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Abstract 26 

The sharp redox gradient at soil-water interfaces (SWI) plays a key role in controlling 27 

arsenic (As) translocation and transformation in paddy soils. When Eh drops, As is 28 

released to porewater from solid iron (Fe) and manganese (Mn) minerals and reduced 29 

to arsenite. However, the coupling or decoupling processes operating within the redox 30 

gradient at the SWI in flooded paddy soils remain poorly constrained due to the lack 31 

of direct evidence. In this paper, we reported the mm-scale mapping of Fe, As and 32 

other associated elements across the redox gradient in the SWI of five different paddy 33 

soils. The results showed a strong positive linear relationship between dissolved Fe, 34 

Mn, As, and phosphorus (P) in 4 out of the 5 paddy soils, indicating the general 35 

coupling of these elements. However, decoupling of Fe, Mn and As was observed in 36 

one of the paddy soils. In this soil, distinct releasing profiles of Mn, As and Fe were 37 

observed, and the releasing order followed the redox ladder. Further investigation of 38 

As species showed the ratio of arsenite to total As dropped from 100% to 75.5% and 39 

then kept stable along depth of the soil profile, which indicates a dynamic equilibrium 40 

between arsenite oxidization and arsenate reduction. This study provides direct 41 

evidence of multi-elements’ interaction along redox gradient of SWI in paddy soils. 42 

 43 

Keywords: arsenic, iron, profile, paddy soil, coupling, decoupling 44 
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1. Introduction 46 

Paddy fields globally represent artificial wetlands, supporting the growth of rice 47 

(Bouman and Tuong, 2001). Paddy agriculture for the production of rice involves 48 

intermittent flooding to favor the growth of rice and in some cases to reduce the 49 

bioavailability of cadmium (Hu et al., 2015). During the flooding stage, 50 

redox-sensitive elements in the soil, such as iron (Fe) and manganese (Mn), may 51 

become mobile from the solid into the liquid phase (Xu et al., 2017; Zhang et al., 52 

2018), and lead to dissolution of the sorbates (e.g. arsenic (As), and phosphorus (P)) 53 

bound on the solid phase (act as sorbents) (Darland and Inskeep, 1997; Polizzotto et 54 

al., 2008). Other redox-sensitive elements, such as sulfur (S), may become immobile 55 

from the liquid to solid phase, and result in immobilization of dissolved elements 56 

through co-precipitation (e.g. FeS, As2S3) or adsorption (Burton et al., 2008). Among 57 

the noted elements, the mobilization of As is of particular concern since rice plants 58 

can efficiently uptake and accumulate As in their rice grains (Honma et al., 2016; 59 

Gustave et al., 2019a). This poses a threat to human health since long-term As 60 

exposure is known to cause cancer and organ failure (Meharg, 2004; Roberts et al., 61 

2010). Understanding the biogeochemical cycling of As in paddy soils under 62 

heterogeneous and transient geochemical conditions during flooding and drainage is 63 

therefore of high importance in predicting and thus mitigating its uptake into food 64 

crops. 65 
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Arsenic behavior in saturated soils is closely coupled to that of Fe oxides. This 66 

occurs because Fe oxides provide the main adsorption sites for As (Zobrist et al., 2000; 67 

Chen et al., 2006; Tufano et al., 2008). When paddy soils are flooded, Fe oxides are 68 

reduced and dissolved by dissimilatory Fe reducing bacteria, leading to the 69 

simultaneous release of adsorbed As into porewater (Takahashi et al., 2004). The term 70 

“coupling of Fe and As” was used to describe this phenomenon, in which the release 71 

of Fe and As into the soil porewater shows a close positive correlation (Weber et al., 72 

2010). In contrast, the term “decoupling of Fe and As” was defined to refer to the lack 73 

of a linear correlation between dissolved Fe and As concentrations (Weber et al., 74 

2010). 75 

Coupling of Fe and As has been well documented in soils, yet the decoupling 76 

process remains not well resolved (Weber et al., 2010; Bennett et al., 2012). To clarify 77 

the mechanisms regulating the potential decoupling of As and Fe, simplified water-Fe 78 

minerals-bacteria systems were employed (Tufano et al., 2008; Tufano and Scott, 79 

2008; Weber et al., 2010), which indicated that coupling-decoupling is 80 

thermodynamically controlled. For example, Zobrist et al. identified sulfurospirillum 81 

barnesii was able to reduce adsorbed arsenate [As(V)] to arsenite [As(III)] without 82 

requiring dissolution of the host Fe oxides (Zobrist et al., 2000), which could be 83 

caused by an energy trade-off between reduction of adsorbed As(V) and host Fe 84 

minerals by microorganisms (Campbell et al., 2006) (Islam et al., 2004). However, to 85 

date this has not been confirmed in soils. 86 
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In saturated soils, it has been a challenge to distinguish the potential decoupling 87 

between Fe and As. Homogeneous saturated soils were frequently used to investigate 88 

the time-dependent behaviors of Fe and As (Masscheleyn et al., 1991; White et al., 89 

2007; Weber et al., 2010; Das et al., 2016; Honma et al., 2016; Xu et al., 2017), yet 90 

the potential decoupling of As and Fe was only demonstrated in few deep aquifers 91 

(White et al., 2007; Das et al., 2016). In most cases, the time-series investigation is 92 

unable to capture the time points and/or hotspots that decoupling of Fe and As occurs. 93 

The unsuccessful identification of the decoupling process is not surprising, because 94 

the Fe reduction and As releasing usually happen in sequence with little temporal 95 

offset (Zhang et al., 2018). The dynamic change of Fe and As makes it hard to catch 96 

the appropriate time point, even if the decoupling of Fe and As occurs.  97 

When flooded, the bulk soil becomes reduced owing to the abundant organic 98 

matters (Frenzel et al., 1992). At the same time, a stable redox gradient is formed 99 

between the O2-rich surface water and subsurface soil, which could significantly 100 

influence the spatial distribution of redox-sensitive elements (Mucci et al., 2000; 101 

Widerlund and Davison, 2007; Arsic et al., 2018). Hence, the narrow but stable soil 102 

water interface (SWI) is an ideal place to study the coupling/decoupling processes of 103 

Fe and As along depth (Bennett et al., 2012; Gorny et al., 2015). Although As(V) 104 

reduction theoretically happened at higher redox potential (Eh) compared to Fe(III) 105 

(Borch et al., 2010), few studies have detected the spatial separation of Fe(II) and As 106 

species in SWI of natural soils. This could be attributed to the lack of a suitable 107 
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method to simultaneously measure fine-scale Fe, As and other associated elements 108 

across SWI (Gorny et al., 2015). 109 

We recently developed a high-throughput method to simultaneously measure 110 

concentrations of multi-element (e.g. Fe, Mn, As, P and S) and their species across 111 

SWI (Yuan et al., 2019; Yuan et al., 2021). The SWI profiler used in our method 112 

shows a big advantage in non-destructively and repeatedly sampling of porewater at 113 

high-resolution (HR) (mm level) across SWI (Yuan et al., 2019), compared with 114 

traditional HR samplers (e.g. DET, peeper). The analytical technique in our method 115 

makes it possible to extract all interested parameters from volume-limited (~ 100 μL) 116 

samples collected by HR samplers (Yuan et al., 2021). In this study, the method was 117 

applied to reveal the coupling/decoupling process of Fe and As, as well as other 118 

associated elements, including Mn, S and P. Their profiles across the SWI in five 119 

paddy soils were mapped to 1) illustrate multi-element and Eh profiles in typical 120 

saturated paddy soils; 2) study the coupling/decoupling behaviors among the 121 

redox-sensitive elements and 3) reveal the As speciation process across the SWI. 122 

 123 

2. Materials and methods 124 

2.1 Reagents, materials and solutions. Analytical grade reagents were purchased 125 

from Aladdin Chemical Reagent Co., Ltd. (Shanghai, China), unless otherwise stated. 126 

Calibration standards, including As species, Fe, Mn, P, and S, were supplied by 127 
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Guobiao (Beijing) Testing & Certification Co., Ltd (Beijing, China). All solutions 128 

were prepared with ultrapure water (18.2 MΩ cm, Millipore Corp., Bedford, USA) 129 

deoxygenated by bubbling pure N2 overnight. 130 

Paddy soils with different levels of As (25.6 - 146 mg kg-1, Table S1) were collected 131 

from Wenshan (WS, 23°45'N, 105°26'E), Bijie (BI, 26°39'N, 105°47'E), Wuxue (WX, 132 

29°59'N, 115°38'E), Shaoguan (SG, 25°6'N, 113°38'E) and Ganzhou (GZ, 25°30'N, 133 

114°36'E), China. The plow layer soil (0 - 20 cm) was sampled and directly 134 

transported to the laboratory. Soils were wet mixed and sieved through a 1.0 mm 135 

diameter sieve. The wet sieved soils were mixed evenly and each soil type was added 136 

to three black plastic pots (inner diameter × height = 13 cm × 21 cm), with a soil 137 

depth of ~15 cm (total 15 pots). Table S1 shows the selected soil properties. The soils 138 

were flooded with ultrapure water and allowed to stabilize for 30 d in dark conditions, 139 

with a constant room temperature (22 °C) controlled by an air-conditioner. 140 

2.2 Deployment and sampling of SWI profiler. The SWI profiler is a recently 141 

developed HR porewater sampler (Yuan et al., 2019). It has a sampling depth of 60 142 

mm, with a spatial resolution of 1.7 mm. The SWI profiler was provided by Tidu 143 

Environment Inc. (Suzhou, China). Fifteen SWI profilers were inserted, one per pot, 144 

into the 15 pots comprising three replicates for each of WS, BI, WX, SG, and GZ 145 

paddy soils, such that the uppermost 10 mm of the profile length was in overlying 146 

water and the lower 50 mm buried in saturated soil. After 30 d of incubation, 147 
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porewater was sampled by SWI profiler. Eh profiles were simultaneously measured 148 

using a custom-made platinum micro-electrode with an Ag/AgCl reference electrode. 149 

Before sampling, O2-free ultrapure water was pumped into SWI profiler as the 150 

carrier solution, with an injection pump (TYD01, Lei Fu, China). After loading of the 151 

carrier solution, small ions and molecules can passively diffuse from porewater into 152 

SWI profiler driving by the concentration gradient. When the diffusion process 153 

reached equilibrium (after 24 h), the sample was pumped out by the injection pump 154 

(Fig. S1). The sample acidified with O2-free HCl in the first sampling event was used 155 

for total elements analysis (Gustave et al., 2019b). In the second sampling event (24 h 156 

after the first one), the sample was preserved with O2-free EDTA to complex metals 157 

(e.g. Fe), which would facilitate As species analysis under alkali conditions 158 

(Gallagher et al., 2001; Yuan et al., 2021). The collected samples were preserved at 159 

4 °C fridge before downstream instrumental analysis. 160 

2.3 Total elements analysis. Total Fe, Mn, As, P, and S obtained from SWI profiler 161 

samples were measured by inductively coupled plasma-mass spectrometry (ICP-MS, 162 

NexION 350X, PerkinElmer, Inc., Shelton, CT USA). The sample in 0.6 mL 163 

centrifuge tube (~ 100 µL) was introduced into ICP-MS by a PFA-200 Microflow 164 

Nebulizer for elemental analysis. The counts of 57Fe+, 55Mn+, 47PO+, 48SO+ and 165 

91AsO+ were recorded in dynamic reaction cell (DRC) or extended dynamic range 166 

(EDR) mode (Yuan et al., 2021). Spiked standards were measured after every 30 167 

samples as a quality control measure. 168 
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The ICP-MS was optimized to the following conditions: DRC (O2, gas flow: 1.0 169 

mL·min-1); data only analysis; RF power: 1600W; plasma gas flow rate: 15 L·min -1; 170 

auxiliary gas flow: 1.2 L·min-1; nebulized gas flow: 0.90 L·min-1; nickel sampling and 171 

skimmer cones were used. A voltage parameter in EDR mode, called “rejection 172 

parameter a” (Rpa), was optimized to 0.01 for Fe, Mn and S to enable simultaneous 173 

measurement of majors (e.g. Fe, Mn, S) and traces (e.g. As) by ICP-MS, following the 174 

procedure described in Yuan et al. (2021). 175 

2.4 Speciation of As in soil porewater. For As speciation analysis, the ~ 100 µL 176 

sample was manually loaded into a 25 µL sample loop of ion chromatography (IC, 177 

Dionex ICS-1100, Thermo Scientific, USA) (Yuan et al., 2021). The IC system 178 

consisted of an anion-exchange column (IonPac AS23, 250mm×4mm, Dionex). 179 

Twenty mM NH4HCO3 (pH = 10) were used as the mobile phase (Suzuki et al., 2009; 180 

Yuan et al., 2021). We expanded the comparison of As speciation in this study to 181 

digitized As species published in previous reports with the Engauge Digitizing 182 

software (version 11.3) used in a previous paddy soil study (Yuan et al., 2016). 183 

2.5 Statistical analysis. Data were analyzed and plotted using R software (version 184 

3.5.0). Standard errors were used to show the variance, and linear regression analysis 185 

was used to identify the coupling and decoupling process of different elements. 186 

 187 

3. Results and discussion 188 
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3.1 Vertical changes of Eh and elements across the SWI. The Eh (vs. Ag/AgCl 189 

reference electrode) and multi-element were measured and depicted in Fig. 1. 190 

 191 

Figure 1 Redox potential (Eh, mV, vs. Ag/AgCl reference electrode) and aqueous iron 192 

(Fe), manganese (Mn), arsenic (As), phosphorus (P), sulfur (S) (μM·L-1) across the 193 

soil-water interface. WS, BI, WX, SG and GZ represent soils collected from Wenshan, 194 

Bijie, Wuxue, Shaoguan and Ganzhou paddies respectively. The black dotted line at 195 

depth = 0 represents the soil-water interface. The error bar is standard error (n = 3). 196 

Note the different axis scales used. 197 
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The Eh changed rapidly from highly oxidizing (~ 300 mV) to reducing conditions 198 

along the depth of the SWI. However, the reducing levels varied among the different 199 

paddy soils. Highly reducing condition (~ -150 mV) was observed in WS/WX/SG, yet 200 

a relatively moderate one (~ -10 mV) in BI/GZ. This difference in Eh might be caused 201 

by different physico-chemical properties of soils. Manganese and Fe are important 202 

factors for regulating soil redox (Brannon et al., 1984; Xu et al., 2017). Here, we 203 

found high Mn (6.32 g·Kg-1, WS) or Fe (> 70 g·Kg-1, WX/SG) alone was unable to 204 

buffer the decrease of soil redox (Table S1). Buffering of soil redox was only 205 

achieved with both high Fe and Mn (> 70 and 1.10 g·Kg-1) in BI/GZ. Although Mn is 206 

believed to be the key for buffering soil redox (Xu et al., 2017), the formation of Fe 207 

oxides coating with the nucleating agent is essential for nucleation and growth of Mn 208 

oxides (Burns and Burns, 1975). Hence, Fe may also get involved in retarding soil 209 

redox by affecting the reactivity of Mn. 210 

Following Eh measurement, vertical profiles of Fe, Mn, As, P and S were 211 

mapped by SWI profiler (Fig. 1). Dissolved Fe, Mn and As were almost undetectable 212 

under oxidizing conditions, however their concentrations increased to 85.2 - 1359, 213 

12.5 - 42.0 and 0.187 - 4.31 μM·L-1 respectively in reducing soils. In terms of the 214 

release trend of those elements, they all showed a subsurface increase trend, which 215 

agree well with previous reports of their typically vertical distributions along SWI (Di 216 

et al., 2012; Wu et al., 2016a; Ma et al., 2017; Arsic et al., 2018). A similar trend was 217 

also found on P. Similar to As (Xiu et al., 2016), P cycling is tightly tied to that of Fe 218 
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oxides in soils (Ding et al., 2016), due to Fe oxides provide the main adsorption sites 219 

for P and As. The reductive mobilization of Fe, Mn, P and As was expected to 220 

negatively correlate with Eh and S, nonetheless this was not always true for all the 221 

paddy soils. For instance, the most As was mobilized in GZ which had a relatively 222 

high Eh and S concentrations (~ -15.0 mV, ~ 635 μM·L-1 S, Fig. 1GZ), while the least 223 

As was released in WS soil with an extremely low Eh and S (~ -200 mV, ~ 54.8 224 

μM·L-1 S, Fig. 1WS). Similar observations to these results have been frequently 225 

reported when using different soil samples (Bogdan and Schenk, 2008; Xu et al., 226 

2017). This is due to the complex process of As mobilization in soils. Although Fe 227 

oxides are considered as a major agent controlling As mobilization (Xu et al., 2017), it 228 

is also influenced by organic matter content, and formation of secondary minerals 229 

along flooding (Bogdan and Schenk, 2008). Rich soil organic matter enhance As 230 

release by accelerating biotic reduction of Fe oxides (Bogdan and Schenk, 2008). The 231 

dissolved As could be re-immobilized by forming secondary minerals (like FeS, Fe2S, 232 

As2S3, siderite, vivianite etc.) (Bogdan and Schenk, 2008). Owing to the complex 233 

biogeochemical processes involved in As mobilization, future studies should consider 234 

multiple associated factors when assessing As mobilization. 235 

Total dissolved S profiles have opposite trends as Fe, Mn, As and P, which 236 

decreased rapidly from as high as 1000 μM·L-1 in oxidizing conditions to a 237 

concentration of ~ 300 μM·L-1 in reducing soil conditions. High dissolved sulfide 238 

might trigger the formation of thioarsenate/thioarsenite in soil porewater (Wang et al., 239 
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2020b). However, due to thioarsenate/thioarsenite was strongly suppressed by high 240 

dissolved Fe in reducing soils (Wang et al., 2020b), thioarsenate/thioarsenite was not 241 

detected in the oxic-anoxic transition zone in this study. 242 

The decrease of S is presumably caused by sulfate reduction (Pester et al., 2012), 243 

during which S(VI) is transformed to insoluble sulfide minerals by sulfate reducing 244 

bacteria (Wu et al., 2016a; Wu et al., 2016b). In soils investigated, up to 85% S was 245 

immobilized in WS/BI/SG, yet only 40% in WX/GZ. This difference of S fate might 246 

be caused by the activity of S-reducing/oxidizing bacteria (Pester et al., 2012). Higher 247 

activity of S(VI)-reducing bacteria tended to transform more soluble S(VI) to S(-II) 248 

minerals (like FeS, Fe2S etc.) (Pester et al., 2012). By contrast, higher activity of 249 

S-oxidizing bacteria can sustain a larger S(VI) pool in saturated soils (Pester et al., 250 

2012). 251 

3.2 Coupling of As with Fe and Mn across SWI. Arsenic showed a significant linear 252 

relationship with Fe and Mn (Fig. 2 and Table S2). Excellent positive correlations 253 

were yielded in 4 out of the 5 soils (WS, BI, WX and GZ, R2 ≥ 0.848, p < 0.01), 254 

showing the tight coupling of As with Fe and Mn in typically natural soils and 255 

sediments (Anawar et al., 2004; Xu et al., 2017; Arsic et al., 2018). Among the 4 soils, 256 

a steeper slope of the relationship between As and Fe (~ 0.0202, respectively) was 257 

found in GZ soil than those in other soils (~ 0.00154) (Fig. 2A). The slopes may 258 

depend on the content of poorly crystalline Fe oxides, which have a high affinity for 259 

As (Tufano et al., 2008), and are subject to bioreduction by dissimilatory Fe reducing 260 



 

14 

 

bacteria (Zachara et al., 2002). Low content of poorly crystalline Fe oxides may retard 261 

As mobilization in the solid phase, even in soils rich in Fe (Khan et al., 2010). 262 

Although close linear relationships of As and Mn were also found in WS, BI, WX 263 

and GZ soils except for SG soil (Fig. 2B), the role of Mn minerals may differ from Fe 264 

minerals. In the 4 soils, the Mn profiles are almost identical to Fe profiles, suggesting 265 

the reduction of Mn and Fe was controlled by the same group of microbial organisms 266 

(Myers and Nealson, 1988). However, the correlation of As and Fe/Mn in SG soil was 267 

not as well as those in other soils (Fig. 2). Furthermore, this result showed, unlike Fe 268 

reduction, Mn reduction doesn’t follow with As release in the top layer of SG soil 269 

with low concentrations of both elements. We speculated the apparent decoupling of 270 

As with Mn may be caused by two reasons, 1) Fe oxides are still abundant when Mn 271 

minerals start to dissolute, which bind with the As desorbed from Mn minerals 272 

(Mitsunobu et al., 2020); 2) Mn minerals catalyze the oxidation of As(III) to As(V) 273 

(Chen et al., 2006), which is less mobile. 274 
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 275 

Figure 2 The correlation between vertical aqueous As with Fe (A) and Mn (B) 276 

(µM·L-1) in paddy soils. Soils were collected from Wenshan (WS), Bijie (BI), Wuxue 277 

(WX), Shaoguan (SG) and Ganzhou (GZ) paddies. 278 

In most cases, the cascade of Mn, As and Fe releasing to porewater along SWI is 279 

hard to spatially distinguish because their releasing zones are often overlapped 280 

(Dočekalová et al., 2002; Gao et al., 2006; Bennett et al., 2012; Arsic et al., 2018). 281 

Thus, the SG soil, which is high in Fe and Mn, is an excellent environmental sample 282 

to study the decoupling with the dominant coupling process. Regression residual 283 

analysis revealed the decoupling process happened in the oxic-anoxic transition zone 284 
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(Table S2). Much higher residuals were obtained in that zone of SG (residuals ≥ 0 .265) 285 

than in other soils with a similar regression slope (including WS, BI and WX, 286 

residuals ≤ 0.0417). 287 

3.3 Speciation of As across SWI. To reveal the arsenic speciation along Eh gradient 288 

across SWI, we measured fine-scale As species profiles across the SWI of SG soil 289 

(Fig. 3) and the As species at 3 depth in the other 4 soils (Table S3). Surprisingly, no 290 

methyl arsenic was detected in all the samples, only As(III) and As(V) were found. 291 

Although it is known that the methylation process of As is controlled by a family of 292 

As(III) S-adenosylmethionine methyltransferases enzymes designated ArsM in 293 

microbes or AS3MT in higher eukaryotes (Ajees and Rosen, 2015; Zhao et al., 2019), 294 

the occurrence of methyl As is hard to predict in field samples. Chen et al. found that 295 

the methyl As may only exist at a narrow Eh range because, when the Eh drops below 296 

the Eh range, the methylotrophic methanogens capable of demethylating methyl As 297 

outcompete those microbes possessing As methylating ability (Chen et al., 2019), 298 

resulting in the disappearance of methyl As. According to this result, Eh only is not 299 

sufficient to induce significant methyl As synthesis in the flooded soil system, as there 300 

is no methylated As detected along the Eh gradient in all the soil samples. We 301 

speculated that the availability of organic substrate and the functional microbial 302 

community were the limiting factors in our case, more investigations are needed to 303 

identify the micro-hotspot of methyl As in paddy soils. 304 
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 305 

Figure 3 Profile of As species (μM·L-1) and arsenite (As(III)) proportion across the 306 

soil-water interface in Shaoguan (SG) paddy. Two As species, including As(III) and 307 

arsenate (As(V)), were detected in soil porewater. 308 

In SG soil, the concentrations of As(III) and As(V) remained almost undetectable 309 

in the oxic zone but increased rapidly from 0.0070 (9.4 mm below SWI) and 0.0091 310 

(15 mm below SWI) μM·L-1 to as high as 2.2 and 0.75 μM·L-1 in reducing soils, 311 

respectively. A clear As(III) release spatially prior to As(V) is observed along SWI 312 

(Fig. 3). The similar phenomenon was only reported in marine sediments by using 313 

traditional soil slicing (Chaillou et al., 2003). Bennett et al. detected As(III) release 314 

was prior to that of ferrous Fe in the oxic-anoxic transition zone (Bennett et al., 2012). 315 

Those pieces of evidence suggested a decoupling of As(III) and Fe(II), and strong 316 

coupling of As(V) and Fe(II) in flooded soils and sediments. 317 

Generally, three main processes were proposed to explain As releasing from solid 318 

Fe/Mn oxides to liquid phase. First, desorption of As from solid phase due to 319 
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repartitioning of adsorbed As between solid and liquid phase (Fig. 4A&E) (Zobrist et 320 

al., 2000; Williams et al., 2011). Second, the Fe(III) in the complex of Fe/Mn-As is 321 

reduced to Fe(II) following As release (Fig. 4B&F) (Xu et al., 2011; Gustave et al., 322 

2018). Third, As(V) binding on Fe oxides is reduced to As(III), thus desorbed (Fig. 4C) 323 

(Zhang et al., 2018). According to the redox ladder (Borch et al., 2010), the third 324 

process is thermodynamically favored, which has been proven with pure minerals 325 

(Tufano et al., 2008; Tufano and Scott, 2008). To the best of our knowledge, the 326 

phenomenon has not been observed in saturated soils, because the latter two processes 327 

were considered to occur simultaneously (Weber et al., 2010). The data presented in 328 

Fig. 3 might be the first evidence from saturated soils supporting that the reduction of 329 

As(V) happens on solid minerals instead of in solution. 330 

Based on the As(III) and As (V) profiles, the proportion of As(III) in total As was 331 

calculated and depicted in Fig. 3. The proportion change along SWI could be divided 332 

into three stages: 1) a rapid decrease from 100 to 80.6% in the first 10 - 20 mm topsoil; 333 

2) a slow decrease from 80.6 to 75.5% in 20 - 30 mm soils and 3) a stable value 334 

(75.0 %) in deep soils (30 - 50 mm). In 30 - 50 mm below SWI (Fig. 3), the stable 335 

values of As concentration (As(III) and As(V): 2.40 and 0.498 μM·L-1 respectively) 336 

and As species in total As (75% As(III), 25% As(V)) indicate a dynamic equilibrium 337 

of aqueous As(III) oxidation vs. As(V) reduction and their immobilization vs. 338 

mobilization in deep soils. The immobilization process is most likely stimulated by 339 

the formation of secondary sulfide S(-II) minerals (e.g. FeS) (Fig. 4), since those 340 
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minerals can provide additional adsorption sites for dissolved As and other elements 341 

like P (Zhang and Selim, 2008; Wang et al., 2020a). The similar stable profile of As 342 

was frequently reported in anoxic freshwater sediments (Bennett et al., 2012; Di et al., 343 

2012; Arsic et al., 2018). By contrast, a decrease of As along depth was captured in 344 

some marine sediments rich in S (Bennett et al., 2012). Under those conditions, the 345 

immobilization of As may outcompete the mobilization and lead to As decrease in 346 

anoxic soils when S(VI) reduction predominates. 347 

It is interesting to note that, according to the Eh-pH diagram, all the inorganic As 348 

in Eh < 0 mV (vs. standard hydrogen electrode) should be As(III) under circumneutral 349 

conditions (Akter et al., 2005). However, a considerable amount of As(V) (~ 25.0%) 350 

was observed in SG soil, and the proportion was independent of soil depth in the zone 351 

(Fig. 3). The persistent As(V) existence in reducing soils may represent a 352 

thermodynamic equilibration of four biogeochemical processes: 1) abiotic (by Mn 353 

oxides) or microbial oxidation of As(III) to As(V) (Fig. 4D) (Liu, 2006; Suda and 354 

Makino, 2016; Tong et al., 2019); 2) desorption of As(V) from the solid phase due to 355 

competition of adsorption sites by analogues (e.g. carbonate, bicarbonate, phosphate, 356 

dissolved organic matter) (Fig. 4E) (Zobrist et al., 2000; Grafe et al., 2001; Violante 357 

and Pigna, 2002; Anawar et al., 2004); 3) release of the adsorbed As(V) due to 358 

microbial reduction and solubilization of the host Fe oxides (Fig. 4F) (Tufano et al., 359 

2008; Zhang et al., 2018); and 4) readily As(V) supply from humic acids (Fig. 4) 360 

(Anawar et al., 2003; Chaillou et al., 2003). To verify whether there is a 361 
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thermodynamic equilibration of As(III) and As(V) in soil porewater, we collected the 362 

As species data from publications using typically natural soils/sediments (Table S4). 363 

The results showed dissolved As under anoxic was usually dominated by As(III) , but 364 

significant As(V) (~ 20.0%) was observed in most cases (Chaillou et al., 2003; Zheng 365 

et al., 2003; Roberts et al., 2010; Somenahally et al., 2011; Hu et al., 2015; Shakoor et 366 

al., 2015; Kumar et al., 2016; Bondu et al., 2017; Xu et al., 2017; Arsic et al., 2018; 367 

Kazi et al., 2018; Lock et al., 2018; Wang et al., 2019). 368 

 369 

Figure 4 Diagram (nonspatial) depicting the processes controlling the behavior of 370 

multi-element in saturated soils. A-C) pathways contribute to As(III) enrichment in 371 

soil porewater; D-F) pathways contribute to As(V) enrichment in soil porewater. OM 372 

is solid organic matter, and HA is humic acids. 373 

 374 

4. Conclusion 375 

This study investigated vertical changes of Eh, Fe, Mn, As, P, S as well as As species 376 

across SWI in paddy soils. High-resolution (mm) mapping of total aqueous Fe, Mn, 377 
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As, P and S by SWI profiler visibly showed one-dimensional coupling and decoupling 378 

of As with Fe and Mn in different soils. Profiling of As species further identified 379 

As(III) excess was the main cause of the decoupling of As with Fe and Mn in the 380 

oxic-anoxic transition zone. Future studies, combining high-resolution mapping of 381 

multi-element with microbial community, are essential to improve the understanding 382 

of As behaviors in soils, sediments and other aquatic environments.  383 
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