimation of soil Hg(0) emissions from rice
paddy ecosystems, which involve complex biotic-, abiotic-, and photo-reduction
processes.

KEYWORDS: mercury reduction; mercury stable isotope; rice paddy; mercury

emission

SYNOPSIS: This study identifies the relative contributions of directional Hg
reduction pathways to Hg(0) emissions from paddy soils, providing future research

directions for improving inventories of Hg(0) emissions from natural sources.
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1. INTRODUCTION

Mercury (Hg) is a pollutant of global concern due to its persistence,
neurotoxicity, and bioaccumulation.! Gaseous elemental mercury (Hg(0)) is the most
abundant form of Hg in the atmosphere, and can be transported regionally and
globally due to its extended atmospheric residence time (> 0.5 years).>* Atmospheric
Hg(0) is released via both anthropogenic (e.g., mining and fossil fuel combustion) and
natural processes (e.g., hydrothermal and volcanic activities, biomass burning, and
re-emissions from legacy Hg on land and ocean surfaces).* Recent estimates of Hg
emissions from anthropogenic sources are reasonably accurate, whereas those from
natural sources still have large uncertainties> ¢ due to a limited understanding of the
air-surface Hg(0) exchange processes over different land uses.*

Given that terrestrial soils are the largest reservoir for natural and legacy
anthropogenic Hg, accurately estimating global soil emissions is critical for assessing
global Hg cycling.” 8 The 2018 Global Mercury Assessment showed that Hg(0)
emissions from soil and vegetation accounted for 48% of natural Hg emissions from
terrestrial ecosystems.! Photoreduction, microbial reduction, and abiotic dark
reduction are considered the primary processes contributing to Hg(0) emissions from
soils.” Solar radiation was considered the dominant factor for Hg reduction;!%-!2
therefore, soil Hg(0) emissions are primarily assessed based on photoreduction
process in chemical transport models.? '3 1% Considering that microbial and abiotic

dark reductions occur widely,!

neglecting these processes may underestimate soil
Hg(0) emissions. For example, ~ 60% of soil Hg(0) emissions was caused by
microbial reductions in a subtropical forest,” and most soil Hg(0) emissions were
caused by microbial and abiotic dark reductions in a remote subalpine forest.!®
Wetlands play an important role in global Hg cycling and have become a net
source of atmospheric Hg(0) due to declining atmospheric Hg concentrations.!” Rice
paddies are the largest human-made wetlands and account for approximately 18% of

the global total wetlands.'® Hg(I) reduction through photoreduction, microbial

reduction, and abiotic dark reduction processes can lower the concentration of
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substrates available for Hg methylation, and is thus a critical step of Hg cycling in
paddy soils.!-2! However, the relative importance of the above-mentioned reduction
processes for Hg(0) emissions from paddy soils remains elusive, mainly due to
traditional observations of Hg(0) concentration and exchange flux not being able to
distinguish Hg(0) emitted from different reduction processes.

Mercury isotope geochemistry is a useful tool for tracing and quantifying the
sources and biogeochemical pathways of Hg in natural environments.?*2* A
prerequisite of this approach is to obtain Hg isotopic compositions from different
sources. Degrees of mass-dependent fractionations (MDF, expressed as 8°°°Hg) and
mass-independent fractionations (MIF, expressed as A®’Hg) were determined for
various biotic and abiotic processes.?? Previously, isotopic fractionation signatures of
Hg(II) reduction processes were generated based on indoor experiments, instead of
field conditions.?>?° For microbial Hg(IT) reduction processes, while the experiments
showed an MDF, the degree of Hg isotope fractionation varied greatly (e.g., the
enrichment factor €2°Hg ranged from —1.20 to —2.00), as a result of differences in
microbial Hg(0) reduction capacity and experimental conditions.?® 2’ Similarly, due to
inconsistent experimental conditions, large ranges of MDF and MIF were observed in
photoreduction experiments with &2°?Hg ranging from —0.60 to —1.72 and E'""Hg
ranging from —0.43 to —3.73.2% 283032 [n contrast, relatively consistent Hg isotope
fractionation was obtained for abiotic dark reduction processes with g2?Hg ranging
from —1.52 to —1.77 and E'"”’Hg ranging from 0.17 to 0.26.%® Large uncertainties still
exist in evaluating the contributions of various reduction processes to Hg(0) emissions
from rice paddies using the Hg(0) isotopic compositions generated from the
above-mentioned Hg(II) reduction experiments.

To address the issues summarized above, we conducted field studies followed by
laboratory analysis to (1) determine Hg isotope fractionation of microbial reductions,
photoreductions, and abiotic dark reductions, (2) characterize exchange fluxes and
isotopic compositions of Hg(0) in the atmosphere—paddy soil exchange process using
a dynamic flux chamber (DFC), and (3) quantify the relative contributions of different

Hg(II) reduction processes to Hg(0) emissions from paddy soils. Results from this
4



86
87
88

&9

90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114

study broaden the current understanding of the complex soil-atmosphere Hg(0)
exchange processes in croplands and provide high-quality data supporting future

estimates of natural Hg(0) emissions.
2. MATERIALS AND METHODS

2.1 Study Area and Sampling Site. Field experiments were performed in a
paddy field (Gouxi, 109° 11’ 27” E, 27° 33’ 48” N) located in the Wanshan
Hg mining area, in Guizhou Province, southwestern China. Gouxi was once one of the
largest artisanal Hg mining centers in China.*® Although large-scale Hg mining
activities in the Wanshan Hg mining area ceased in 2003, Hg concentrations in the air
(37.3-416 ng m>3**) were consistently higher than the background value in Guizhou
(2.8-8.2 ng m37%). Previous studies reported that in addition to significant
methylation processes, Hg(II) reduction process was also active in paddy soils in this

1921 which may be the main cause for the consistently high atmospheric

study area,
Hg(0) concentrations. Therefore, this artisanal Hg mining site was selected for
examining soil-atmosphere Hg(0) flux exchanges.

2.2 Design of the indoor and field experiments. This study conducted indoor
and field experiments to obtain Hg isotopic fractionation characteristics of different
reduction processes, the isotopic compositions of the product Hg(0), and Hg(0)
exchange fluxes between the atmosphere and paddy soils. All the experimental designs
are described in detail below.

2.2.1 Isotopic Fractionation during the Microbial Reduction of Hg(II). The
bacterial strain selected for this study was Geobacter sulfurreducens (G. sulfurreducens)
PCA, which is a ubiquitous iron-reducing bacterium found in various ecosystems,
including rice paddies.’ 3¢ We have previously detected a high abundance of G.
sulfurreducens PCA (accounting for 0.3% of the total bacteria population), which is the
dominant Hg-reducing microorganism in the investigated paddy soils.>” Therefore, it is
reasonable to use G. sulfurreducens PCA to study isotope fractionation during the

process of microbial reduction of Hg(II). The quality control details of the microbial

reduction experiment are described in Text S1.
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In the conditional experiments, dissolved organic matter (DOM) present in the
overlying water of the rice paddy field cannot be removed by filtering through a 0.22
um filter (Longjin, China). DOM was reported to be capable of reducing Hg(II) in the
dark.”® Therefore, deionized water (Milli-Q, Millipore, USA) was used in this
experiment. In pure culture experiments, growth conditions of the PCA strain have
been previously described.?® Briefly, the strains were inoculated at 2% (v/v) in 200 mL
of medium and cultured in an anaerobic bottle at 33°C in the dark (Figure S1). The
PCA cells were collected at the exponential growth phase (~ 110 h), placed in a2 mL
sterilized centrifuge tube, centrifuged at 1500 % g for 10 min, and subsequently
resuspended in phosphate buffer (PBS). The cells were separated equally into 33
anaerobic culture tubes (reactors) after washing three times in PBS and left to stand for
2 h before use in the Hg(Il) reduction experiment. PBS was used as the reaction
substrate. To obtain enough Hg for concentration and isotope analyses, 33 reactors with
10 mL of PBS were spiked with a NIST-3133 Hg(II) standard to reach an initial Hg(II)
concentration of 20 ppb, according to the Hg tolerance curves of G. sulfurreducens
PCA (Figure S2), and were placed in an oscillation incubator (THZ-98C, Yiheng,
China) at a constant temperature of 33°C.

Anaerobic tubes were sampled for Hg isotope analyses at 0, 12, 16, 20, 24, 28,
32, 36, 40, 44, and 48 h after the experiment was initiated, using the sampling method
shown in Figure S1 and described in a previous study.>® Specifically, three anaerobic
culture tubes were removed as parallel samples at each sampling time. The Hg(0)
product in anaerobic culture tubes was preconcentrated into 5 mL of reverse aqua
regia (40%, v/v, HNOs:HCI = 3:1) by Hg-free N at a flow rate of 100 mL min™!. After
purging, excess BrCl was added to the remaining solution to reach a concentration of
2.5% (v/v) to oxidize the remaining Hg in the anaerobic culture tubes to Hg(Il). After
> 24 h of oxidation, NH>OH-HCIl (25%, w/v) was added to the anaerobic culture tubes
to reduce excess BrCl, followed by the addition of 1 mL of SnCl, solution to reduce
the remaining Hg(Il) to Hg(0). Similarly, reactant Hg(0) was obtained via

preconcentration into 5 mL of 40% reverse aqua regia by Hg-free nitrogen at a flow
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rate of 100 mL min! for 2 h. The Hg(0) samples were sealed and stored at 4°C in the
dark for total Hg concentration and isotope analyses.

2.2.2 Isotopic Fractionation during Photoreduction and Abiotic Dark
Reduction of Hg(II). As shown in Figure S3, in-situ photoreduction and abiotic dark
reduction of Hg(Il) were performed in the field from 10" to 13" of July, 2023. To
eliminate the effects of microorganisms, cells in the overlying water of the rice paddy
were removed using a 0.22 um filter.3% 4%-4! The sterile overlying water was divided
into two precleaned PE boxes (30 L) with the water above the edge of the DFC to
isolate ambient air. An air scrubber (Zero canister, Tekran) at the inlet of DFC was
used as a source of Hg-free air.*? Hg(0) samples were collected from the DFC outlet
using a chlorine-impregnated activated carbon (CLC, mass: 0.6 g) trap with a flow
rate of 1.0 — 2.0 L min™'.** Two sets of experiments were conducted simultaneously
with two DFC systems. During daytime, DFCs were exposed to natural sunlight to
collect Hg(0) samples yielded from the photoreduction process, while at nighttime,
DFCs were covered by light-tight boxes to collect Hg(0) samples yielded from the
abiotic dark reduction process. During the experiment, 5 L of sterile overlying water
was replaced every 6 h in the PE box to simulate the dynamic balance of Hg in the
overlying water. Each Hg(0) sample collected from the DFC outlet represents a 12-h
mixed sample under net emission conditions. Over a sampling period of 4 days, eight
Hg(0) samples yielded from photoreduction during the daytime and another eight
Hg(0) samples yielded from abiotic dark reduction during the nighttime were obtained.
After completing the sampling, the CLC traps were plugged with Teflon stoppers and
sealed with three clean polyethylene bags, stored in the dark, and shipped to the
laboratory.

In the laboratory, the Hg(0) samples were preconcentrated from the CLC traps
into 5 mL of 40% reverse aqua regia solution using the thermally desorbed method.**
The trapping solutions were saved in a brown glass bottle and stored at 4°C in the
dark before Hg concentration and isotopic composition analyses.

2.2.3 Hg0 Flux and Isotopic Compositions from Paddy Soil-Atmosphere

Exchange. In 2021, Hg(0) exchange flux between the paddy soil and the atmosphere
7
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was measured at Gouxi using the DFC method (Figure S4).3% % Sampling was
performed on the 50™ , 90, and 110™ day after transplanting and first flooding, with
each sampling period lasting 24 h. Soil moisture (water content on a dry mass basis)
at a depth of 1 cm was 92 + 8% on the 50" day and 102 + 16% on the 90" day, and
soil was drained and rice was harvested on the 110" day. Hg(0) samples from the
DFC inlet and outlet were collected simultaneously using CLC traps with a flow rate
of 1.0-2.0 L min!. The CLC traps in the DFC inlet and outlet were replaced every 6
h, i.e., each CLC trap represented a 6-h mixed sample. Twelve Hg(0) samples were
collected from the DFC inlet and outlet, respectively. Similarly, the CLC traps were
plugged with Teflon stoppers and sealed with three clean polyethylene bags, stored in
the dark, and shipped to the laboratory for Hg concentration and isotopic composition
analyses. Detailed sample information is shown in Table S3.

2.3 Chemical Analysis of Hg(0) and Hg(II) Concentrations and Isotopic
Compositions. All CLC traps were preconcentrated into 5 mL of oxidizing solution of
40% reverse aqua regia using a tube muffle furnace.*” Hg concentrations in the
product and reactant trapping solutions were determined by SnCl, reduction and cold
vapor atomic fluorescence spectrophotometry (CVAFS, Brooks Rand) according to
US EPA 1631.%

The concentrations of Hg in the trapping solutions were diluted to 0.5-1 ng mL!
for isotope analysis using a Nu-Plasma II multicollector inductively coupled plasma—
mass spectrometer (MC-ICP-MS).#” The NIST-3133 Hg standard solution was
prepared at 0.5—-1 ng mL!' Hg in 10% HCI (v/v) and measured as a bracketing Hg
standard in the same manner as the test samples. NIST-8610 secondary standard
solutions were analyzed once after every 10 samples. The MDF of the Hg isotope is
expressed using the 6**Hg notation with reference to NIST-3133 (analyzed before

and after every two samples) in accordance with Equation (1):

Sxxng(%O)z [(xxng/l98Hg) /(xxng/l‘)SHg) _1] %1000 (1)

sample NIST-3133
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where xxx represents the mass number of Hg isotopes (199, 200, 201, and 202).%° The
MIF is expressed using the capital delta notation (A**Hg) and calculated as Equation
(2)

A™Hg(%0)=3  Hg-(B,, %" He) )

where the corresponding scaling factors Sy are 0.2520, 0.5024, and 0.7520 for 'Hg,
200Hg, and 2°'Hg, respectively.

2.4. Data analysis

2.4.1 Mercury Mass Balance, Isotopic Balance, and Isotope Fractionation
Characteristics in Microbial Reductions. The Hg mass and isotopic balance were
measured during the microbial reduction experiment to assess the quality of the data.
Given that the experimental system was closed and the process was irreversible, the
sum of the Hg content and the Hg isotopes in the products and reactants during these
processes should be consistent with the initial addition of Hg(II). Detailed calculation
methods are provided in Text S2.

In the microbial reduction experiment, both the product Hg(0) and reactant Hg(II)
followed MDF and Rayleigh fractionation modes. The kinetic fractionation factor
(02?) and the enrichment factor (£2°%) were determined from the experimental results
using the Rayleigh distillation equation.*® Detailed mathematical derivations are
provided in Text S2.

2.4.2 Calculation of the Hg(0) Exchange Flux between the Atmosphere and
Paddy Soils. Hg(0) exchange fluxes (F, ng m2 h™!') between the atmosphere and

paddy fields were calculated using the following equation:
=1X(C-C) 3)

where C, and C; represent the Hg(0) concentrations (ng'm>) in the DFC outlet and
inlet air, respectively, Q is the flow rate through the DFC (m3-h!), and 4 is the area
enclosed by the DFC (0.09 m?).

2.4.3 Hg(0) Isotopic Compositions during the Paddy Soil-Atmosphere
Exchange. MDF (8°?Hgcx) and MIF (A Hgex, A?'Hgex) signatures for paddy soil—

atmosphere Hg(0) exchanges were calculated following the method described by Zhu

9
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et al.’* Given the potential simultaneous occurrence of emission and deposition of
Hg(0) in DFC, a modification factor (CMF) (ratio of (C, — C;)/C,) was used to
separate cases with significant Hg(0) emission (CMF > 0.15) and deposition (CMF <
—0.15). The detailed information on the calculation method can be found in Text S3.
2.4.4 Source Apportionment Analysis. Based on the isotopic compositions of
the product Hg(0) of the three main reduction processes (photoreduction, microbial
reduction, and dark abiotic reduction) in paddy soils, a triple mixing model was
constructed to evaluate the relative contributions of the three processes to Hg(0)

emissions from paddy fields using Equations (4) — (6):

5°"Hg =5°"Hg xF,+5°"Hg <F+5°"Hg, ¥F, 4)
A" Hg =A""Hg xF,+A'”Hg ¥F+A'"Hg, xF, (5)
FytF +F, =1 (6)

where §%“Hg and A Hg with the subscripts s, p, d, and m represent the isotopic
composition of Hg(0) emitted from paddy soils, Hg(0) yielded from photoreduction,
dark abiotic reduction, and microbial reduction, respectively. F),, Fu, and F, are the
contribution rates of Hg(0) yielded from the three reduction processes.

Given the uncertainty caused by the model parameters, a Monte Carlo simulation
was performed to more accurately quantify the contribution rates of the three
processes. A sample size of 100,000 isotopic compositions of Hg(0) yielded from
different processes was selected randomly for model simulation using Equations
(4)—(6). The simulation was completed using the MATLAB program, and the source
code is shown in Text S4.

2.5 Quality Control and Statistical Analysis. During the analysis of Hg
concentrations, the standard reference material (GBW07405) was treated in the same
manner as for the CLC samples using the thermally desorbed method, with a Hg
recovery of 100 = 14% (1SD, n = 7). During the analysis of Hg isotopic compositions,
the overall average and uncertainty of Hg isotopic compositions of NIST-8610
(8*2Hg = —0.53 + 0.03%0, A'”Hg = 0.00 + 0.03%o, A?*®°Hg = 0.00 + 0.04%0, A**'Hg =

—0.03 £ 0.03%o, 1SD, n = 14) were found to agree with previous studies.?>*’ During
10
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the experiment on the microbial reduction of Hg(II), the sum of the product Hg(0) and
the reactant Hg(Il) remaining in the buffer, as calculated using Equation (S1) (Text
S2), showed an 87.3 ~ 103.5% mass balance (Figure S5). The total Hg isotopic
compositions calculated using Equations (S2) and (S3) in Text S2 (§°*Hg = —0.03 +
0.05%0 and A Hg = —0.01 + 0.03%o, 1SD, n = 27) were highly consistent with the
isotopic compositions of the initially added Hg(II) standard (NIST-3133) (Figure S6).

The data was plotted using Origin Pro 2018. Group differences were assessed
using #-tests and one-way ANOVAs with Duncan's post hoc tests using SPSS Statistics

24 for Windows. Statistical significance (p) was set at < 0.05 (two-tailed).

3. RESULTS AND DISCUSSION

3.1 Mercury Isotope Fractionation Characteristics during the Microbial
Reduction of Hg(II). With progression of the experiment of Hg (II) reduction by
microbial bacteria, the proportion of Hg(II) in the reactant gradually decreased, while
that of Hg(0) in the product gradually increased (Table S1). The product Hg(0),
expressed as the percentage of the initially added Hg(II), reached a maximum value of
~ 80% 44 h after initiation of the experiment (Figure S5). Throughout the experiment,
a good balance of Hg mass and isotope were obtained, indicating the reliability of the
experimental design and results (Figures S5 and S6). For Hg isotope fractionation, a
significant MDF (8?°?Hg from —1.60%o to 1.50%0) and a nonsignificant MIF (A*°Hg
from —0.17%o to 0.18%o0) were observed during microbial reduction of Hg(Il) (Table
S1, Figure S6). The product Hg(0) represented a lower 8**Hg (xxx = 199, 200, 201,
202) than the reactant Hg(Il) (Figure la), indicating that G. sulfurreducens PCA
preferentially reduced the lighter isotopes of Hg as the reaction progressed. Both the
product Hg(0) and the reactant Hg(Il) followed a Rayleigh fractionation with
experimental progression (Figure 1b). Detailed calculation methods for the
fractionation factor for 2°?Hg (0?°?) and the enrichment factor associated with MDF
(€*°?) are described in Text S2. During the microbial reduction of Hg(IT) experiment,
the 02?2 was 0.9993 + 0.0001 (1SD), and £°°? was —0.70 + 0.06%o (1SD), the latter was

lower than previously reported (¢2°? range from —1.20 £ 0.10%0 to —2.00 + 0.20%o,

11
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2SD, 26:27) most likely due to differences in bacterial species and substrate Hg(II)
concentrations.?® 27

3.2 Mercury Isotope Fractionation during Photoreduction and Abiotic Dark
Reduction Processes in Rice Paddies. The isotopic signatures of the product Hg(0)
during the in-situ Hg(Il) photoreduction and abiotic dark reduction processes are
shown in Table S2. The Hg(0) collected from the DFC outlet during daytime had a
8?92Hg of —0.80 + 0.34%o0 and A Hg of —0.38 + 0.09%o (1SD, n = 8). Additionally,
the isotopic signatures of the outlet Hg(0) showed a AHg/A?*'Hg ratio of 1.07 (R? =
0.80, p < 0.01, Figure S7), implying that the emitted Hg(0) exhibited a signature
typical of photoreduction.?> The Hg(0) from the DFC outlet during nighttime had a
8??Hg of —0.79 + 0.29%o and A”’Hg of —0.32 + 0.16%o (1SD, n = 8), which are
inconsistent with those reported in previous studies, especially for MIF.?%2° Abiotic
dark reduction of Hg(Il) generally produces a small positive odd-MIF shift in the
product Hg(0).2%2° However, in the present study the average isotopic compositions
of the Hg(0) collected from the DFC outlet during nighttime were similar to those
collected during daytime, as can be seem from the signature values presented above.
This unexpected phenomenon was most likely caused by sunlight reaching to the
earth’s surface, providing energy for the photoreduction of Hg(Il) to Hg(0), which
was released slowly at nighttime. > >°

3.3 Atmosphere-Paddy Soil Hg(0) Exchange Fluxes. The average (£1SD)
Hg(0) fluxes between the paddy soils and the atmosphere on the 50, 90%, and 110%
day were 5.6 + 10.8 ng m2 h™! (range: —7.8 to 184 ngm2h'!), 16.8 = 21.7 ng m2
h! (9.0 to 38.8 ng m?2 h'), and 22 + 57 ng m2 h'! (-5.1 to 7.7 ng m2 h'!),
respectively (Figure 2). Hg(0) emissions dominated the Hg(0) exchange fluxes
between the atmosphere and the paddy soils, especially during daytime. The soils
were not a significant sources of Hg(0), and were even a sink (flux < 0) of
atmospheric Hg(0) during nighttime. This phenomenon has also been observed in

many other vegetated canopies,’! highlighting the role of solar radiation on Hg(0)

emissions.

12
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It is noted that soil Hg(0) emission fluxes were significantly higher on the 90%
than the 50" and 110" day (p < 0.01) (Figure 2). The stronger solar radiation on the
90 than 50™ day likely played an important role in the higher Hg(0) emission on the
90™ day through sunlight-induced processes (photoreduction and volatilization) that
reduced Hg(Il) to Hg(0) in rice paddy soils.’> >3 The change in paddy soils from
flooding to drying on the 110" day was possibly the main reason for the decreased
Hg(0) emissions, since exchange fluxes between the soil and atmosphere can be
minimized by low soil porosity in dry paddy soils.?!>* In addition, low penetration of
solar radiation and a relatively aerobic environment could limit photoreduction and
relevant biotic activities in dry paddy soils, resulting in low diffusion of Hg(0) to the
atmosphere.?!: 54

3.4 Estimation of the Contributions of Different Hg(Il) Reduction Processes
to Hg(0) Emissions from Rice Paddy Soils. Given that this study focused mainly on
the emission of Hg(0) from paddy soils, only the samples with a CMF > 0.15 for the
released Hg(0) isotopes are discussed here (Table S3). During the period of
investigation, the mean isotopic compositions of Hg(0) collected from the DFC outlet
(8*2Hg = —0.48 + 0.30%0, A'”Hg = —0.03 + 0.07%o, 1SD, n = 7) were more negative
than those of Hg(0) from the DFC inlet (§°“Hg = 0.00 + 0.33%o, A!”Hg = 0.04 +
0.04%o, 1SD, n = 7), which may be caused by the emissions of Hg(0) from the paddy
soil to the air.*? Under net emission conditions, the mean Hg(0) isotopic compositions
from the paddy soil-atmosphere exchange, as calculated using Equations (S6) and (S7)
(Text S3), were as follows: §202Hgex = —1.22 £ 0.23%0 and A'”Hgex = —0.08 £ 0.10%0
(1SD, n = 3) on the 50" day, 292Hgex = —0.81 + 0.32%0 and A!”Hgex = —0.45 £ 0.04%0
(ISD, n = 2) on the 90" day, and ?*?Hgex = —1.54 £ 0.53%0 and A'”’Hgex = 0.06 +
0.05%0 (1SD, n = 2) on the 110" day. These different Hg(0) isotopic compositions
(especially odd—MIF) imply differences in reduction processes in paddy soils during
the three sampling periods. This is because only photochemical processes can produce
significant odd—MIF and abiotic dark reduction only produces small positive odd—

MIF, whereas microbial reduction does not produce odd-MIF.?>-2

13



346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374

The average Hg isotopic compositions of the overlying water (§?°?Hg = —0.85 +
0.17%o0, A""Hg = 0.29 £ 0.19%0) in the investigated paddy field during the same
sampling periods were reported by Yin et al.>> The enrichment factor for microbial
reduction (2°?Hg = —0.7 + 0.06%o, E'”Hg = 0) was determined in Section 3.1, and
the enrichment factor for abiotic dark reduction experiments (¢??Hg = —1.77%o0 ~
—1.52%o0, E'Hg = 0.17%0 ~ 0.26%0) was obtained from Zheng and Hintelmann.?® The
isotopic compositions of Hg(0) yielded from microbial reduction (8**Hg = —1.55 +
0.10%o, AHg = 0.29 £ 0.19%0, 1SD) and abiotic dark reduction (8**?Hg = —2.50 +
0.12%o, AHg = 0.50 = 0.11%o, 1SD, Monte Carlo simulation) in the rice paddy were
calculated using Equations (S8) and (S9) in Text S3 (Figure 3).

Based on a ternary mixed model, the relative contributions of different Hg(II)
reduction processes associated with Hg(0) emissions from the rice paddy soil were
evaluated using a Monte Carlo approach (Figure 4). Results showed that Hg(II)
photoreduction, microbial reduction, and abiotic dark reduction contributed 55 + 10%,
29 £+ 16%, and 16 £ 10%, respectively, to the total Hg(0) emission from the rice paddy
soil on the 50" day, and were 37 + 9%, 34 + 20%, and 29 + 17%, respectively, on the
110" day. However, on the 90" day, the contribution of photoreduction was nearly
100% since the average isotopic compositions of the emitted Hg(0) were very close to
the photoreduction endmember, meaning the contributions of the other two
nonphotoreduction processes were almost negligible. This may not imply that
photoreduction was the only process during this period, but rather that the effect of
photoreduction was significantly stronger than that of the other two reduction
processes. Moreover, the average Hg(0) emission fluxes were significantly higher
during day- than nighttime on both the 50" and 90™ day (as presented in Section 3.3),
possibly because the rate of photoreduction was significantly higher than that of
nonphotoreduction.* However, on the 110" day, the contribution of photoreduction
decreased due to the low penetration of solar radiation in dry paddy soils,>* while the
relative contributions of microbial reduction and abiotic dark reduction increased

correspondingly.

14



375
376
377
378
379
380
381
382
383
384
385
386
387

388

389
390
391
392
393
394
395
396
397
398
399
400
401
402
403

In current chemical transport models assessing terrestrial Hg(0) emissions,
natural emissions rarely separate different Hg(Il) reduction processes.!® 36
Photoreduction is considered as the driving process of Hg(0) emissions from natural

surfaces,'> 14

which potentially bias the effects of different Hg(II) reduction processes
on Hg(0) emissions.’” Our results indicated that photoreduction was indeed the
dominant factor affecting the Hg(0) emission from paddy soils on the 90" day;
however, the contributions of microbial reduction and abiotic dark reduction during
other periods cannot be ignored, and these processes should be considered in future
assessment of Hg(0) emissions from farmland soils and even land surfaces. In
addition, higher photoreduction contributions and higher Hg(0) emission fluxes
occurred during the flood stage when compared to the drainage period, suggesting

that broader wetland ecosystems may be important natural Hg(0) sources, whereas

wetlands have long been recognized as Hg(0) sinks.>®
4. ENVIRONMENTAL IMPLICATIONS

The ranges of isotopic fractionation caused by Hg(Il) reduction processes,
especially photoreduction, obtained from in-situ controlled experiments over a rice
paddy soil were much smaller than previously reported values generated from
laboratory-simulated experiments, probably due to different field and laboratory
conditions. Although photoreduction is the dominant reduction pathway for Hg(0)
emissions from paddy soils, microbial reduction and abiotic dark reduction pathways
also contribute appreciable amounts of Hg(0) emissions under certain field conditions.
Given that microbial reduction and abiotic dark reduction processes are widespread in
natural environments, the contributions of these two reduction processes should be
carefully considered when estimating inventories of Hg(0) emissions from natural
sources to minimize uncertainties in Hg cycling assessments.

Although the rice paddy field used in this study is representative, the
particularity of wet—dry alternation irrigation procedure of this type of field prevents
the generalization of the results obtained from this study to other terrestrial landscapes.

Therefore, future studies on the stable isotopic characteristics of Hg(0) emissions
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from different types of terrestrial landscapes and large water bodies are needed to
provide additional field data for constraining the estimates of natural Hg(0) emissions
and calibrating global Hg cycling models. In particular, data from wetlands and lakes,
which have received large amounts of historically exogenous Hg from atmospheric

deposition or runoff,>® are noteworthy.
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Figure 1. (a) Mass dependence on fractionation. §!'”Hg vs §2Hg, §*°°Hg vs §°"?Hg,
and 8*°'Hg vs 8°?Hg for the reactor and trap samples. (b) Rayleigh plots of &*Hg
(xxxx =199, 200, 201, 202) as a function of fz. The colored solid and dashed lines are
modeled Rayleigh curves based on Equation (S4) in Text S2 for §'"Hg, §°°Hg,
5?°'Hg, and 829?Hg, respectively. The green error bar represents + 1 standard deviation

for the 8*Hg of NIST-8610.
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627  Figure 2. Diurnal variations of atmosphere—paddy soil Hg(0) exchange fluxes and

628  meteorological parameters.
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Figure 3. Hg isotopic compositions (A!””Hg versus 6?’Hg) of exchanged Hg(0)

between paddy soils and the atmosphere. Error bars indicate the 1SD analytical

uncertainty. Arrows represent the enrichment processes from the overlying water to

the endmembers (microbial reduction and abiotic dark reduction).
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636  Figure 4. Contribution rates of three Hg(Il) reduction processes to Hg(0) emissions

637  from paddy soils at different sampling times.
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