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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Enriched Hg isotope was employed to 
simulate newly deposited Hg. 

• Geochemical fractionation of newly 
deposited Hg in paddy soil was studied. 

• Organic matter is the largest pool of 
newly deposited Hg in paddy soil. 

• Transitions from OM-Hg to Fe/Mn 
oxide-Hg were observed in paddy soil. 

• Coupling of Fe and DOM controlled the 
fate of newly deposited Hg.  
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A B S T R A C T   

The newly deposited mercury (Hg) is more readily methylated to methylmercury (MeHg) than native Hg in paddy soil. 
However, the biogeochemical processes of the newly deposited Hg in soil are still unknown. Here, a field experimental plot 
together with a stable Hg isotope tracing technique was used to demonstrate the geochemical fractionation (partition 
ing and redistribution) of the newly deposited Hg in paddy soils during the rice-growing period. We showed that the majo 
rity of Hg tracer (200Hg, 115.09 ±0.36 μg kg− 1) was partitioned as organic matter bound 200Hg (84.6–89.4%), followed by 
residual 200Hg (7.6–8.1%), Fe/Mn oxides bound 200Hg (2.8–7.2%), soluble and exchangeable 200Hg (0.05–0.2%), and 
carbonates bound 200Hg (0.04–0.07%) in paddy soils. Correlation analysis and partial least squares path modeling revealed 
that the coupling of autochthonous dissolved organic matter and poorly crystalline Fe (oxyhydr)oxides played a predominant 
role in controlling the redistribution of the newly deposited Hg among geochemical fractions (i.e., fraction changes). The 
expected aging processes of the newly deposited Hg were absent, potentially explaining the high bio 
availability of these Hg in paddy soil. This study implies that other Hg pools (e.g., organic matter bound Hg) should be 
considered instead of merely soluble Hg pools when evaluating the environmental risks of Hg from atmospheric depositions.  
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1. Introduction 

Methylmercury (MeHg), the organic form of mercury (Hg), is a broad 
public concern due to its neurotoxicity, bioaccumulation and bio-
magnification in food chains. In contrast to other heavy metal pollut-
ants, elemental Hg, the vapor form of Hg could exist in the ambient air, 
and long-term transportation of this gaseous Hg was widely recoded 
(Ariya et al., 2015). Consequently, high Hg burdens in biota, especially 
at high trophic levels, were found in sparsely populated areas (e.g., high 
latitude lakes) due to the deposition of long-term transported Hg 
(Lucotte et al., 1999), and the deposition of atmospheric Hg was 
therefore considered an important Hg source for terrestrial ecosystems. 

In recent decades, biogeochemical processes of the newly deposited 
Hg in terrestrial and aquatic environments have aroused great concerns 
(Blanchfield et al., 2021; Branfireun et al., 2005; Harris et al., 2007; 
Hintelmann et al., 2002; Orihel et al., 2008; Oswald et al., 2014; 
Paterson et al., 2006). A previous study reported that the newly 
deposited Hg had higher reactivities in reduction and volatilization than 
native Hg in soils (Hintelmann et al., 2002). Moreover, methylation of 
the newly deposited Hg was also found to be more active than native Hg 
in wetland systems (Branfireun et al., 2005) and boreal forest systems 
(Hintelmann et al., 2002). In a peatland of the Experimental Lakes Area 
(ELA) in Canada, 6% of newly introduced Hg (used to simulate the 
newly deposited Hg) was methylated within 24 h (Branfireun et al., 
2005). Furthermore, research in aquatic systems documented that the 
newly deposited Hg is more prone to bioaccumulation in aquatic biota 
through the formation of MeHg (Harris et al., 2007; Orihel et al., 2008; 
Paterson et al., 2006). 

Rice (Oryza sativa L.) is the most important staple food for world 
populations. In recent studies, however, rice was identified as a bio-
accumulator for MeHg (Feng et al., 2011; Meng et al., 2010; Qiu et al., 
2008), and health risks for rice-eating people in MeHg exposure were 
reported (Feng et al., 2008; Zhang et al., 2010). Furthermore, paddy soil, 
as an ephemeral artificial wetland, was identified as a hotspot of Hg 
methylation and the major source of MeHg accumulated in rice (Aslam 
et al., 2022; Liu et al., 2021a; Meng et al., 2010, 2011; Zhao et al., 
2016a,b, 2020). Our previous studies confirmed that the newly depos-
ited Hg is more readily methylated to MeHg and accumulates in rice 
than native Hg in soil (Meng et al., 2010, 2011). The higher bioavail-
ability of the newly deposited Hg in paddy soil was further highlighted 
in the follow-up studies (Ao et al., 2020; Zhao et al., 2016a). However, 
the mechanisms behind this finding remain unclear. Therefore, new 
techniques and more works are urgently needed to uncover the diver-
gent bioavailabilities of native Hg and the newly entered Hg (e.g., newly 
deposited), especially in Hg-sensitive ecosystems (e.g., rice paddies). 

Bioavailability and other factors such as the activity of microor-
ganisms and electron acceptors/donors, resulted in the net production of 
MeHg (Hsu-Kim et al., 2013) from the newly deposited Hg, which 
determined the environmental risks of Hg from atmospheric depositions. 
It is generally accepted that the speciation controls the bioavailability of 
Hg in biotically mediated methylation (Hsu-Kim et al., 2013; Jonsson 
et al., 2014; Liu et al., 2022). Typically, Hg speciation in dry or wet 
depositions is inorganic oxidized Hg (Hg(II)) due to the high deposition 
velocity (Ariya et al., 2015; Fu et al., 2015) and oxidation events (e.g., 
atmospheric Hg depletion events, AMDE) in high latitude areas 
(Schroeder et al., 1998). On the other hand, the speciation changes of 
the newly deposited Hg in soils are soil chemistry- and 
particulate-dependent and controlled by the presence of organic matter 
(Rolfhus et al., 2015), metal (oxyhydr)oxides (O’Connor et al., 2019), 
sulfur species (Skyllberg, 2008) and clay minerals (Zhu et al., 2012). All 
of these compounds, in particular, are highly related to the methylation 
process because they mediate the partitioning and redistribution of Hg 
among different geochemical fractions (referred to as geochemical 
fractionation). Therefore, investigating the geochemical fractionation of 
the newly deposited Hg is critical to understand the behaviors of the 
newly deposited Hg in methylation as well as corresponding 

environmental risks. 
To fill all the knowledge gaps above, we spiked an isotope-enriched 

200Hg tracer to simulate the newly deposited Hg in paddy soils. In 
addition, the geochemical fractionation processes of spiked 200Hg (i.e., 
referred to as the newly deposited Hg or “new” Hg) and native Hg (i.e., 
referred to as ambient Hg or “old” Hg) in paddy soil during the rice- 
growing period were studied. Furthermore, sequential extractions of 
Hg (both spiked and native Hg), iron (oxyhydr)oxides and soil organic 
matter fractions were conducted. The key objectives of this study were 
to (1) identify the partitioning of “new” Hg in different geochemical 
fractions in paddy soil, (2) determine the redistribution process of “new” 
Hg among geochemical fractions during the rice-growing period, and (3) 
reveal the key factors that potentially control the geochemical frac-
tionation of “new” Hg in paddy soil. 

2. Materials and methods 

2.1. Study site and rice cultivation experiment 

This study was carried out in a regional background area (low Hg 
concentration in soil and atmosphere), located in Xunyang County, 
Shannxi Province, China (109º23’24’’E, 32º49’48’’N). During the rice- 
growing period, the overall range of gaseous elemental mercury 
(GEM) at the study site was 1.0–9.0 ng m− 3 (average 4.8 ± 2.0 ng m− 3, 
Fig. S1). Concentrations of GEM at the study site are slightly higher than 
the GEM of some remote forest areas (e.g., Mt. Changbai, China, [GEM] 
= 1.60 ± 0.51 ng m− 3, Fu et al., 2012) but lower than those in some 
urban areas (e.g., Guiyang City, China, [GEM] = 10.2 ± 7.06 ng m− 3, Fu 
et al., 2015) and Hg mining areas (e.g., Wanshan Hg mining area, China, 
[GEM] = 403 ± 388 ng m− 3, Zhao et al., 2016a). Accordingly, low Hg 
deposition from the atmosphere is expected, which provides ideal con-
ditions when comparing the newly deposited Hg (200Hg2+ tracers) and 
ambient Hg in paddy soil. Therefore, an assumption was made that at-
mospheric Hg deposition into the experimental plot could be negligible 
during the rice-growing period. 

A simulated rice paddy plot (precleaned polyvinyl chloride box, 54 
cm × 42 cm × 33 cm) was set up to investigate the partitioning and 
redistribution of the newly deposited Hg in paddy soil during the rice- 
growing period. The soil used in the rice cultivation was collected 
from cropland (surface soil, 1–20 cm) with a total Hg concentration of 
78.4 ± 4.6 μg kg− 1. Then, 40 kg pre-sieved soil (2 mm) was filled into 
the box with a soil depth of approximately 20 cm. Irrigation water (Hg 
concentration of 1.37 ± 0.45 ng L− 1) was added to reach the field 
moisture capacity. Other physical and chemical properties of the 
collected soil are shown in Table S1. Isotope-enriched 200Hg (200Hg 
(NO3)2), as an inorganic Hg tracer, was spiked into the experimental soil 
to simulate the newly deposited Hg (Blanchfield et al., 2021; Branfireun 
et al., 2005; Hintelmann et al., 2002; Oswald et al., 2014). The spiked 
200Hg tracer (purity of 98.2 ± 0.15%) was prepared by using 200Hg0 

(ISOFLEX, USA) according to the methods reported in our previous 
studies (Liu et al., 2021a, 2022; Meng et al., 2018). Specifically, a 
working solution of 200Hg tracer (~12 mg Hg L− 1, diluted by using 
deionized water) was prepared to neutral pH and then evenly spiked at 
ten different positions in the soil of the experimental box. After spiking, 
the soil in the box was further mixed to homogenize the tracers, and then 
immediately covered with dark plastic lids (to reduce the potential 
losses of Hg isotopes) and aged for 24 h before transplanting rice seed-
lings. The concentration of spiked 200Hg tracer in the studied soil before 
rice planting is 115.09 ± 0.36 μg kg− 1. Notably, oxidized Hg(II), instead 
of Hg(0), was used as the tracer, as Hg(II) is the dominant species in the 
atmospheric depositions (Ariya et al., 2015; Fu et al., 2015). 

A rice cultivar (hybrid rice), widely grown in Shannxi Province was 
used in this study. Rice seedlings were pre-cultivated for 30 days. 
Twenty seedlings with similar biomass and plant height were trans-
planted to the experimental box with a space of 10 cm × 10 cm. The soil 
in the box was submerged by irrigation water, and the water level in 
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each plot was kept at 3–5 cm above the soil surface. Rice in the exper-
imental box was cultivated for 110 days in the field (in an open envi-
ronment). The water management measures for this study were the same 
as for local paddy fields (i.e., keep flooding since transplanted and 
drying from the day 90) to simulate the natural environment for rice- 
growing. To minimize the perturbation from exogenous chemicals, no 
fertilizers or pesticides were applied during the rice-growing period. 
Five sampling campaigns were conducted on the days 0, 30, 60, 90, and 
110 after rice transplanting, and 3–5 soil samples from the root zone 
(10–20 cm depth) were collected into new polypropylene tubes (JET®, 
China) at each sampling without any headspace. Parafilm® was used to 
seal the tubes to avoid the potential oxidation during transportation. The 
collected soil samples were transported to the laboratory within 24 h in 
coolers with ice packs (~4 ºC). Changes of soil physical and chemical 
properties were minimized. Soil samples were stored at − 20 ºC before 
the freezing dried. The freezing dried (FD-3–85D-MP, FTS, USA) samples 
were sieved to 200 mesh before measurement. The concentration of 
GEM close to the experimental box was recorded every 10 s and 
continuously measured for > 1 h at each sampling in the field. 

2.2. Analytical methods 

2.2.1. Sequential extraction of Hg 
The procedures for sequential extraction of Hg were modified from 

the method of Tessier et al. (1979). Five fractions were defined as sol-
uble and exchangeable Hg (Mg(NO3)2 extracted), carbonates bound Hg 
(NaOAc extracted), Fe/Mn oxides bound Hg (NH2OH⋅HCl in HAc 
extracted), organic matter bound Hg (H2O2 extracted), and residual Hg 
(digested by aqua-regia). The details of the extraction procedures are 
described in Tessier et al. (1979) and were pervasively used by Wang 
et al. (2011), Zhao (2016), and Li et al. (2019). 

2.2.2. Isolation of soil organic matter (SOM) fractions 
Soil organic matter was isolated as dissolved organic matter (DOM), 

humic acid (HA), fulvic acid (FA), clay-associated HA (C-HA), and clay- 
associated FA (C-FA) (Carter and Gregorich, 2007). DOM was extracted 
by distilled water (Milli-Q®, Millipore, USA) with a soil-water ratio 
(w/v) of 1:10 (Jiang et al., 2017; Liu et al., 2021b). The details of SOM 
isolation are shown in Text S1. 

2.2.3. Sequential extraction of Fe (oxyhydr)oxides 
Iron fractions were extracted as soluble and exchangeable Fe 

(Feexch), carbonates associated Fe (Fecarb, siderite, and ankerite), easily 
reducible Fe oxides (Feox1, ferrihydrite, and lepidocrocite), reducible Fe 
oxides (Feox2, goethite, and hematite), magnetite Fe (Femag), and pyrite 
Fe (Fepy) (Text S2). The methods of Fe sequential extraction were 
established by Poulton and Canfield (2005) and verified by using rock 
magnetic and X-ray diffraction measurements of pure mineral extrac-
tions (Claff et al., 2010; Slotznick et al., 2020). 

2.2.4. Measurements 
The concentration of GEM was determined by using a portable Hg 

Vapor Analyzer (RA-915 +, Lumex, Russia). The isotope-enriched 
T200Hg in soil samples was digested by aqua-regia and determined by 
using ICP–MS (Agilent 7700 ×, Agilent Technologies Inc., USA) after 
BrCl oxidation, SnCl2 reduction, and gold trap amalgamation. The 
method for the isotope-enriched 200Hg after sequential extractions was 
the same as that for T200Hg after aqua-regia digestion. The isotope- 
enriched Me200Hg was determined by using gas chromatography (GC)- 
ICP-MS (Agilent 7700 ×, Agilent Technologies Inc., USA) after ethyl-
ation and trapped by Tenax (Brooks, USA) (Gilmour et al., 1998). More 
details related to the isotope-enriched 200Hg measurements can be found 
in our previous work (Liu et al., 2021a, 2022). The total amount of 
organic carbon (TOC) and total nitrogen in soils were measured by an 
elemental analyzer (Vario MACRO cube, Elementar, Germany) after the 
removal of inorganic carbon through acidification. Concentrations of 

each SOM fraction (i.e., DOM, HA, FA, C-HA, C-FA) were determined by 
a total organic carbon analyzer (InnovOx®, GE, USA). Concentrations of 
bulk SOM and soil DOM are shown as TOC and DOC, respectively. The 
optical properties of DOM were characterized by UV–vis absorption and 
fluorescence spectra through Aqualog® absorption-fluorescence spec-
troscopy (Jobin Yvon, Horiba, Japan). UV–vis absorption spectra for 
liquid samples were scanned from 230 nm to 800 nm (1 nm interval). 
Emission-excitation matrices (EEMs) of fluorescence spectra for liquid 
samples were scanned from 250 nm to 600 nm for emission spectra and 
from 230 nm to 450 nm for excitation spectra. Inner-filter effects were 
corrected according to Wilson and Xenopoulos (2009) and Murphy et al. 
(2010). Fe in sequential extractions (except pyrite Fe) was reduced by 
10% (w/v) NH2OH⋅HCl and quantified by using the ferrozine assay 
(Viollier et al., 2000). The digestion methods of total Mn and S were the 
same as those of total Fe. Total Fe, pyrite Fe (nitrate acid extracted in 
sequential extraction), and total Mn were measured by a flame atomic 
absorption spectrophotometer (PinAAcle 900 T, PerkinElmer, USA). 
Total sulfur was measured by a turbidimetric method using a UV–Vis 
spectrophotometer (UV-5100B, METASH, China) at 420 nm (Sӧrbo, 
1987). Soil pH was determined by a pH meter at a soil-water ratio of 
1:2.5 (w/v). The X-ray diffraction (XRD) spectra for soil samples were 
scanned by an X-ray diffractometer (Empyrean, Panalytical, 
Netherlands) with Cu-K-α radiation from 5◦ to 60◦ using 0.025◦ steps. 
Soil mineral phases were retrieved by using MDI Jade 6 software (Ma-
terials Data Inc., USA). 

2.3. Data analysis 

Concentrations of ambient THg and MeHg (i.e., Hg that is naturally 
present in the soil samples) and the isotope-enriched T200Hg and 
Me200Hg (i.e., 200Hg only from spiked tracer and the ambient 200Hg was 
deducted) were calculated according to the method detailed in our 
previous work (Liu et al., 2021a, 2022; Meng et al., 2018). Hg isotope 
fractionations induced by natural processes were ignored in the 
isotope-enriched Hg tracer spike studies (Meng et al., 2018). Data 
analysis for the optical properties of soil DOM is shown in Text S3. 

2.4. QA/QC and statistics 

Certified reference materials (CRMs) of GSS-5 ([THg] = 290 ± 30 ng 
g− 1) and ERM-CC580 ([MeHg] = 75.5 ± 3.7 ng g− 1) were used. The 
recoveries in THg and MeHg measurements were 109 ± 4.7% (n = 8) 
and 92 ± 10.0% (n = 10), respectively. The recoveries of mass balance 
([the sum of 200Hg fractions] / [T200Hg]) for sequential extraction of 
200Hg ranged from 86% to 108% (n = 5, Fig. S2). The recoveries of mass 
balance ([the sum of Hg fractions]/[THg]) for sequential extraction of 
Hg ranged from 73% to 96% (n = 5). The method detection limits (3σ) 
were 0.02 µg kg− 1 for THg, 0.002 µg kg− 1 for MeHg, and 0.03 μg kg− 1 for 
Hg isotopes in soils samples. The relative standard deviation (RSD) for 
duplicates was less than 10%. 

The differences in data sets that were normally distributed were 
assessed by t–test and one-way ANOVA with Duncan’s post-hoc test 
using SPSS 23.0 (IBM®, IL, USA). The differences tests for nonnormally 
distributed datasets were accessed by Kruskal–Wallis one-way ANOVA. 
The statistical significance (p) was declared at < 0.05 (2-tailed). The 
partial least squares path modeling (PLS-PM) was conducted by using R 
software (version 4.1.2) that was equipped with the “plspm” package. 

3. Results 

3.1. The isotope-enriched 200Hg and ambient Hg 

Concentrations of the isotope-enriched T200Hg and ambient THg in 
paddy soil during the rice-growing period were stable, with various 
ranges of 104.04 ± 2.91–120.65 ± 8.56 ng g− 1 and 73.07 ± 4.29–95.04 
± 17.12 ng g− 1, respectively (Fig. S3a). It is worth mentioning that the 
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concentrations of spiked T200Hg and ambient THg are comparable, 
indicating that the spiked isotope tracers in this study can reflect the 
practical situation of Hg fate in paddy soil (Branfireun et al., 2005; 
Hintelmann et al., 2002; Oswald et al., 2014). 

Since the spiking of Hg isotope tracers into paddy soil, most parts of 
the spiked 200Hg were partitioned into organic matter bound Hg 
(84.6–89.4% of T200Hg), followed by residual 200Hg (7.6–8.1% of 
T200Hg), and then Fe/Mn oxides bound 200Hg (2.8–7.2% of T200Hg) 
(Kruskal–Wallis one-way ANOVA p < 0.01, Figs. 1a and b). Soluble and 
exchangeable 200Hg (0.05–0.17% of T200Hg) and carbonates bound 
200Hg (0.04–0.07% of T200Hg) governed only a small proportion of 
T200Hg (Figs. 1a and b). A similar distribution pattern was found in the 
ambient Hg fractions (i.e., organic matter bound Hg > residual Hg > Fe/ 
Mn oxides bound Hg > exchangeable Hg > carbonates bound Hg). 
Nevertheless, relatively higher residual Hg (23.9–37.9% of THg, Krus-
kal–Wallis one-way ANOVA p < 0.01) but lower Fe/Mn oxides bound Hg 
(2.4–6.2% of THg, paired samples t-test p < 0.05) and organic matter 
bound Hg (57.4–73.5% of THg, paired samples t-test p < 0.01) were 
observed for ambient Hg than those of spiked 200Hg (Figs. 1c and d, 
Fig. S4). 

During the rice-growing period, the decreases in soluble and 
exchangeable Hg (both 200Hg and ambient Hg) 200Hg, carbonates bound 
200Hg, organic matter bound Hg (both 200Hg and ambient Hg), and re-
sidual 200Hg were observed (one-way ANOVA p < 0.05, Figs. 1a and c, 

Figs. S5 and S6). The significant increases in Fe/Mn oxides bound 200Hg 
were found from the day 30–60 (from 3.30 ± 0.24 ng g− 1 to 6.01 
± 1.13 ng g− 1, one-way ANOVA p < 0.05, Fig. 1a and Fig. S5). The 
variations in Me200Hg and ambient MeHg during the rice-growing 
period are shown in the Fig. S3b and Text S4. 

3.2. Soil organic matters and optical properties of soil DOM 

Different soil organic matter fractions play key roles in regulating the 
fate of Hg (Xu et al., 2021). Moreover, organic matter bound Hg was 
identified as the largest pool for the newly deposited Hg in paddy soil 
(Fig. 1); therefore, soil organic matter fractions were investigated. As 
shown in Fig. 2, the decreases in total organic carbon (TOC, showing the 
concentration of bulk SOM) but increases in dissolved organic carbon 
(DOC, showing the concentration of soil DOM) in paddy soils were 
observed during the rice-growing period (one-way ANOVA p < 0.05). 
Soil humic substances were isolated as humic acid (HA), fulvic acid (FA), 
and clay-associated HA and FA. In detail, the significant increases in HA 
and FA were found from the day 60 to day 110 in paddy soil (Fig. 2b, 
one-way ANOVA p < 0.05), whereas the HA and FA associated with soil 
clays decreased (Fig. 2c, a significant difference was only found in C-HA, 
one-way ANOVA p < 0.05). 

Both UV–vis absorption and fluorescence spectra were used to 
calculate the optical properties of soil DOM. Through UV–vis absorption 

Fig. 1. Concentration and percentage of isotope-enriched 200Hg (a and b) and ambient Hg (c and d) fractions in paddy soils during the rice-growing period. Different 
lowercase letters in line plots indicate that the differences in Hg concentration in paddy soils during the rice-growing period are significant through one-way ANOVA 
with Duncan’s post-hoc test (p < 0.05). Data without lowercase letters suggest the difference is not significant. Error bars in line plots represent the standard de-
viation of three replicates (five replicates on day 110). All the units were presented by dry weight. 
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Fig. 2. Concentrations of bulk soil organic matter (SOM) (a), dissolved organic matter (DOM), humic acid (HA), fulvic acid (FA) (b), clay-associated HA and FA (c) 
and the optical properties of DOM (d-l) in paddy soils during the rice-growing period. Plots (d) to (f) are the properties from UV–vis absorption spectra of DOM, 
including the absorption coefficient at 355 nm (used to represent colored dissolved organic matter, a(355)) (d), specific UV absorbance at a wavelength of 254 nm 
(SUVA254) (e), and spectral slope of 275–295 nm (S275–295) (f). Plots (g) to (l) are the fluorescence compounds and calculated indices from EEM fluorescence spectra 
of DOC, including peak A (g), peak C (h), peak B (i), peak T (j), biological index (BIX) (k), and humification index (HIX) (l). Different lowercase letters indicate that 
the difference is significant through one-way ANOVA with Duncan’s post-hoc test (p < 0.05). Data without lowercase letters suggest the difference is not significant. 
The error bar represents the standard deviation of three replicates (five replicates on day 110). All the units of mass were presented by dry weight. 
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spectra, increased signals of CDOM were found during the rice-growing 
period (Fig. 2d, one-way ANOVA p < 0.05), whereas the decreases in 
SUVA254 (Fig. 2e, from the day 0 to day 90, one-way ANOVA p < 0.05) 
and S275–295 (Fig. 2f, from the day 60 to day 90, one-way ANOVA 
p < 0.05) were observed. SUVA254 increased after the decline from the 
first 90 days. Fluctuations of the intensities of fulvic-like (i.e., peak A, 
less humified) and humic-like compounds (i.e., peak C, more humified) 
and higher intensities of peak A than that of peak C were obtained 
(Figs. 2 g and h, one-way ANOVA p < 0.05). With the growth of rice, 
more signals of protein-like (or fresh-like) compounds (Figs. 2i and j, 
one-way ANOVA p < 0.05) and higher autotrophic productivity (shown 
as BIX, Fig. 2k, one-way ANOVA p < 0.05) values were found in soil 
DOM. Nevertheless, the humification degree, shown as HIX, decreased 
during the rice-growing period (Fig. 2l, one-way ANOVA p < 0.05). 

3.3. Total Fe, Mn, and Fe fractions 

In addition to organic matter bound Hg, Fe/Mn oxides bound Hg was 
also an important pool for the newly deposited Hg in paddy soil (Fig. 1). 
Typically, Fe and Mn coexist in soils such as ferromanganese nodules 
(Liu, C. et al., 2021c; Tessier et al., 1979), and the environmental be-
haviors of Fe and Mn oxides are quite similar. In this study, the con-
centration of total Fe (TFe, averaged 31.2 ± 0.8 g kg− 1) was more than 
70 times higher than that of total Mn (TMn, averaged 0.42 
± 0.01 g kg− 1) during the rice-growing period (Fig. S7). Therefore, Fe 
fractions (i.e., Fe (oxyhydr)oxides) were further extracted to show the 
influences of Fe/Mn oxides on the fate of “new” Hg. During the 
rice-growing period, the percentage of highly reactive Fe (FeHR) in TFe 
in rice paddy soil was stable, and no significant variation was observed 
(Table 1). The largest Fe pool in FeHR is reducible Fe oxides (Feox2, 
crystalline Fe oxides), followed by magnetite Fe, easily reducible Fe 
oxides, pyrite Fe, and carbonate-bound Fe. The significant increases in 
Fecarb (one-way ANOVA p < 0.05), Feox1 (one-way ANOVA p < 0.05), 
and Fepy (one-way ANOVA p < 0.05) were found in paddy soil during 
the rice-growing period (Table 1). Magnetite Fe decreased from the day 
30 to the end of the experiment (one-way ANOVA p < 0.05), and Feox2 
decreased during the whole rice-growing period (one-way ANOVA 
p < 0.05) (Table 1). Due to the relatively stable FeHR concentration and 
FeHR/TFe, the increases in Fecarb, Feox1, and Fepy were offset by the 
decreases in Feox2 and Femag (one-way ANOVA p < 0.05). No crystalline 
structures of Fe(oxyhydr)oxides were identified through XRD (Fig. S8), 
which may be attributed to the poor crystalline structures or the for-
mation of micro/nanometric Fe(oxyhydr)oxides under redox conditions 
(Bishop et al., 2020; Ratié et al., 2019). More descriptions of ancillary 
data (soil pH, total sulfur, total nitrogen, and the C/N ratio) are shown in 
the Text S5 in the Supporting Information. 

3.4. Relationships between the isotope-enriched 200Hg and geochemical 
factors 

Through the correlation analysis, all the isotope-enriched 200Hg 
fractions (i.e., soluble and exchangeable 200Hg, carbonates bound 200Hg, 

Fe/Mn oxides bound 200Hg, organic matter bound 200Hg, and residual 
200Hg fractions) were significantly correlated with DOM, a(355), BIX, 
HIX, Fecarb, Feox1, and Feox2 (Table 2). For example, Fe/Mn oxides bound 
to 200Hg are highly co-varied with soil humic acid (Spearman’s r = 0.77, 
p < 0.01, r2 = 0.51), DOM (Spearman’s r = 0.91, p < 0.01, r2 = 0.72), 
protein-like fluorescence compounds (i.e., peak B, Spearman’s r = 0.76, 
p < 0.01, r2 = 0.39) and BIX (Spearman’s r = 0.67, p < 0.01, r2 = 0.55) 
(Fig. 3 and Table 2). It is noted that soil DOM is negatively correlated 
with soluble and exchangeable 200Hg, carbonates bound 200Hg, organic 
matter bound 200Hg, and residual 200Hg, but positively correlated with 
Fe/Mn oxides bound 200Hg (Fig. 3). Similar tendency of correlations was 
also found in BIX and Feox1. 

Four latent variables, including soil chemistry (including total sulfur, 
total Fe, total Mn, total N, pH, and C/N ratio), soil bulk OM (including 
TOC, humic acid, fulvic acid, and clay-associated humic acid and fulvic 
acid), DOM (including DOC, SUVA254, S275–295, peak A, peak B, BIX, and 
HIX), and Fe species (including Feexch, Fecarb, Feox1, Feox2, and Femag), 
were input for partial least squares path modeling analysis. The 
goodness-of-fit (GOF) ranged from 0.57 to 0.60, showing a good model 
predictive value (Fig. 4). Through Fig. 4, DOM (path coefficient of 
− 0.42) and Fe (oxyhydr)oxides (path coefficient of − 0.39) are two 
major effects for soluble and exchangeable 200Hg, whereas DOM (path 
coefficient of − 0.50) is the major effect for carbonates bound 200Hg 
(Figs. 4a and b). For Fe/Mn oxides bound 200Hg, DOM showed the most 
considerable effect (path coefficient of 0.86, Fig. 4c). In addition to bulk 
SOM and DOM, Fe species also showed a high contribution (path coef-
ficient of − 0.43) to organic matter bound 200Hg (Fig. 4d). 

4. Discussions 

4.1. Partitioning of “new” Hg in different geochemical fractions in paddy 
soil 

Through sequential extraction, organic matter was identified as the 
largest sink of both newly spiked and ambient Hg in paddy soil (Fig. 1). 
This finding is consistent with our previous works in paddy soil at an 
artisanal Hg smelting site (i.e., Wanshan Hg mining area, [THg] = 3.2 
± 0.75 mg kg− 1, organic matter bound Hg could reach 62% of THg, 
Zhao, 2016) and in the background soil of urban areas (i.e., Huaxi, 
Guiyang City, [THg] = 0.25 ± 0.06 mg kg− 1, organic matter bound Hg 
could reach 87.8% of THg, Lu et al., 2021). These results highlighted 
that organic matter could be the largest pool for the Hg from atmosphere 
depositions. Soil organic matter is regarded as one of the most important 
Hg sinks due to (1) its high binding affinity with Hg and (2) its associ-
ation with Hg-adsorbing particles (O’Connor et al., 2019). In particular, 
the majority of “new” Hg in the soil is partitioned into the solid phase (e. 
g., soil minerals) since deposition, and only a small fraction of the newly 
deposited Hg in the soil is present in the aqueous phase (e.g., porewater) 
(Jonsson et al., 2014). Furthermore, research has documented that soil 
minerals are often coated with organic matter (Lalonde et al., 2012; 
Riedel et al., 2013), and the adsorption behaviors of soil minerals for Hg 
are profoundly influenced by this organic matter (Zhang et al., 2019), 

Table 1 
Concentration of total Fe and various Fe pools in paddy soils during the rice-growing period.  

Rice-growing period TFe Feexch Fecarb Feox1 Feox2 Femag Fepy FeHR FeHR/TFe 

(day) (g kg− 1) (mg kg− 1) (g kg− 1) (g kg− 1) (g kg− 1) (g kg− 1) (g kg− 1) (g kg− 1) (%) 
0 32.1 ± 2.2 1.29 ± 0.5 0.005 ± 0.0004c 0.37 ± 0.03d 8.43 ± 0.3a 1.77 ± 0.1ab 0.59 ± 0.03b 11.2 ± 0.2ab 34.8 ± 1.8 
30 31.3 ± 0.9 1.20 ± 0.2 0.067 ± 0.01c 0.87 ± 0.05c 7.34 ± 0.4b 1.95 ± 0.3a 0.60 ± 0.04b 10.8 ± 0.2b 35.5 ± 0.9 
60 30.0 ± 0.5 1.31 ± 0.2 0.23 ± 0.02b 1.19 ± 0.06b 7.13 ± 0.4 bc 1.84 ± 0.09ab 0.75 ± 0.1ab 11.1 ± 0.3ab 36.3 ± 1.4 
90 30.8 ± 1.0 1.37 ± 0.2 0.45 ± 0.04a 1.42 ± 0.01a 7.01 ± 0.03 bc 1.65 ± 0.02b 0.70 ± 0.09ab 11.2 ± 0.05a 36.8 ± 0.3 
110 31.7 ± 1.4 1.28 ± 0.5 0.49 ± 0.10a 1.45 ± 0.05a 6.56 ± 0.4c 1.66 ± 0.1b 0.87 ± 0.2a 11.0 ± 0.2ab 34.5 ± 1.0 

TFe is total Fe; Feexch is soluble and exchangeable Fe; Fecarb is carbonates bound Fe; Feox1 is easily reducible Fe; Feox2 is reducible Fe; Femag is magnetite Fe; Fepy is pyrite 
Fe; FeHR is highly reactive Fe (FeHR = ⅀ (Feexch + Fecarb + Feox1 + Feox2 + Femag + Fepy)). Different lowercase letters in each column indicate that the differences in Fe 
concentrations in paddy soils at different rice-growing periods are significant through one-way ANOVA with Duncan’s post-hoc test (p < 0.05). All the units of mass 
were presented by dry weight 
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such as thiol ligands (-RSH) associated with the organic matter (Sky-
llberg et al., 2006; Skyllberg, 2008) under reduced conditions. As a 
result, the retention of “new” Hg by organo-minerals (i.e., organic 
matter-coated minerals) is an important reason that explains the high 
partitioning of the newly deposited Hg in organic matter. In addition, 
the formation and stabilization of nanoparticulate or colloidal HgS 
originating from “new” Hg are highly influenced by organic matter 
(Gerbig et al., 2011; Graham et al., 2012), and this Hg pool is commonly 
found in anoxic environments (e.g., paddy soil) and cannot be ignored 
(Manceau et al., 2018). 

Traditionally, sulfides are the major sink of Hg in natural environ-
ments, especially in Hg mining areas (Yin et al., 2016). However, due to 
the lower amount of total sulfur than SOM (Fig. 2 a and Fig. S9) and the 
redox fluctuation (i.e., dry-wet alterations in paddy soils), the pool size 
of residual 200Hg (typically HgS) only accounts for 7.6–8.1% of the 
T200Hg pool. The unexpectedly low partitioning of “new” Hg into re-
sidual Hg suggests that the kinetics of Hg-soil organic matter binding are 
faster than the formation of HgS particles, which is consistent with 
previous studies showing that organic matter is the rate-limited factor 
for the aggregation of HgS clusters (Gerbig et al., 2011; Graham et al., 
2012; Hsu-kim et al., 2013). Well-structured mineral lattices are also Hg 
sinks (forming residual Hg pools, Tessier et al., 1979); however, the 
entrance or replacement of Hg into those lattices (e.g., silicate lattices) is 
usually slower than binding with organic matter. This also supports the 
low partitioning of “new” Hg into residual Hg. 

Metal oxides are also one of the sinks for trace metals in soil, and 
numerous studies have reported high adsorption capacities of Fe/Mn 
oxides for Hg (Bonnissel-Gissinger et al., 1999; Feyte et al., 2010). This 
explained that Fe/Mn oxides are the third pool of “new” Hg only to 
organic matter bound Hg and residual Hg (Fig. 1). However, this Hg pool 
varied with the oxide phase changes driven by redox alternations, which 
was supported by variations in Hg distribution (Fig. 1) and Fe(oxyhydr) 
oxide changes during the rice-growing period (Table 1). 

The spiked 200Hg into paddy soil is dissolved 200Hg(NO3)2; therefore, 

a large fraction of soluble and exchangeable Hg was excepted. However, 
the partitioning of “new” Hg into soluble and exchangeable Hg and 
carbonates bound Hg only accounts for a minor fraction (0.09–0.24%) of 
T200Hg, suggesting that the strong binding sites (e.g., surface complex-
ation sites, adsorption sites) for Hg are far from saturated in paddy soil 
and the newly deposited Hg will be immobilized immediately. 

4.2. Redistribution of “new” Hg among different geochemical fractions 
during the rice-growing period 

The redistribution of the newly deposited Hg among geochemical 
pools can be revealed by variations in different 200Hg pools during the 
rice-growing period (Fig. 1a). In this study, transitions from soluble and 
exchangeable 200Hg, carbonates bound 200Hg, organic matter bound 
200Hg, and residual 200Hg to Fe/Mn oxides bound 200Hg were found 
(Fig. 3a). Redistribution of soluble and exchangeable 200Hg and car-
bonates bound 200Hg occurred initially after spiking with 200Hg tracers, 
suggesting an immobilization process of these highly liable Hg pools. 
However, transitions of organic matter bound 200Hg, Fe/Mn oxides 
bound 200Hg and residual 200Hg mainly occurred after 30 days. This 
suggests that although “new” Hg rapidly partitioned into the solid phase 
after deposition, the redistribution among these three Hg pools (i.e., Fe/ 
Mn oxides bound Hg, organic matter bound Hg and residual Hg) took 
time to reach equilibrium. Two reasons may be explained for the 
redistribution of “new” Hg in environments: one is the thermodynamic 
equilibrium process of Hg in soil, and the other is the biogeochemical 
condition change-induced re-equilibrium process. The former is likely 
responsible for the decreases in soluble and exchangeable 200Hg and 
carbonates bound 200Hg because dissolved phases (e.g., soluble Hg) are 
not stable in the presence of colloids or solids (Skyllberg et al., 2021), 
which will be redistributed into colloids or solids rapidly. Nevertheless, 
the latter (i.e., re-equilibrium process) may play a dominant role in the 
redistribution of “new” Hg among geochemical pools due to the highly 
dynamic biogeochemistry of paddy soil (Kögel-Knabner et al., 2010). 

Table 2 
Correlation matrix between 200Hg fractions and geochemical factors.   

Soluble and exchangeable200Hg Carbonates bound200Hg Fe/Mn oxides bound200Hg Organic matter bound200Hg Residual200Hg 

TS 0.85** 0.80**  0.73** 0.55* 
TFe      
TMn      
pH      
TOC    0.48*  
C/N      
HA -0.85**  0.77** -0.68** -0.56* 
FA -0.58*     
C-HA 0.87** 0.84**  0.82** 0.72** 
C-FA      
DOC -0.67** -0.55* 0.91** -0.68** -0.074** 
a(355) -0.73** -0.57* 0.67* -0.77** -0.65* 
SUVA254 0.58* 0.58* -0.87**  0.65* 
S275–295 0.70**  -0.79** 0.57* 0.52* 
peak A      
peak B -0.66*  0.76** -0.71** -0.60* 
peak C      
peak T      
BIX -0.86** -0.65** 0.67** -0.82** -0.72** 
HIX 0.76** 0.66** -0.79** 0.61** 0.65** 
Feexch      

Fecarb -0.94** -0.66** 0.79** -0.74** -0.68** 
Feox1 -0.91** -0.62** 0.79** -0.74** -0.71** 
Feox2 0.76** 0.68** -0.61** 0.65** 0.68** 
Femag 0.58*   0.54*  
Fepy -0.52*  0.65** -0.62** -0.72** 

Spearman’s r was used as the correlation coefficient. “*” and “**” indicate that the correlations are significant at p < 0.05 and p < 0.01. Vacancies suggest that the 
correlations are not significant. Abbreviations: TS, total sulfur; TFe, total iron; TMn, total manganese, TOC, total organic carbon; C/N, carbon and nitrogen ratio; HA, 
humic acid; FA, fulvic acid; C-HA, clay-associated HA; C-FA, clay-associated FA; DOC, dissolved organic carbon; a(355), absorption coefficient at 355 nm; SUVA254, 
specific UV absorbance at a wavelength of 254 nm; S275–295, spectral slope of 275–295 nm; peaks A, B, C, and T, fluorescence compounds; BIX, biological index; HIX, 
humification index; Feexch, soluble and exchangeable Fe; Fecarb, carbonate associated Fe; Feox1, easily reducible Fe oxides; Feox2, reducible Fe oxides; Femag, magnetite 
Fe; Fepy, pyrite Fe. 
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For example, changes in both the concentration and structural 
composition of soil organic matter (Fig. 2) coupled with the decreases in 
organic matter bound 200Hg (Fig. 1a) indicate the release of “new” Hg 
from OM in paddy soil during the rice-growing period. Specifically, 
mineralization of SOM and production of dissolved OM fractions in this 
study were evidenced by the decreased TOC (Fig. 2a) and increased 
water-soluble organic carbon (Fig. 2b) during the rice-growing period. 
Moreover, significant negative correlations between organic matter 
bound to 200Hg and the concentration of DOM (Spearman’s r = − 0.68, 
p < 0.01) and autochthonous signals of DOM (Peak B, Spearman’s 
r = − 0.71, p < 0.01; BIX, Spearman’s r = − 0.82, p < 0.01) can be found 
in Fig. 3. These findings demonstrate that mineralization of SOM and 
production of dissolved OM through microbial metabolism (Liu et al., 
2021b), especially in the rhizosphere, could release “new” Hg from 
SOM. A similar result was reported in permafrost areas, in which OM 
decomposition induced by permafrost degradation posed a great risk to 
Hg release (Mu et al., 2020). Furthermore, the secretion of root exudates 
in the rhizosphere may have a priming effect on the mineralization of 
SOM in paddy soil (Du et al., 2020), which may also promote the release 
of Hg from SOM. It is noted that this study is not to discuss the ab-
sorption, translocation and bioaccumulation of Hg tracers in soil-rice 
systems. Therefore, the data for the isotope-enriched 200Hg, and 
ambient Hg in rice tissues were not studied. However, translocation and 

transformation of Hg in rice plants were reported in a parallel work with 
similar experimental design but conducted at a different site (high GEM 
region) (Liu et al., 2021a). 

An interesting finding of this study is that Fe/Mn oxides are sinks for 
the newly deposited Hg in redistribution. Due to the coexistence and 
similar environmental behaviors of Fe and Mn oxides (Liu, C. et al., 
2021c; Tessier et al., 1979), as well as higher concentrations of total Fe 
than Mn in soils (Fig. S7). This study takes Fe oxides as an example to 
show the influence of Fe/Mn oxides on “new” Hg. Significant enrich-
ment of 200Hg was found in poorly crystalline or amorphous Fe species, 
which is supported by the increases in easily reducible Fe (p < 0.05, 
Table 1) and increases in Fe/Mn oxides bound 200Hg (p < 0.05, Fig. 1a). 
This is because the extraction method of Fe/Mn oxides bound 200Hg are 
the same as easily reducible Fe (i.e., NH2OH⋅HCl in acetic acid), which is 
usually regarded as poorly crystalline or amorphous Fe (oxyhydr)oxides 
(Poulton and Canfield, 2005; Tessier et al., 1979). Variations in Fe 
species suggested the transition from well crystalline Fe (oxyhydr)oxides 
(e.g., goethite and hematite) to poorly crystalline Fe (oxyhydr)oxides (e. 
g., ferrihydrite) and then to Fe-S minerals (e.g., pyrite) in flooded paddy 
soil during the rice-growing period (Huang et al., 2021; Kappler et al., 
2021). The studies have reported that poorly crystalline or amorphous 
Fe species are more active in co-precipitation or adsorption of free 200Hg 
released from the organic matter due to the larger specific surface area 

Fig. 3. Concentration of isotope enriched 200Hg in different fractions versus various geochemical factors. r2 is the determination coefficient from linear regression, 
“* ” and “* *” suggest that the correlation between two variables is significant at p < 0.05 and p < 0.01. Abbreviations: HA is humic acid, DOM is dissolved organic 
matter, BIX is biological index, HIX is humification index, peak B is a fluorescence compound with protein-like character, Fecarb is carbonate-associated Fe, Feox1 is 
easily reducible Fe oxides, and Feox2 is reducible Fe oxides. All the units of mass were presented by dry weight. 
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and higher reactivity than well crystalline Fe (oxyhydr)oxides (Bao 
et al., 2021; Tiffreau et al., 1995). Furthermore, poorly crystalline or 
amorphous Fe (oxyhydr)oxides were found as a sink of DOM (Lv et al., 
2016), and DOM, in return, could stabilize Fe (oxyhydr)oxides (Aiken 
et al., 2011). As a result, the formation of an Fe-OM (colloidal) system 
may coagulate Hg and affect the behaviors of the newly deposited Hg 
(Bao et al., 2021). However, more studies are needed to uncover the role 
of the Fe-OM system (Chen et al., 2020; Wang et al., 2017; Zeng et al., 
2020) on the mobility and bioavailability of Hg in redox fluctuating 
environments. Significantly, although the total Mn concentration is 
lower than that of TFe, more studies are needed to study the role of Mn 
oxides on the fate of Hg, especially the immobilization of heavy metals 
by reduced sulfur coupled Mn oxides (Sun et al., 2020). Moreover, the 
interactions between Mn and DOM were also reported (Li et al., 2021). 

It is noted that the pool of residual 200Hg decreased in the redistri-
bution of the newly deposited Hg during the rice-growing period. One 
possible explanation is that dissolution of the newly formed HgS (i.e., 
residual Hg) occurs in flooded soils. A study by Li et al. (2022) found that 
the dissolution of α-HgS increased the bioavailable Hg in methylation. In 
addition, the potential dissolution of bulk HgS induced by the formation 
of Hg-(poly)sulfide complexes was suggested in some periodically 
flooded soils (e.g., water-level fluctuation areas of reservoirs, Liu et al., 
2018) and peatlands (Wang et al., 2021). However, the formation con-
stants and measurement techniques for Hg-(poly)sulfides are still 
problematic. 

4.3. Geochemical factors’ control on partitioning and redistribution of 
“new” Hg in paddy soil 

To unravel the controlling factors for the partitioning and redistri-
bution of the newly deposited Hg in paddy soil, multiple analyses were 
applied. The correlation analysis coupled with linear regression was 
used to show the covariation of “new” Hg with different geochemical 
characteristics. Partial least squares path modeling was used to show 

causal relationships of the distribution pattern for the newly introduced 
Hg caused by various geochemical factors. 

Through the correlation analysis, the significant correlations be-
tween all the isotope-enriched 200Hg fractions and DOM, a(355), BIX, 
HIX, Fecarb, Feox1, and Feox2 (Table 2), suggesting influences of organic 
matter and Fe (oxyhydr)oxides on partitioning and redistribution of the 
newly deposited Hg. Specifically, correlations between Fe/Mn oxides 
bound to 200Hg and soil humic acid, DOM, protein-like fluorescence 
compounds (peak B), and BIX (Table 2 and Fig. 3), suggested that Fe 
(oxyhydr)oxides are intimately linked with autochthonous OM (i.e., 
microbial sources) to control the partitioning and redistribution of 
“new” Hg in paddy soil. Similarly, opposite Spearman’s r values 
(Spearman’s r < 0, p < 0.05) were identified between those factors and 
OM bound 200Hg (Table 2). Together with the variations of 200Hg 
described above (i.e., the transition from organic matter bound 200Hg to 
Fe/Mn oxides bound 200Hg, Fig. 1a) and correlations here, we suggested 
that 200Hg released from stable organic matter was recaptured by poorly 
crystalline Fe (oxyhydr)oxide-DOM associations during the rice-growing 
period and formed Hg-Fe-DOM ternary complexes. Similar ternary 
complexes were reported comprising different pollutants, such as As 
(Aftabtalab et al., 2022), Cd (Du et al., 2018), and Cr (Liao et al., 2020; 
Xia et al., 2020). Microbial-mediated mineralization of the recalcitrant 
organic matter may be the major reason for the losses of organic matter 
bound to 200Hg because lower binding capacity and strength for Hg was 
found in less humified organic matter than in recalcitrant organic matter 
(Wang et al., 2022). 

For liable Hg pools (i.e., soluble and exchangeable Hg and carbonates 
bound Hg), Fe (oxyhydr)oxides and organic matter are potential sinks 
and responsible for the aging/inactivation of “new” Hg due to their 
significant negative correlations (soluble and exchangeable 200Hg versus 
humic acid, DOM, Fecarb and Feox1; carbonates bound 200Hg versus 
DOM, Fecarb and Feox1) (Table 2 and Fig. 3). Moreover, the negative co- 
variations of soluble and exchangeable 200Hg and carbonates bound 
200Hg with BIX indicate that increases in autochthonous DOM may 

Fig. 4. Partial least squares path modeling (PLS-PM) showing the cascade relationships among soil chemistry, soil bulk organic matter, dissolved organic matter, iron 
species and the concentration of newly introduced Hg in different fractions in paddy soils. (a) Soluble and exchangeable 200Hg; (b) carbonates bound 200Hg; (c) Fe/ 
Mn oxides bound 200Hg; (d) organic matter bound 200Hg; (e) residual 200Hg. Red and blue arrows represent positive and negative flows of causality, respectively. The 
numbers on the arrows show standardized path coefficients. R2 represents the variance of the dependent variable explained by the model. GOF represents goodness 
of fit. 
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decrease the liable Hg pools, which further suggests that rhizosphere 
reactions and microbial metabolism could decrease the liable Hg pools. 
This finding is different from the traditional understanding that the 
formation of low molecular weight OM (e.g., low molecular weight 
organic acids) promotes the release of Hg to aqueous phases (Yin et al., 
2018). Associations of Fe (oxyhydr)oxides-DOM are likely the reason 
(Bao et al., 2021). 

The ternary system, Fe (oxyhydr)oxide-OM-newly deposited Hg, 
highlighted above was also evidenced by PLS-PM (Fig. 4). Specifically, 
considerable effect from DOM for Fe/Mn oxides bound 200Hg, suggest-
ing that Fe-OM interactions promote the distribution of “new” Fe(oxy-
hydr)oxides. In contrast, contributions from Fe species to organic matter 
bound 200Hg implied competitive binding of 200Hg between bulk SOM 
and Fe (oxyhydr)oxides during the rice-growing period. Typically, Fe 
(oxyhydr)oxides and OM often interact with each other in natural en-
vironments due to the strong binding ability between –COOH/phenolic 
–OH groups on OM and –OH groups on Fe (oxyhydr)oxides (Bao et al., 
2021; Kleber et al., 2015). Two binding mechanisms of the newly 
deposited Hg by the Fe (oxyhydr)oxide-OM system were suggested: (1) 
200Hg act as a “bridge” connecting Fe (oxyhydr)oxides and OM to form 
Fe-200Hg-OM associations, and (2) 200Hg bind with OM associated with 
Fe (oxyhydr)oxides to form 200Hg-OM-Fe associations (Bao et al., 2021). 

The previous studies have reported that Fe-OM interactions showed 
significant influences on the fate of other heavy metals/metalloids (e.g., 
Cr, U, and As) (Al-Sid-Cheikh et al., 2015; Bao et al., 2021; Huang et al., 
2021; Liao et al., 2020). This work further demonstrates that in-
teractions between Fe(oxyhydr)oxides and DOM dominate the distri-
bution of the newly deposited Hg in paddy soil. 

4.4. Implication and prospects 

The geochemical fractionation (i.e., partitioning and redistribution) 
of the newly deposited heavy metals into terrestrial systems determine 
their bioavailability and bioaccessibility, further determining the envi-
ronmental risks for human exposure. The previous studies have reported 
that the newly introduced Cd in paddy soil rapidly aged from soluble Cd 
to residual Cd within 56 days through an in-lab incubation experiment, 
suggesting a significant aging process of Cd in paddy soil (Dong et al., 
2021a, 2021b). However, similar aging processes of the newly deposited 
Hg in paddy soil were absent in this in situ plot experiment with a longer 
incubation time (i.e., 110 days). This finding partially explains why 
lower THg but higher MeHg was observed in the artisanal Hg mining site 
(i.e., contaminated by atmospheric deposited Hg) in previous studies 
(Meng et al., 2010, 2011; Zhao et al., 2016a). In particular, a significant 
correlation was observed between organic matter bound 200Hg and 
Me200Hg in this study (Spearman’s r = 0.57, p < 0.05, from the day 30 
to day 110). Similarly, high methylation rates of DOM-bound Hg in 
paddy soil were found in our previous work (Liu et al., 2022). The largest 
pool (i.e., organic matter bound Hg) of the newly deposited Hg in paddy 
soil may become a potential Hg substrate fueling methylation. There-
fore, other Hg pools (e.g., organic matter bound Hg) instead of merely 
soluble and exchangeable Hg should be considered in evaluating the 
environmental risks of Hg deposited from the atmosphere. Moreover, 
this study provides a clue to environmental implications that highlight 
the role of the Fe-OM association in controlling the redistribution of 
“new” Hg in paddy soil. The releases and further redistribution of Hg in 
Fe (oxyhydr)oxide-DOM-Hg associations are likely to occur when the 
redox condition changes. For example, the degradation of OM or 
reductive dissolution of Fe(III) likely releases Hg (Bravo et al., 2018). 

On the other hand, we should note that the study was conducted 
during one rice-growing period (110 days), and the geochemical frac-
tionation or potential aging process of deposited Hg over a longer time 
scale remains unclear. Therefore, a long-term study of the dynamics of 
“new” Hg in wetland ecosystems is needed to better evaluate the envi-
ronmental risks of Hg from atmospheric deposition, such as the Mercury 
Experiment to Assess Atmospheric Loading in Canada and the United 

States (METAALICUS) project (Blanchfield et al., 2021; Branfireun et al., 
2005; Harris et al., 2007; Hintelmann et al., 2002; Oswald et al., 2014). 
Moreover, a more solid or direct evidence is needed to show the for-
mation of Hg-Fe-DOM ternary systems, for example, by using nanoscale 
secondary ion mass spectrometry (NanoSIMS) (Al-Sid-Cheikh et al., 
2015; Du et al., 2018) and scanning transmission X-ray microscopy 
(STXM) (Xia et al., 2020). 

5. Conclusions 

The isotope-enriched 200Hg was applied to trace partitioning and 
redistribution of the newly deposited Hg in paddy soil during the rice- 
growing period. Soil organic matter is the largest sink of the newly 
deposited Hg in paddy soils, followed by residual Hg, Fe/Mn oxides 
bound Hg, soluble and exchangeable Hg, and carbonates bound Hg. In 
this study, 89.4% of Hg was rapidly distributed into the organic matter 
since it was deposited. During the rice-growing period, redistribution of 
the newly deposited Hg was identified from soluble and exchangeable 
Hg, carbonates bound Hg, organic matter bound Hg, and residual Hg to 
Fe/Mn oxides bound Hg. Geochemical fractionation of the newly 
deposited Hg in paddy soil is likely caused by (1) microbial-mediated 
mineralization of soil organic matter and (2) Fe phase changes from 
well crystalline Fe (oxyhydr)oxides to poorly crystalline Fe (oxyhydr) 
oxides and then Fe-S minerals. Correlation analyses jointly with partial 
least squares path modeling suggested that the coupling of autochtho-
nous OM and poorly crystalline/amorphous Fe (oxyhydr)oxides plays a 
predominant role in controlling the speciation of “new” Hg in paddy 
soils. The decreases in the residual Hg pool from the newly deposited Hg 
were found in this study, suggesting the aging processes of conversion to 
a residue Hg from newly deposited Hg was absent in paddy soils during 
the rice-growing period. This study also implied that soluble and 
exchangeable Hg is not the only bioavailable Hg pool; other pools, for 
example, organic matter bound Hg, may also be methylated and should 
be considered. 

Environmental implication 

For the first trial, we successfully identified the fate of newly 
deposited Hg in paddy soils by using enriched stable Hg isotopes. We 
suggested that soluble and exchangeable Hg is not the only bioavailable 
Hg pool; other pools, for example, organic matter bound Hg, may also be 
methylated and should be considered. Our findings provide new infor-
mation on the speciation and bioavailability of “new” Hg in paddy soils, 
which would help to improve our understanding of the biogeochemical 
cycling and environmental risks of newly deposited Hg, especially in 
sensitive ecosystems (e.g., rice paddies, wetlands, and reservoirs). 
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