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HIGHLIGHTS GRAPHICAL ABSTRACT
@ Weak binding pool of Hg(II) decreased
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@ Solar radiation emerged as a limiting
factor associated with high Hg/DOC
ratio.
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ARTICLE INFO ABSTRACT
Keywords: Soil dissolved organic matter (SDOM) has a strong complex with divalent mercury (Hg(I)) and can affect the fate
Hg(II) photoreduction of aqueous Hg(II) photoreduction. However, little is known about the influence of straw returning and soil tillage
SDOM

on the composition of SDOM in paddy soil and Hg(II) photoreduction in paddy water. Here, we demonstrate that
the combined drivers of long-term straw returning and tillage can result in higher degrees of aromatization, and
the enrichment of oxygen-containing functional groups in surface SDOM. Hg(II) photoreduction under low Hg/
DOC conditions is mainly constrained by the composition of SDOM, whereas solar radiation emerged as a
dominant controlling factor associated with high ratio of Hg/DOC. By increasing the release of SDOM and
mobility of Hg(II), reducing the stability of Hg(II)-SDOM complexes, and potentially enhancing generation of
reactive intermediates, gear effect of straw returning and soil tillage significantly enhanced Hg(II) photore-
duction in the presence of surface SDOM from 0-40 cm (maximum photoreduction percentage can reach 44.76
+ 2.24 %). Previous inventories of Hg(0) emissions from paddy field system may have overlooked or
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underestimated this critical process. Future modeling work should be carried out to evaluate the role of straw
returning and soil tillage on global Hg cycle.

1. Introduction

Mercury (Hg), a ubiquitously-distributed heavy metal pollutant, is of
global environmental concern owing to its high volatility, long-distance
migration, biomagnification, and toxicity to humans and biota [1,2]. Hg
can be released into the environment via natural and anthropogenic
activities, primarily existing as gaseous elemental mercury (GEM) [2].
Due to its prolonged residence time (~1 year) [3], GEM could be
transported globally prior to deposition into terrestrial and aquatic
ecosystems via atmospheric deposition [4]. In aquatic ecosystems, mi-
crobial activities convert a fraction of inorganic Hg to methylmercury
(MeHg) [5], a potent neurotoxin that can accumulate up to 10° times in
the food chain compared to the surrounding environment [6,7]. Emis-
sion of gaseous Hg(0) from natural water bodies, due to aqueous Hg(II)
photoreduction, decreases the possibility of Hg methylation but in-
creases the fluxes of Hg(0) in the atmosphere [8,9]. Understanding the
mechanism and dynamics of Hg(II) photoreduction in natural water is
crucial for gaining insights into the global Hg cycle.

The fate of aqueous Hg(II) photoreduction can be influenced by
dissolved organic matter (DOM) [8,10-14]. As a crucial ligand for Hg
(ID), DOM has a significant impact on the photochemical transformation
of Hg(I) [15]. Although inorganic Hg, like Hg(OH);, can be
photo-reduced at very slow rates, the formation of Hg-DOM complex is a
prerequisite for Hg(I) photoreduction [16,17]. Early modeling work
suggested that 94-99 % of dissolved Hg(Il) in natural water was com-
plexed with DOM [18]. Field studies inform that photoreduction of
Hg-DOM complexes could result in large Hg(0) outflux at the water-air
interface [8,12,19]. However, experimental studies have not reached a
consistent conclusion on the role of DOM in Hg(II) photoreduction.
Some studies demonstrated a notable increase in Hg(II) photoreduction
under high DOM conditions [9,10,15,20,21]. A few studies, however,
have shown that high concentration of DOM is detrimental to Hg(II)
photoreduction [13,22-24]. Overall, the role of DOM in aqueous Hg(II)
photoreduction remains poorly understood.

Paddy fields, as a unique wetland ecosystem, are widely distributed
globally. The amount of straw produced annually by rice cultivation is
enormous [25]. As a green and environmentally friendly straw treat-
ment method, long-term straw returning not only increases grain yields
and soil organic matter (SOM) storage but also alters the composition of
Soil-DOM (SDOM) [26,27]. Simultaneously, soil tillage, as a beneficial
practice after straw returning and prior to rice cultivation, exacerbates
the loss of SOM pool and changes the composition of SDOM to a certain
extent [28,29]. SDOM is an indispensable source of DOM in aquatic
ecosystem [30], and plays a crucial role in forming organometallic
complexes [31]. Studies have focused on the effect of SDOM on Hg
methylation and enrichment within paddy systems [32-36]. However,
precious little attention has been paid to the impact of paddy SDOM on
aqueous Hg(II) photoreduction, and little is known about vertical dif-
ferences in SDOM composition within the same paddy soil profile under
the combined effects of long-term straw returning and soil tillage. As
paddy fields are hotspots of the Hg biogeochemical cycle [36,37], it is
crucial to evaluate the role of paddy SDOM on Hg(II) photoreduction.

Here we collected layered paddy soil affected by years of straw
returning and tillage, and conducted field and laboratory experiments to
(1) characterize and analyse the differences in layered SDOM compo-
sition; (2) establish the dynamics of Hg(II) photoreduction in SDOM-
containing waters, and (3) evaluate the role of SDOM on aqueous Hg
(II) photoreduction and Hg(0) release flux. This study helps to re-
examine the impact of SDOM, affected by two common measures for
farmland management (straw returning and soil tillage), on Hg(II)
photoreduction, as well as to ascertain whether the contribution of this

process to Hg(0) emission inventories has been underestimated or
overlooked for a long time.

2. Materials and methods
2.1. Materials

A paddy field (32 m% 8 m x 4 m), as the sampling area for experi-
mental soil, was selected (26°30'16.23' N, 106°26'20.48' E) near Hon-
gfeng Lake, Guizhou Province, SW China (Fig. 1). Through visiting and
investigational study and four years of continuous on-site follow-up
from 2019 to 2023, it was confirmed that the sampled filed had been
implementing straw returning and soil tillage for more than 8 consec-
utive years. During the non-flooded period, paddy soil samples were
obtained from different intervals of a soil profile (Depth: 0-20 cm,
20-40 cm, 40-60 cm, 60-80 cm and 80-100 cm; 20 kg for each interval).
The samples were preserved in clean sealed bags and promptly trans-
ported into the laboratory. The samples were air-dried, crushed, sieved
to 10-mesh, and homogenized, prior to being used for the soil tillage and
leaching experiment.

2.2. Extraction of SDOM

A portion of soil was ground and sieved to 100-mesh, and stored in
light-proof clean sealed bags for subsequent physicochemical analysis.
The soil sample was also mixed with water at a ratio of 1 g:10 mL (v/m)
and thoroughly shaken [30], and then incubated at a constant temper-
ature of 25 °C in the dark with shaking at 200 r min™ for 24 h, followed
by centrifugation at 4000 r m ™! for 30 min. The supernatant was filtered
through 0.45 pm cellulose-acetate membrane (Whatman, England) to
obtain the SDOM solution, which was then freeze-dried (FDU-1110,
Eyela, Japan). The obtained solid SDOM samples from different soil
intervals were used for structural and compositional analysis.

2.3. Soil tillage and leaching experiment

2.3.1. Soil tillage experiment

Customized containers were used for the soil tillage experiment
(Fig. S1). Briefly, 2000 cm® of soil powder was placed into a PVC rect-
angular container (length: 20 cm, width: 10 cm; height: 20 cm). Each
soil interval was equipped with the control group (CG) and the tillage
group (TG) (set up three parallel groups for each group). Each group was
added with an appropriate amount of Milli-Q water and aged for 3 days,
then adjusted to 70 % of maximum field capacity with Milli-Q Water. All
groups were placed outdoors, with a layer of transparent film positioned
20 cm above each group to minimize dust and other contaminants. The
control group received no treatment, while the experimental group was
evenly tilled once. After 7 days, a 20 mL subsample of the solution was
taken from each group and filtered through 0.45 um cellulose-acetate
membrane. All samples were preserved in a refrigerator at 4 °C before
testing.

2.3.2. Soil leaching experiment

A device was designed for soil leaching (Fig. S2). Briefly, ~ 2.50 kg
of soil powder was placed into a PVC column (internal diameter: 5 cm;
height: 20 cm). The column was leached by Milli-Q water at a consistent
rate (60 mL Day’l) for 30 days. Eventually, about 5.10 L of leachate was
collected from each soil interval. Soil leachates were filtered through
0.45 pm cellulose-acetate membrane and preserved in a refrigerator at
4 °C before the photoreduction experiment.
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2.4. Hg(ID photoreduction experiment

Hg(II) photoreduction experiment was conducted by adding 400 mL
of soil leachate into 2 L Griffin beakers. Variable masses of Hg, derived
from a concentrated Hg standard solution (NIST-3133, 100 ppm Hg),
were then added into 20 beakers, yielding varying Hg concentrations
(2ngmL~}, 5ng mL~%, 10 ng mL~! and 20 ng mL~!) and variable Hg/
DOC values for the leachates contained (Table 1). Three parallel groups
were set up for each Hg/DOC ratio at the same depth (e.g., three iden-
tical experimental groups were set up for B1). The beakers were placed
in an open field and exposed to sunlight for 72 h (Fig. S3). One sub-
sample (3.50 mL each) was sampled from each beaker at different
time intervals (Dayl: 8 am, 9 am, 10 am, 12 am, 2 pm, 6 pm; Day 2:
6 am, 12 am, 6 pm; Day 3: 6 am, 12 am, 6 pm), and were preserved in
20 mL pre-cleaned high borosilicate glass bottles, which contained
0.5 % BrCl and were stored in dark conditions to prevent Hg reduction.
Overall, a total of 720 sub-samples were collected. During this experi-
ment, no rainfall or other adverse weather events occurred. Solar radi-
ation data was obtained from the Meteorological Bureau of Guizhou
Province (Fig. S4).

2.5. Sample analysis

2.5.1. Determination of Hg and DOC concentration

The THg content of the paddy soil sample was determined with a
DMA-80 Hg analyzer (Milestone, Italy). Hg concentration of sub-
samples was measured by cold vapor atomic fluorescence (CVAFS)
(Model III, Brooksrand, USA). DOC values of the leachates and TOC
values of soil were measured by using a TOC analyzer (vario TOC cube,
Elementar, Germany). Based on in-situ analyses by a pH meter (ST3100/
F, Ohaus, USA), the pH values of paddy soil and leachates were
determined.

2.5.2. Characterization analysis of SDOM
UV-Vis and fluorescence measurements for SDOM were performed
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Table 1

Initial Hg and DOC concentration, and Hg/DOC ratios for Hg(II) photoreduction
experiment. B1-B20: The letter B stands for the abbreviation of beaker, while the
digit represent the serial number.

Hg/
Beaker Sample DOC Exogenous DOC .
number depth (mg Hg @ Light source

(cm) L (ng mL™Y) s

mg )
Bl 2 23
B2 5 58
B3 0-20 8583 ol
B4 20 233
B5S 5 =
B6 5 132
B7 20-40 37.85 ) o
B8 20 528
BY 5 6
B10 5 166 Natural
B11 40-60 3011 10 332 sunlight
B12 2 61
B13 5 7
Bl4 5 192
B1S 60-80 2606 ror
B16 2 267
B17 5 107
B18 s 266
Blo 80-100 1877 e
B20 20 1066

(Aqualog-UV-800C, Horiba, Japan). The surface morphology of freeze-
dried SDOM samples was examined by scanning electron microscopy
(SEM: Apreo 2C, Thermo Scientific, USA). In addition, the chemical
composition and structural information of freeze-dried SDOM samples
were identified by Fourier transformation infrared spectroscopy (FTIR:
IRTracer-100, Shimadzu, Japan) and X-ray photoelectron spectroscopy
(XPS: Escalab Xi+, Thermo Fisher Scientific, USA). Detailed informa-
tion on measurements and related data analysis are described in the
Supplementary Material. The calculation and description of spectral
parameters are shown in Table S2.

using a simultaneous absorption-3D fluorescence spectrometer
A B
( ) 106°21’ 106°27' ( )
Maibao/River Maotiag/River -
o
26° A A 26
36’ 36’
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Taohuayuan River
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Fig. 1. (A) Locations of paddy soil sampling site; (B) On site sampling of soil profile map.
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2.5.3. Quality assurance and quality control

Quality assurance and quality control for the THg analyses were
conducted using duplicates, matrix spikes and/or standard reference
materials. Measurement of soil reference material (GBW07405, IGGE,
China) yielded Hg recoveries of 90-110 %. Measurement of Hg spiked
solutions (NIST-3133, 100 ppm Hg), yielded Hg recoveries of 90-110 %
as well. All duplicate samples’ relative standard deviations were below
10 %.
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3. Results
3.1. Vertical distribution of TOC/DOC and THg concentrations

TOC concentrations in paddy soil profile showed a decreasing
pattern from top to deep layers (0.47 mg g}, 0.31 mg g}, 0.12mg g},
0.11 mg g~}, and 0.09 mg g™}, respectively). Gradual declining varia-
tion of DOC levels in paddy soil leachates was also observed, with
85.83mgL~!, 37.85mglL~!, 30.11mgL~!, 26.06 mgL~!, and
18.77 mg L™}, separately (Table S1 and Fig. S5-A). THg concentrations,
ranging from 69.93 to 197.87 ng g ! in paddy soil samples and 2.66 to
11.23 ng L! in soil leachates, also displayed a decreasing pattern from
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Fig. 2. (A) Optical indices of SDOM from different paddy soil intervals. A(254), SUVAys4, Eo/Es, E4/Eg and Sg represent the characteristics of UV-Vis spectrum, while
FI, HIX and BIX represent the characteristics of fluorescence spectrum. The grey dashed line represents the criteria value of index; (B) Two fluorescent components for
SDOM from different paddy soil intervals. C1 represents tryptophan-like component, while C2 represents fulvic acid-like component; (C) FTIR of SDOM from

different paddy soil intervals.
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top to deep layers. Positive correlations were observed between TOC and
THg concentration in paddy soil samples (r = 0.97, p < 0.01), while
there was no significant correlation between DOC and THg concentra-
tion in soil leachates (r = 0.85, p > 0.05) (Table S1 and Fig. S5-B, C).

3.2. Vertical differences in SDOM composition
3.2.1. Characteristics and properties of SDOM

3.2.1.1. UV-Vis and 3D-EEM analysis. A(254) value
(51.53-166.65 m 1) of surface SDOM from 0-20 cm and 20-40 cm
(termed as SDOMg_20,20-40) Was significantly higher than that of deep
SDOM from 40-60cm, 60-80cm and 80-100cm (termed as
SDOM40,60,60,80,8Q,100) (11.56-15.45 m’l) (Fig. 2-A), with the highest
A(254) value in SDOM from 0-20 cm (termed as SDOMj_z0), indicating
that SDOMj_20,20-40 contained a large amount of unsaturated structural
substances and had a higher concentration of chromophoric dissolved
organic matter (CDOM) [38]. SUVAys4 value decreased continuously
with increasing depth (0.96-4.14 L mg~! m™!). Notably, the difference
in SDOM40760,60,80)80,100 is minimal (0.96-1.23 L 1'l‘1g71 m’l), and Ol'lly
SDOMy_3¢ has a SUVAgs4 value greater than 4 L mg*1 m, informing
the presence of more aromatic substances, higher degrees of aromati-
zation and a relatively advanced state of humification in SDOMg 20,2040
[39]. Additionally, Eo/E3 value of SDOMg_z0,20-40 Was greater than 4,
indicating a higher fulvic acid (FA) content than humic acid (HA) con-
tent. In contrast, Eo/E3 value of SDOM4o_60,60-80,80-100 ranged from 2.60
to 2.75, suggesting a lower level of FA than that of HA [40]. E4/E¢ value
of SDOM 5y was the highest and decreased with increasing depth,
informing the degree of polymerization of benzene ring carbon (C)
skeleton increased with depth [41]. Sk value is inversely proportional to
molecular weight of DOM [42]. In this study, the molecular weight of
SDOMg_20,20-40 Was larger than that of SDOM40760,60,80,80,100, which
was consistent with the implication of SUVAys4 value.

Fluorescence index (FI) and biological index (BIX) are both used to
characterize the source of DOM [43,44]. In this study, apart from SDOM
from 40-60 cm (1.40 < FI = 1.58 < 1.90), FI of SDOM from other soil
intervals were all below 1.40 (FI: 1.28-1.38), indicating primarily
allochthonous input [43]. Meanwhile, BIX of SDOMg_20 20-40 Was less
than 1 (BIX: 0.74-0.87), indicating a relatively minor contribution from
autochthonous source [44]. The humification index (HIX) of different
soil intervals decreased with depth, suggesting that SDOMjg 20,20-40
(HIX: 0.70-0.77) had a relatively higher degree of humification
compared to SDOM40_60)60_30,30_100 (HIX: 0.28-0.51) [44].

There were two distinct fluorescence peak regions in the SDOM from
different soil intervals (Fig. 2-B), identified as the tryptophan-like
(protein-like: C1) and the fulvic acid-like (humus-like: C2) (Table S3).
For SDOMj._20,20-40, the proportion of C1 component was the lowest,
while that of C2 component was the highest. The proportion of C1
component in SDOM increased whereas that of C2 component decreased
with depth. Therefore, SDOMg_20,20-40 primarily originated from
allochthonous input, containing more humic-like components, larger
molecular weight and higher degrees of humification and aromatization.
Notably, the fluorescence index of SDOMj_»¢ differed significantly from
that of SDOM from other soil intervals.

3.2.1.2. FTIR analysis. FTIR spectra of SDOM from different paddy soil
intervals were shown in Fig. 2-C. Oxygen-containing functional groups
were mainly observed. Compared to SDOMyo 60,60-80,80-1005
SDOMy_20,20-40 exhibited a larger and broader absorption peak in the
wavelength range of 3300-3500 cm ™, which can be attributed to -OH
(hydroxyl group) stretching vibration [45]. The bands at around
2930 cm ™! were assigned to C-H, asymmetric vibration of aliphatic
groups, while the bands at 1650-1600 cm ! were assigned to C=C
(aromatic group) or C=0 (carbonyl group) [46]. The vibrational in-
tensities of peaks at 1440-1420 cm ' and 1150-1000 cm™! were
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O-C=O0 (carboxyl group) asymmetric stretching vibration and C-O
stretching of alcohols, ethers, and carbohydrates [47,48], respectively.
The peak areas corresponding to O-C—=0 and C-O in SDOMy_20,20-40
were relatively larger, indicating a higher content of carboxyl groups.
Therefore, SDOM from different paddy soil intervals contained
oxygen-containing functional groups such as hydroxyl and carboxyl
groups, and the content of these groups was relatively higher in
SDOMjg_20,20-40-

3.2.1.3. XPS analysis. According to the C 1s and O 1s spectrum (Fig. 3-
A), the content of C-O-H (hydroxyl group), O-C=O0 (carboxyl group) and
C=O0 (carbonyl group) in SDOM from different paddy soil intervals
decreased sequentially with depth (C-O-H: 25.72-53.43 %; O-C=O0:
8.52-15.21 %; C=O0: 8.89-12.46%). In comparison with
SDOM40-60,60-80,80-100, SDOMo_20,20-40 contained relatively higher
contents of C-O-H, O-C=0 and C=O0. Surface sulfur (S) content of
SDOM from different paddy soil intervals increased gradually with
depth (S: 0-2.15 %). Conversely, surface nitrogen (N) and oxygen (O)
decreased sequentially with depth (N: 0-2.65 %; O: 36.06-41.07 %)
(Fig. S6). This indicated that, compared to SDOM4o_60,60-80,80-100
SDOMg_20,20-40 had an extremely lower content of sulfur-containing
functional groups, while nitrogen- and oxygen-containing functional
groups were relatively higher.

3.2.2. Surface morphology of SDOM

Significant differences in appearance and color were observed
among SDOM solid samples (Fig. S7). Specifically, SDOMg_20,20-40 pre-
dominantly exhibited light brown, appearing as aggregated floccules.
SDOM40_60,60-80,80-100 Were mainly off-white and displayed dispersed
floccules. At the micro- (pm) and nanometer- (nm) scales, surface of
SDOMg 20,20-40 was predominantly composed of stacked or inter-
connected spheres of varying sizes (Fig. 3-B). These spheres showed
relatively smooth surface and the overall structure is loose. For
SDOM40-60,60-80,80-100, Surface morphology underwent notable alter-
ation, exhibiting a sheet-like or layered distribution. The surface was
relatively rough and adorned with numerous granular protrusions.
Furthermore, as the depth increased, the overall pore and crack struc-
tures became more pronounced and well-developed.

After years of straw returning and soil tillage to the paddy field
system, SDOMj_2020-40 exhibited increased molecular weight and
enhanced aromaticity. Concurrently, SDOM_30 20-40 Was enriched with
oxygen-containing functional groups, including hydroxyl, carboxyl and
carbonyl groups, as well as nitrogen-containing functional groups, while
sulfur-containing functional groups were present in exceedingly low
levels. This suggested that the long-term practice of straw returning and
tillage had contributed to the accumulation of structurally complex and
chemically active SDOM in the surface paddy soil (0-20 cm and
20-40 cm).

3.3. Differences in DOC release levels during tillage

For CG, as soil depth increased, DOC concentration levels released
from different paddy soil intervals were 36.55 + 1.67 mg L™}, 17.22
+0.27mgL™!, 486+0.22mgL™!, 404+0.25mgL™! and 4.13
+ 0.69 mg L1, respectively (Fig. 4). While DOC concentration levels for
TG were 5816+1.46mgL™!, 2679+0.16mgL™!, 7.36
+0.16mgL™!, 6.53+0.43mgL™! and 6.14 +0.18 mgL™!, sepa-
rately. Compared to CG, DOC concentrations for TG increased signifi-
cantly by 59.14%, 55.57 %, 51.45%, 61.67 % and 48.78 %,
respectively. Additionally, in both CG and TG, DOC levels released from
surface soil (0-20 cm and 20-40 cm) were significantly higher than
those in deep soil (40-60 cm, 60-80 cm and 80-100 cm), exceeding
over 3.5 times. Given that the depth of soil tillage within paddy field
system was typically limited to 0-40 cm [29,49], it indicated that soil
tillage could substantially enhance the release of SDOMjy_20 20-40,
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tillage group. Values are presented as the average with standard deviation as
error bars (AVG =+ SD). Difference analysis was conducted by an independent-
sample T-test (* represents p < 0.05 vs. CG at the same paddy soil interval).

leading to an increase of DOC concentration in paddy-field water by
more than 55 %.

3.4. Variation of Hg in leachate sub-samples

3.4.1. Effect of different Hg/DOC ratios

Average percentage rate of reduced Hg concentration (termed as
Hgreduction rate) throughout the photoreduction experiment was calcu-
lated and plotted (Fig. 5). On Day 1, the 2 ng mL~! Hg solutions (Hg/
DOC: 23-107 ng mg™}) for different soil intervals showed the highest
Hgreduction rates within the first 5h, with 13.48 % hl, 553% hl,
11.36 % h™1, 7.75% h™!, and 4.41 % h~%, respectively. Afterward,
Hgreduction rate decreased sharply until sunset. The 5ng mL*I,
10 ng mL~! and 20 ng mL~! Hg solutions exhibited a similar pattern of
Hgreduction rates to the 2 ng mL™! Hg solutions, but the Hgrequction rates
tended to be decreased with the increase of Hg concentrations. On Day 2
and Day 3, Hgeduction rates of all solutions showed an overall increasing
pattern, but the Hgedyction rates tended to be decreased with the increase
of Hg concentrations.

After Hg(II) photoreduction, the fraction of Hg reduction (termed as
Hgreduction) Was calculated (Fig. 6 and Text S4). The Hgreduction Of the
solutions was largely variable (9.02 + 0.45 to 44.76 + 2.24 %) and was
closely associated with Hg/DOC ratio. At low Hg/DOC ratios, the
Hgreduction in leachate of different soil intervals were much higher. For
leachate from the same soil interval, the lower the concentration of
exogenous Hg, the higher the photoreduction rate. When exogenous Hg
was 2 ng mL™}, Hg/DOC ratios varied from 23 to 107 ng mg~}, and
larger variation of Hgreduction (28.41 £+ 1.42 to 44.76 + 2.24 %) was
observed in leachate, especially in leachate from surface soil interval
(0-20 cm:  44.76 + 2.24 %; 20-40 cm: 38.43 +£1.92%). As the
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Fig. 5. Diurnal variation of Hgyeduction rate: 0-20 cm (A), 20-40 cm (B), 40-60 cm (C), 60-80 cm (D) and 80-100 cm (E).

concentration of exogenous Hg increased, Hgreduction in leachate from
different soil intervals showed a decreasing trend. When exogenous Hg
reached 20 ng mL™!, with Hg/DOC ratios ranging from 233 to
1066 ng mg’l, Hgreduction Of leachate from top to deep intervals
decreased to 14.14 & 0.71 %, 9.02 + 0.45 %, 10.84 + 0.54 %, 10.54
+ 0.53 % and 12.15 + 0.61 %, respectively.

3.4.2. Role of solar radiation

The Hgreduction Values decreased with the increase of Hg concentra-
tion, which appeared to be closely controlled by the amount of radiation
absorbed by a single Hg atom (termed as Radiationgglar/DOMpass)
(Fig. 7). When Radiationgeja;/DOMpass was the same, the Hgeduction Of
leachate from the same soil layer exhibited a decreasing trend as Hg/
DOC ratios increases (0-20 cm: Radiationggar/DOMmpass Was
0.03 mol m g’l, Hgreduction decreased from 44.76 + 2.24 to 14.14
+ 0.71 %; 20-40 cm: Radiationgg),,/DOMp.ss Wwas 0.08 mol m g’l,
Hgreduction declined from 38.43 +1.92 to 9.02 + 0.45 %; 40-60 cm:
Radiationgja,/DOMpass was 0.10 mol m g_l, Hgreduction dropped from
37.63 +£1.88 to 10.84 + 0.54 %; 60-80 cm: Radiationggjar/DOMmpass
was 0.11 mol m g’l, Hgreduction decreased from 31.39 + 1.57 to 10.54
+ 0.53 %; 80-100 cm: Radiationggja,/DOMpass Was 0.15 mol m g’l,
Hgreduction descended from 28.41 + 1.42 to 12.15 £ 0.61 %). Thus,
Hgreduction Was closely related to solar radiation energy, and results in

this study were partially consistent with the results of previous studies
[13,24,50,51]. After exceeding the Hg/DOC ratio threshold, Hg(Il)
photoreduction was limited by solar radiation and decreased signifi-
cantly with the increase of Hg/DOC ratio.

4. Discussion
4.1. Adsorption equilibrium time existed at the initial stage

Hg(I)-DOM complex is the primary form undergoing photoreduc-
tion [16,17]. At the initial stage of reaction, SDOMy_20,20-40 tended to
form weak complexes with Hg(II) (logK value was small) [9,52,53] due
to their richer oxygen- and nitrogen-containing functional groups. By
then, the weak binding pool predominated. As the reaction progressed,
Hg(I)-SDOM complexes formed by strong bonding with thioalcohol
(sulfur-containing functional groups) gradually occupied the dominant
position [9,21,54]. However, the strong binding sites quickly reached
saturation due to the low content of reduced sulfur in SDOM from
different soil intervals, and subsequently, the weak binding sites pre-
dominated again [55,56]. This effectively revealed the existence of an
“adsorption equilibrium time” between Hg(II) and SDOM during the
initial stage of reaction (Day 1), which resulted in the occurrence of
maximum Hgreduction rate (Fig. 5).
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4.2. Solar radiation restricted photoreduction under high Hg/DOC ratio

According to formula (1) [57], beakers containing leachate with
varying Hg/DOC ratios were of equal size and positioned at the same
place, which meant that the € value per unit area for all beakers was the
same. When the luminous flux density of each beaker was equal, and the
combination degree and quantity of SDOM and Hg(II) would cause a
great difference in the effective photon energy during the photoreduc-
tion process.

e = he/A @

where ¢ is photon energy; c is the speed of light; h is Planck constant;
A is the wavelength of light.

Hg had a high sensitivity to photons, and only after it absorbed
enough photon energy could the electrons be excited [58], which led to
a luminescence reduction reaction. In this study, a single SDOM in the
leachate acted as an energy storage body that like a solar battery. As the
reaction progressed (Day 2 and Day 3), SDOM continuously absorbed
and stored light energy under sunlight. Therefore, at low Hg/DOC ratio,

even when PAR weakened in the afternoon (Fig. S4), SDOM continued to
provide the energy needed for Hg(II) photoreduction, thus Hgreduction
rate continued to increase (Fig. 5). On the contrary, when at high
Hg/DOC ratio, the sulfhydryl group (sulfur-containing functional group)
as the primary site of Hg(II) binding (form strong Hg-SDOM complexes)
[9,54-56] had reached the saturation state. The residual Hg(II) in the
leachate complexed with oxygen- and nitrogen-containing functional
groups through weakly bound (weak Hg-SDOM species) [24,52,59].
Less light energy SDOM received was redistributed to the multiple Hg
atoms which complexed with. When the light energy transferred to a
single Hg atom was not strong enough to cause the electronic excited
state in weak Hg-SDOM species, stronger Hg-SDOM complexes were
more unlikely to undergo photoreduction. For leachate from the same
soil layer (with a certain SDOM concentration), light radiation energy
distributed by DOM to a single Hg atom was significantly positively
correlated with Hgreduction (P < 0.02) under high Hg concentration
(Hg/DOC ratio) (Fig. 7). To sum up, the main limiting factor of Hg(II)
photoreduction was solar radiation energy when Hg/DOC ratio was
high.
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4.3. Surface SDOM facilitated photoreduction more efficiently under low
Hg/DOC ratio

4.3.1. Surface SDOM increased the mobility of Hg(I)

The pore and crack structure of SDOMa0_60,60-80,80-100 facilitated the
diffusion of Hg?* into the interior of the SDOM molecule (Fig. 3-B). Once
inside, Hg* ions became trapped within the molecular network, making
their escape difficult. Simultaneously, a significant portion of Hg**
formed stable covalent bonds with internal binding sites for complexa-
tion [60]. In this case, the binding between SDOM4¢_60,60-80,80-100 and
Hg(II) resulted in a reduced likelihood of desorption. The adsorption of
Hg?* by SDOMy_20,20-40 primarily occurred through the electrostatic
action of functional groups on the surface of various spheres [61]. This
type of bonding had relatively poor stability, allowing Hg®* to be
released after desorption under certain conditions. Furthermore, due to
the abundance of highly reactive oxygen- and nitrogen-containing
functional groups, SDOMg_20,20-40 Showed a greater tendency to com-
plex with Hg(II) [9,17,62]. This significantly increased the adsorption
capacity of SDOMjg_20,20-40 for Hg(II), subsequently augmenting the
solubility of Hg(II) in the liquid phase of the paddy field system [63].
Compared to SDOM40_60,60-80,80-100, SDOMg_20,20-40 served as a supe-
rior carrier for the migration and transformation of Hg(II). Therefore,
the binding of SDOMjy_20 20-40 to Hg(II) played a pivotal role in facili-
tating efficient transport and widespread distribution of Hg(II) in paddy
field system and adjacent aquatic environment.

4.3.2. Surface SDOM reduced the stability of Hg(II)-SDOM complexes

Straw, as high-cellulose organic materials, were easy to be oxidized
and degraded under aerobic conditions, providing a large amount of C
and N sources for microbial activities [64]. Under the synergistic action
of microbial-driven degradation and humification processes of relatively
small molecular substances [65,66], the aromatic compounds within
SDOMj_20,20-40 accumulated rapidly, leading to an enhancement in the
proportion of aromatic compounds with relatively complex structure
(Fig. 2-A). The highly aromatic structure of SDOMg_20,20-40 imparted it
with a greater abundance of unsaturated conjugated bonds and other
unstable structures. These features predisposed SDOMy_30 2040 to un-
dergo free radical and cleavage reactions more readily, thereby dimin-
ishing the stability of Hg(II)-SDOM complexes [67].

Hydroxyl and carboxyl groups in DOM, as potential chelating centers
of variable valence metal ions, are crucial functional groups influencing
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Hg(II) photoreduction [15,17,21]. The possible binding modes between
carboxyl groups and Hg?" include unidetate, bindentate and bridging
(Fig. S8). The binding constants for these modes are relatively low,
making the bonds susceptible to cleavage [68]. SDOMg_20,20-40 cOn-
tained higher abundance of oxygen- and nitrogen-containing functional
groups, which belong to weak binding sites for Hg(I) [9,24,53].
Meanwhile, the proportion of protein-like (C1) components in SDOM
increased with the depth of soil interval (Fig. 2-B), and amino acids such
as cysteine and leucine in protein components might serve as significant
sources of thiols [69], thereby contributing to the augmentation of
strong binding pool for Hg(II) [54,56]. Therefore, SDOMg_20,20-40 ten-
ded to form a large number of structurally unstable Hg(II)-SDOM com-
plexes, greatly enhancing the Hg(II) photoreduction.

4.3.3. Surface SDOM enhanced generation of reactive intermediates
During the early and middle stages of photodegradation, photo-
mineralization of DOM played a dominant role, which induce the pro-
duction of transient reactive intermediates (RIs, e.g., 3DOM*, 102, *OH)
(Fig. S9) [70,71]. By complexing Hg(II) under solar irradiation, DOM
can generate RIs and highly active Hg(I) (Hg3" and Hg™) species that are
easily reduced (Eq. (2)) [19,24,71]. The high content of aromatic groups
in SDOMy_20,20-40 increases its photoreactivity, allowing it to absorb
more light per unit of C [43]. Additionally, SDOMy_20 20-40 contained a
higher proportion of CDOM (such as hydroxyl, carboxyl, and carbonyl
groups), which could undergo large-scale photodegradation. SDOMg_20,
20-40 could generate more RlIs that mediate the Hg(II) photoreduction.
This implies that, under the constraint of SDOM structure (at low
Hg/DOC ratio), the amount of free radical generation played a decisive
role in Hg(Il) photoreduction. During the later stage of photo-
degradation, the complex internal structure of SDOM molecule was
broken down, exposing more Hg(II) binding sites. Therefore, compared
to SDOM40-60,60-80,80-100, SDOMo_20,20-40 Was more conducive to Hg(II)
photoreduction throughout the photodegradation process.

DOM-Hg?" + hv — RIs + Hg(I) - Hg" 2)

4.3.4. Tillage synergistically enhanced photoreduction

Soil tillage can weaken the activity of soil microorganisms [72],
leading to a reduction in the source of microbial metabolites in SDOM,
which in turn decreases the degree of soil humification [65,66] and
complexation strength between SDOM and heavy metals (like Hg) [72].
Undoubtedly, this process facilitates the Hg(II) photoreduction. Since
soil tillage encompasses subsoil tillage and deep plowing, both of which
are limited to the depth of 0-40 cm [29,49], this provides a plausible
explanation for the relatively small difference in the degree of humifi-
cation between SDOMy_20,20-40 and SDOM40,60’60,80,80,]00 (Fig. 2-A).
During the flooded period in the paddy system, tillage enhances soil
porosity and the contact area between soil and water [73], accelerating
the release of SDOMy_30 20-40, Which subsequently increases the amount
of SDOMo_20,20-40 in paddy-field water (Fig. 4). At the same time, soil
tillage accelerates the infiltration of SDOM from various soil intervals
into groundwater [74,75], eventually flowing into surface water. During
the drainage period, SDOMy_20,20-40 in paddy-field water can be trans-
ported into surrounding rivers via surface runoff. Wang et al. demon-
strated that surface microrelief highly changed the partitioning of
surface and sub-surface flow due to the tillage management, and DOM
concentration in sub-surface flow was 7-18 times that in surface flow
[74]. This indicates that soil tillage increases the input of SDOM
(particularly SDOMg 20 20-40) into paddy-field water and adjacent nat-
ural water, aqueous Hg(II) photoreduction tends to be greatly enhanced
due to decreased Hg/DOC ratio.
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4.4. Gear effect reduced Hg storage reservoir within paddy system

Based on the analysis of Section 4.3, the bond stability of Hg(II) with
SDOMp 20,2040 Wwas poorer than SDOMu4o 60,60-80,80-100, Yet
SDOMj_20,20-40 exhibited a higher adsorption capacity for Hg(II). This
implies that less energy was required for Hg(II) photoreduction, leading
to a more efficient process. Consequently, SDOMg_29 20-40 could convert
Hg(II) into Hg(0) more efficiently. During the non-flooded period in the
paddy field system, solar radiation increased soil temperature, which
accelerates both the thermal motion of soil Hg(0) and evaporation of soil
moisture [76,77], thereby facilitating the diffusion process of Hg(0)
through the soil-air interface. During the flooded period, soil matrices
adsorbed by Hg(0) will desorb into the water phase, allowing Hg(0) to
volatilize into the air [76]. Meanwhile, given that the stability of Hg
(ID-DOM  complex is significantly higher than that of heavy
metal-soil/clay mineral complex [38], Hg(II) can more readily enter
paddy-field water with SDOM. Soil, as the main force absorbing atmo-
spheric Hg pollution [78], greatly reduces the adsorption capacity of
paddy soil for Hg through the above process (Step 1: Reduction of Hg
storage reservoir in paddy soil). The release of Hg(II) into paddy-field
water subsequently undergoes photoreduction with SDOM and Hg(0)
diffuses through the water-air interface (Step 2: Reduction of Hg storage
reservoir in paddy-field water). Step 1 and Step 2 significantly reduce
the Hg storage reservoir within paddy field system, thereby diminishing
the source of MeHg and ultimately achieving the goal of mitigating
MeHg accumulation in rice plants.

5. Conclusions and environmental implications

From paddy field systems to adjacent aquatic environments, the fate
of Hg(II) was strongly influenced by its interaction with SDOM derived
from different intervals of paddy soil. Hg(II) photoreduction mediated
by SDOM was constrained by the structural composition of SDOM under
low Hg/DOC ratios. Conversely, at high Hg/DOC ratios, the amount of
solar radiation emerged as the dominant limiting factor. Straw returning
and tillage jointly drove the transformation of SDOMg_3020-40 With
higher aromaticity and richer oxygen-containing functional groups,
while soil tillage increased the output of SDOM from paddy soil. The
implementation of straw returning and soil tillage in managing paddy
field system constitute a double-edged sword, which reduce Hg burden
but increase the release flux of Hg(0). The latest findings by Zhang et al.
[79] indicated that photoreduction obviously outweighed other Hg(II)
reduction pathways within the paddy field system in terms of its
contribution to Hg(0) emissions from paddy soil. This provided robust
support for the reliability and significance of the experimental results
obtained in this study. Given that the escape of Hg(0) caused by aqueous
Hg(II) photoreduction is one of the main source for atmospheric Hg [8,
12,79]. This study further emphasizes the importance of this critical
process for the global Hg cycle.

In various countries around the world, particularly in South and
Southeast Asian where rice is a staple food, vigorously advocacy of
paddy management measures (straw returning and soil tillage) will
undoubtedly result in a huge release flux of Hg(0). Therefore, previous
inventories of Hg(0) emissions from paddy field may have overlooked or
underestimated the huge Hg(0) release flux caused by the gear effect of
long-term straw returning and soil tillage. Furthermore, this study un-
derscores the importance of considering the correlation between Hg(II)-
SDOM binding pool and the characteristics of SDOM from different
paddy soil intervals when assessing the mobility, bioavailability and
potential ecological risks associated with Hg contamination in paddy
soil environment. More importantly and meaningfully, this study also
provides theory and empirical evidence for the fact that straw returning
and soil tillage can effectively decrease the accumulation of MeHg in rice
plants.
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Environmental implication

This study highlighted that straw returning and soil tillage were like
a double-edged sword, with both advantages and disadvantages. Gear
effect of straw returning and soil tillage significantly promoted aqueous
Hg(II) photoreduction and reduced Hg burden in paddy field system,
which could decrease the MeHg production and bioaccumulation in rice
plants. However, previous inventories of Hg(0) emissions from paddy
field may have overlooked or underestimated the huge Hg(0) release
flux caused by the gear effect of long-term straw returning and soil
tillage. Future global Hg cycling models should give special consider-
ation to this process.
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