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ABSTRACT

Seawater intrusion can cause environmental risks to paddy soils around estuaries, but the impacts on the
availability of heavy metals are still unclear. River water and sea water were collected along the river of an
estuary. A stirred-flow experiment was conducted to examine the Cd desorption behavior in Cd-contaminated
paddy soil. While the pH increased with increasing salinity levels, more Cd was released with increasing
salinity, suggesting that Cd competition by cations and complexation by anions, but not pH, dominated the
release of Cd from soils. Moreover, paddy soil was incubated at different salinities under alternating redox
conditions. The availability of Cd, as indicated by the diffusive gradients in thin film (DGT), became relatively
high with increasing salinity levels during the initial anaerobic and later aerobic stages. The available Cd
fractions substantially decreased under anaerobic condition, and then rapidly increased under aerobic condition.
When oxygen was introduced into the system, Cd associated with organic matter and Fe-Mn oxides were
released, and oxidative dissolution of Cd sulfides was observed, especially in the high salinity treatment.
Seawater intrusion affects biogeochemical cycles and can promote rapid export of NHJ, Fe?*, and SO3~ in paddy
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soils, especially in soils with high salinity. Our findings demonstrated that the high salinity content in paddy soil
significantly enhanced the availability of Cd, especially during the drainage stage.

1. Introduction

Periodic tides and rising sea levels cause seawater intrusion into
paddy fields (Reddy et al., 2017; Tully et al., 2019) located around es-
tuaries, resulting in an increase in the salt content in soils and the
consequent environmental risk (Guo et al., 2016). Increasing salinity
may cause a delay in panicle emergence and flowering and a reduction
in rice yield (Viet and Bharali, 2019). Moreover, the abundant cations
and anions from seawater intrusion could influence the availability of
heavy metals, especially cadmium (Cd), which is one of the most
important elements due to its high mobility and toxicity (Wan et al.,
2019; Wang et al., 2019). The major rice production area is located in
southern China, including vast regions around the long coastline; how-
ever, the environmental risk of seawater intrusion to heavy metals has
been ignored. Therefore, it is essential to clarify how and to what extent
cations and anions in sea water affect Cd availability.

The main cations and anions in sea water included Na™, K™, Mg2+,
Cl~, HCO3, SO7~, and so on (Steinmuller and Chambers, 2018). The
complexation and adsorption of Cd are very important for Cd retention
from the outer-to the inner sphere of soil surfaces, such as organic
matter, clay minerals, metal oxides and so on (Hu et al., 2016; Zhang
et al., 2018). Cations (e.g., Mg?") may compete with dissolved Cd?* for
limited adsorption sites (Loganathan et al., 2012), causing the desorp-
tion of Cd into the solution (Wang et al., 2013; Li et al., 2018). Being the
most important anion in seawater, Cl~ can form complex with Cd as
CdCl* and CdCI3, both of which can be easily taken up by plants
(Smolders and McLaughlin, 1996; Lopez-Chuken and Young, 2010; Hu
et al., 2016). Alkaline anion (HCO3) can elevate the soil pH, which
directly influences the equilibrium of Cd at the soil-water interface
(Loganathan et al., 2012; Tavakkoli et al., 2015). A high pH was
favorable for the adsorption process, which was conducive to the further
immobilization of Cd. These cations and anions co-exist in sea water,
and thus, there are two apparently contradictory processes: adsorption
and desorption. Therefore, the dominant mechanisms that control Cd
availability in paddy soil should be clarified.

In paddy fields, rice is usually cultivated under flooding condition
because of its sensitivity to water shortages, and flooded paddy fields
drain for two or three weeks before rice maturity (Wang et al., 2019).
Many factors (e.g., water management, water stress, etc.) influence the
promotion of rice growth and grain maturation, while water manage-
ment by drainage significantly alters the redox conditions (Ondrasek,
2014; Pandey et al., 2014; Pan et al., 2016). Generally, oxygen is rapidly
depleted from flooded paddy fields, and therefore, alternative electron
acceptors (e.g., NO3, SO3~, and Fe/Mn oxides) are used to anaerobically
metabolize organic substances (Kogel-Knabner et al., 2010; Chen et al.,
2020). Large amounts of protons are consumed during the reduction of
nitrate, sulfate, and Fe/Mn oxides, which leads to a significant increase
in the pH of acidic paddy soils (Yuan et al., 2019; Yang et al., 2021). The
availability of Cd significantly decreases during the flooding phase,
which can be attributed to the strong adsorption induced by increasing
soil pH, co-precipitation with anaerobically formed secondary Fe(III)
oxides, and precipitation as Cd sulfides (Fulda et al., 2013; Suda and
Makino, 2016; Wang et al., 2016a, 2019). After the drainage of the
flooded paddy fields, large quantities of reducing substances (e.g., NHJ,
52*, Fe(II), and Mn(Il), etc.) are rapidly oxidized, and there is a corre-
sponding release of protons (Grybos et al., 2009; Yu et al., 2016; He
etal., 2019; Yang et al., 2021). The decrease in soil pH may significantly
enhance desorption of Cd from soil surfaces. Moreover, the oxidation of
Cd sulfides can contribute to the release of Cd into the solution (Fulda
et al., 2013; Wang et al., 2019).

Although the effects of relatively high salinity (ionic strength of 200

mM) on Cd accumulation in rice have been studied (Yang et al., 2022),
our understanding of the effects of relatively low salinity (ionic strength
of 30 mM) on Cd speciation in paddy soil and Cd accumulation in rice
grains are still limited. Salt-tolerant rice cultivars (sea rice) can produce
nutrient-rich grains when grown in high salinity soils, but the accumu-
lation of Cd in plant tissues is much higher than that in common rice
varieties (Chen et al., 2017; Yang et al., 2019b). It has been reported
that, in wetland soil under flooding condition, salinity significantly in-
crease the content of exchangeable Cd in the soil and increases the
mobility of Cd (Chu et al., 2015). Guo et al. (2016) reported a significant
increase in Cd availability during flooding, or drainage cycles, incubated
with seawater with 3.34% salinity (ionic strength of 552 mM). Gener-
ally, salinity levels with ionic strengths within 30 mM had no significant
influence on rice yield (Tanji and Kielen, 2002). The relatively high
salinity (ionic strength of 200 mM) significantly increased the concen-
tration of Cd in rice grains, while the soil pot experiment was conducted
under the condition of continuous flooding during rice growth (Yang
et al.,, 2022). However, whether and to what extent Cd availability
changes in relatively low salinity (ionic strength of 30 mM) paddy soils
during alternating redox conditions is still unclear.

In this study, we investigated Cd desorption and the dynamics of Cd
speciation under alternating redox conditions with different salinity
levels. The aims of this study were to (i) examine the impacts of sea
water on Cd speciation and Fe/N/S/C cycling, (ii) clarify the dominant
factors controlling salt-induced Cd desorption behaviors, and (iii)
quantitatively assess the effects of key redox reactions in sea water on
the dynamics of Cd fractions.

2. Materials and methods
2.1. Soil samples and sea water

Cd-contaminated paddy soil (Ultisol) was collected from Shaoguan
City (24°38'19” N, 113°35’22” E) in Guangdong Province, China. Soil
samples were air-dried and sieved (2 mm mesh size) for further exper-
imentation. The soil characteristics analyzed included pH, carbonate
(CaCOg), clay, total organic carbon (TOC), cation exchange capacity
(CEQ), specific surface area (SSA), amorphous Fe/Mn oxides (Ox-Fe and
Ox-Mn), and total content of Fe, Mn, and Cd. The physical and chemical
properties of the paddy soil are presented in the Appendix A (Table S1).

Sea water with different salinity levels was collected along the Pearl
River to the estuary in Jiangmen, Guangdong Province, China. The
content of cations (Nat, K*, Ca?t, and Mg?"), concentration of anions
(NO3, SO?{, and Cl7), HCO3 content, and ionic strength of the water are

Table 1
The characterization of sea water collected from different areas around the
estuary.

Parameters Different salinity levels
Control Low salinity High salinity

pH 6.23 6.86 7.25
Na' (mM) 0.73 5.83 13.59
Ca*t (mM) 0.68 0.86 1.72
Mg (mM) 0.20 0.92 3.22
K" (mM) 0.15 0.28 1.46
Cl™ (mM) 1.95 7.40 23.27
SO3~ (mM) 0.10 0.57 2.04
HCO3 (mM) 0.13 0.11 0.21
NO3 (mM) 0.02 0.06 0.24
Ionic strength (mM) * 3.42 11.20 31.20

? Ionic strength was calculated by using Visual MINTEQ 3.1.
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summarized in Table 1.
2.2. The experiments of desorption kinetics

A stirred-flow kinetic method was used to investigate the desorption
kinetics of Cd from paddy soil sample (Tian et al., 2017; Liu et al., 2019).
Briefly, a 0.6 g uncultured dry soil sample and the magnetic agitator
were placed in an 8.5 cm? reactor with three different salinities of sea
water, and the stirring rate was set at 500 r min~'. Three different sa-
linities of sea water were pumped into the reactor at a constant flow rate
(1 mL min~1). The soil was retained in the reactor using a water phase
filtration membrane (0.22 pm). The stirring flow was operated contin-
uously for 4 h, and the outflow was automatically collected every 6 min.

2.3. The soil incubation experiments

Periodic flooding and drainage conditions were simulated using the
microcosm method to investigate the dynamics of heavy metals in paddy
soils (Fulda et al., 2013; Wang et al., 2019; Yang et al., 2021). The soil
incubation experiment simulated the occurrence of typical flood-
ing/drainage paddy field and followed the microcosm method as
described by Wang et al. (2019). Since the drainage period generally
occurs 2-3 weeks before rice maturity, the soils were anaerobic incu-
bated for 40 d, then reoxygenated and aerated for 20 d. Briefly, 5 g al-
iquots of soil were placed into 50 mL penicillin bottles containing 25 mL
of sea water. The ionic strengths of the water were 3.42 mM (control),
11.20 mM (low salinity) and 31.20 mM (high salinity) (Table 1). The
bottles were placed in an anaerobic chamber (Hy/N2 (2/98, v/v),
Plas-Labs, U.S.A.) to replace the headspace gas with Na. During the
anaerobic stages (0, 5, 20, and 40 d) and aerobic stages (2, 7, 15, and 20
d), three replicates of incubation bottles were destructively sampled for
chemical analysis.

Soil pH, Eh, the contents of Cd%*, NH{, NO3, SO%~, Fe?*, amorphous
Fe(IIl), and reduced Fe(Il), and dissolved organic matter (DOC) were
analyzed. The available Cd concentration was estimated using the
diffusive gradients in thin film (DGT) technique, which can assess the
transport of metals from soil to solution in paddy fields (Xiao et al.,
2020). To further evaluate Cd speciation, a seven-step sequential
extraction method was performed, according to Krishnamurti and Naidu
(2003). Briefly, (1) dissolved Cd (FO) was obtained from the filtered
supernatants; (2) exchangeable Cd (F1) was extracted by MgCl, (1 M,
pH = 7, shake 1 h, 25 °C) from a 2 g wet soil sample; (3) carbonate
bound Cd (F2) was extracted with NaOAc (1 M, pH = 5, shake 1 h,
25 °QC); (4) fulvic-complexed Cd (F3) was extracted with NasP207 (0.1 M,
pH = 1, shake 2 h, 25 °C); (5) humic-complexed Cd (F4) was extracted
with Na4P207; (0.1 M, pH = 10, shake 2 h, 25 °C); (6) Fe-Mn
oxides-bound Cd (F5) was extracted with NH;OH-HCI (0.04 M, 25%
HOAc (v/v), shake 6 h, 96 °C); (7) sulfides-bound Cd (F6) was extracted
with 30% H30, (pH 2.0, shake 5 h, 85 °C) and NH4OAc (3.2 M, 20%
HNOj3 (v/v), shake 0.5 h, 25 °C); and (8) residual Cd (F7) was digested
using HNO3-HCIO4-HF (15: 2: 2, v/v/v). For digestion soil samples,
quality assurance and quality control were performed for blank and
standard for every nine soil samples using duplicates, and certified
standard reference materials (GBW(E)07429 for soil Cd) were obtained
from the National Research Center for Standards in China. Cd recovery
ranged from 90% to 103% for the digestion soil samples. The recovery of
Cd (sum of fractions/total Cd x 100%) ranged from 98 to 105%. The
surface site concentration (Hg) in the different treatments during
anaerobic stage (0, 5, 20, and 40 d) and aerobic stage (2, 7, 15, and 20 d)
were obtained using the Gran plot method by conducting continuous
potentiometric titration experiments (905 Titrando, Metrohm,
Switzerland) (Yang et al., 2019a, 2020). The Hs was obtained by a Gran
plot, and the detailed methods is presented in Appendix A (Text 1).
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2.4. Methods of chemical analysis

For the soil sample, the pH was determined in a 0.01 M CaCl; solu-
tion at a 1: 2.5 ratio using a pH/Eh meter (Seven-Compact S220, Mettler-
Toledo, Switzerland). The carbonate (CaCO3) content was measured
using the neutralization titration method (Lu, 2000), the clay content
was determined using the pipette method (Abdulaha Al Baquy et al.,
2018), the soil samples were digested with HNO3-HClO4-HF (Lam-
brechts et al., 2011), and the concentrations of Fe and Mn in the digests
were measured using inductively coupled plasma-optical emission
spectroscopy (ICP-OES, Optima 8000, PerkinElmer, U.S.A.). The total
organic carbon (TOC) was measured using a TOC analyzer (TOC-L CPH,
Shimadzu, Japan), the cation exchange capacity (CEC) was determined
using the ammonium acetate method (Curtin and Trolove, 2013). The
specific surface area (SSA) was determined by the ethylene glycol
monoethyl ether method (Cerato and Lutenegger, 2002). The Cd content
of the aqueous solution was determined using graphite furnace atomic
absorption spectrometer (GF-AAS) (PinAAcle 900, PerkinElmer, USA),
and the Cd, Fe, and Mn contents in the solution were determined using
ICP-OES.

For soil incubation, the soluble NH; was determined using the
colorimetric method at 420 nm using a UV-vis spectrophotometer (TU-
1950, Persee, China) (Zhang et al., 2012). Dissolved NO3 and SO%’ were
analyzed using ion-exchange chromatography (IC) (ICS-600, DioneX, U.
S.A.), and dissolved Fe?™ was determined using the o-phenanthroline
colorimetric method using a UV-vis spectrophotometer (Lu, 2000). HCI
(0.5 M) was used to extract amorphous Fe(III) and reduced Fe(II) species
(Heron et al., 1994). The total extracted Fe (T-Feycy) in the filtrate was
measured using ICP-OES. The Fe(Il)ic concentration was determined
using the colorimetric method (Fe(Ill)ycy = T-Fepcy — Fe(IDyc). The
dissolved organic carbon (DOC) was measured using a TOC analyzer
(TOC-L CPH, Shimadzu, Japan). Cd availability was assessed using
standard piston DGT devices (DGT Research, Lancaster, UK) containing
a Chelex-100 (Bio-Rad, USA), according to the literature (Ding et al.,
2015; Wang et al., 2016b; Yang et al., 2021).

2.5. Statistical analysis

The statistical analysis was performed using the SPSS software
(version 22.0, IBM Corporation, Armonk, New York, U.S.A.). The dy-
namics of Cd transformation were further analyzed by first-order ki-
netics using the KinTek Explorer 8.0 software (Johnson et al., 2009;
Yang et al., 2021). The best fit of the rate constant and the corresponding
upper and lower bounds were obtained using the chi® test with a
threshold of 0.95 (Chen et al., 2021).

3. Results and discussion
3.1. Kinetics of Cd release from soil in different salinity water

As shown in Fig. 1a, the solution pH increased during the stir-flow
experiment, because the initial pH values of the sea water were 6.23,
6.86, and 7.25 (Yang et al., 2020). After 100 min, the solution pH
remained unchanged, as the acidic ions (e.g., H, Al** and so on) were
almost depleted in the system (Xu et al., 2012; Jiang et al., 2018).
Generally, increasing pH can enhance Cd adsorption on soil surfaces (Liu
et al., 2018), but results in Fig. 1b show that the concentration of dis-
solved Cd was much higher under the high salinity treatment than that
under the low salinity and control treatments, especially during the
initial stage (Fig. 1b). This indicates that the high salinity levels in the
water considerably enhanced the release of Cd from the soil. After the
rapid release of Cd during the first 60 min, the dissolved Cd content
gradually decreased to nearly zero at the outflow. As shown in Fig. 1b,
the first-order rate constants were in the following order: high salinity
> low salinity > control, demonstrating that increasing salinity levels
substantially enhanced the desorption of Cd, especially under the high
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Fig. 1. The kinetics of pH (a) and the release of Cd (b) in the stirred—flow
system. The solid lines represent the model fit values. Control (3.42 mM), low
salinity (11.20 mM), and high salinity (31.20 mM) represent three salinity
levels of water.

salinity  treatment. This indicated that competition and
complexation-induced Cd release, rather than the pH-dependent
adsorption process, was the dominant process controlling Cd availabil-
ity. First, this may be attributed to the strong ion exchange capacities of
cations (Na*, K, Ca?", and Mg?") that cause higher Cd release
(Esfandiar et al., 2022). Elevated salinity promotes the release of
exchangeable metals from the particle surface to the diffuse
double-layer as cations compete for adsorption sites (Behbahani et al.,
2021). Second, Cd*" can remain in aqueous solution by forming
water-soluble complexes (e.g., CACI2™ and CdSOu, etc.) with ClI~ and
S03~, which promotes the desorption of Cd in soil (Ondrasek et al.,
2020, 2022; Chi et al., 2022). In saline irrigation water soil (ionic
strength of 30 mM) up to 80% and 2% of the inorganic Cd in soil solution
was present as chloride and sulfate complexes, respectively (Weggler
et al., 2004).

3.2. Dynamics of Cd fractions under alternating redox conditions

The results in Fig. 2 show that there was a significant difference in
the available Cd determined by DGT (Cdpgr) at the initial stage (0 d).
The Cdpgr under the high salinity treatment (8.45 pg L™!) was much
higher than that under the low salinity (5.39 pg L™!) and control (4.89
ug L™D) treatments. After 5 d of anaerobic incubation, the Cdpgr of the
three treatments rapidly declined to nearly zero and remained un-
changed until the end of the anaerobic stage. During the last 5 d of the
aerobic stage, the Cdpgr increased substantially in the order of high
salinity > low salinity > control. A significant increase in the Cdpgr was
also observed after adding 120 mM of NaCl (Oporto et al., 2009), which
might be due to the contribution of the CdGI2 ™" complex to the DGT flux.
Some researchers proved that the measurement of Cd by DGT using
Chelex as a resin binding agent is independent of ionic strength (Zhang
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Fig. 2. Available Cd concentration measured by diffusive gradients in a thin
film (DGT) under different salinity levels. Control (3.42 mM), low salinity
(11.20 mM), and high salinity (31.20 mM) represent three salinity levels
of water.

and Davison, 1995). Others argued that the decrease in metal accumu-
lation with decreasing ionic strength is due to electrostatic repulsion
effects and a decrease in ligand-assisted dissociation (Puy et al., 2014).
Dissolved unstable complexes (such as CdClﬁ’") enhance the diffusive
supply of Cd*>' through dissociation of the complexes in the DGT
diffusion layer, thus improving the availability of Cd (Oporto et al.,
2009). The high salinity levels in the sea water considerably promoted
the release of Cdpgt and Cd desorption from the soil (Figs. 1b and 2). The
result trend of the Cdpgr was consistent with that of Cd desorption
characteristics, indicating that Cd was activated by the high-salinity
water under the aerobic condition.

The results in Fig. 3a-h shows the temporal changes in the Cd frac-
tions (FO-F7) in under salinity levels. Under anaerobic condition, the
dissolved Cd and exchangeable Cd (FO and F1) rapidly declined, and a
slight decrease was also observed for carbonate bound Cd (F2). The
fulvic- and humic-complexed Cd (F3 and F4), Fe-Mn oxides-bound Cd
(F5) and sulfides-bound Cd (F6) greatly increased. The highest dissolved
Cd was observed during the initial anaerobic stage (0 d) under the high
salinity treatment, followed by the low salinity and control treatments.
There was no significant difference between the Cd fractions of F1 and
F2 (P > 0.05) under anaerobic condition. The Cd fractions in F3, F4 and
F5 were relatively high in control treatment, which reached the signif-
icant level on 20 and 40 d for F3 and F5, and 5 d for F4 (P < 0.05). The
Cd fraction of F6 was relatively high under the high salinity treatment
after 5 d of anaerobic incubation (P < 0.05). After aeration, the Cd
fractions of FO, F1, and F2 increased considerably. The dissolved Cd (F0)
was significantly higher under the high salinity treatment than that
under the control and low salinity treatments during aerobic incubation
at 47, 55, and 60 d (P < 0.05). Although relatively high F1 and F2
contents were found under the high salinity and low salinity treatments,
a significant level was reached at 55 d for F1 and 60 d for F2. Moreover,
the Cd fractions of F3-F6 rapidly decreased during the first 7 d of the
aerobic stage, especially under the high salinity treatment. Residual Cd
(F7) remained almost constant during the incubation period, suggesting
that alternating redox conditions or different salinity levels had little
effect on Cd transformation for the residual fraction. The dissolved,
exchangeable, and carbonate bound Cd (FO, F1, and F2) can be
considered easily mobile Cd (Fulda et al., 2013). Therefore, the high
content of easily mobile Cd under the high salinity treatment indicated
its relatively high Cd availability under aerobic condition, which was
consistent with the results for the Cdpgr.
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of water.

3.3. Changes in chemical properties

As shown in Fig. 4a and b, the soil pH under the three salinity levels
rapidly increased from 5.0 to 6.6, while the Eh dramatically dropped
from 330 mV to —233 mV after 5 d of anaerobic incubation, which may
be attributed to the anaerobic fermentation of organic matter using
alternative electron acceptors, including SO%’, NOg3, and Fe(III) oxides,
etc. (Kogel-Knabner et al.,, 2010; He et al., 2015). The reduction
sequence of inorganic substances in soil was arranged from high to low
in Eh, mainly NO3, Fe(IIl) oxides and SO%’, etc (de Livera et al., 2011;
Hussain et al., 2021), and the anaerobic reactions were present as below.

1 5 1 3
gNOs + ZH+ +e = gNHI + g0 (€Y
Fe(OH), +3H" + e~ = Fe*™ +3H,0 2

SO;™ + ZH* +e = %st + %HZO

The SO?{, NO3, and Fe(IIl)y concentrations (Fig. 4c—e) decreased,
while the dissolved Fe(Il) and Fe(ID)yc contents increased (Fig. 4f and
g). Moreover, the release of dissolved organic matter (DOC) and NHZ
may be due to the breakdown of soil aggregation, which was induced by
the reductive dissolution of Fe(III) oxides as the dominant cementing
agents in paddy soils (Fig. 4h and i) (Grybos et al., 2009; Lu et al., 2014).
The breakdown of soil aggregates also increased the surface site con-
centration (H;) and potentially facilitated the retention of Cd (Fig. 4j)
(Yang et al., 2021).

Although the pH of the water under varying salinities was ranked in
the order of high salinity > low salinity > control (Table 1), no signif-
icant change was observed in soil pH during the anaerobic stage, indi-
cating that the soil buffering ability had the dominant effect on the soil

1

3 3
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pH (Yang et al., 2020). During the initial 5 d of the anaerobic stage, the
rapid decrease in dissolved Cd may be due to the enhancement of Cd
adsorption on negatively charged soil surfaces due to the elevated pH
(Figs. 3a and 4a) (Yang et al., 2019a). Specifically, high pH can facilitate
slow migration of Cd from the outer to the inner sphere, including the
surface of soil organic matter and Fe-Mn oxides (Zhang et al., 2018).
Therefore, long-term incubation can effectively enhance the retention of
Cd by organic matter and Fe-Mn oxides (F3-F5) from easily mobile
fractions (F1 and F2) (Fig. 3b—f). Under the high salinity treatment, large
amounts of cations (e.g., Na*, Ca®*, Mg?™, etc.) may compete for limited
binding sites, resulting in an increase in dissolved Fe>" and NHJ (Fig. 4f
and i). Therefore, the low contents of F3-F5 under the high salinity
treatment might be due to competition from cations for migration into
the inner sphere of soil surfaces (Zhang et al., 2018). In addition, the
amount of sulfides-bound Cd was correlated with the sulfate content
(control < low salinity < high salinity) (Figs. 3g and 4c), indicating that

sulfate contributed to the formation of sulfides-bound Cd to some extent
under anaerobic condition (Furuya et al., 2016).

After oxygen was re-introduced into the system under aerobic con-
dition, the Eh rapidly increased to 154 mV (42 d, Fig. 4b), indicating the
fast establishment of oxidizing condition. The oxidation of large quan-
tities of reducing substances (e.g., NHJ, Fe(ID), sulfides, etc.) occurred
with a concomitant release of protons, resulting in a sharp decrease in
soil pH (Fig. 4a) (Yang et al., 2021), and the contents of NO3, Fe(IIl)y(|,
and SO3 ™ increased quickly. The above aerobic reactions were shown
below.

NH] 420, = NO; + 2H" + H,0 &)
2 1 5 +
Fe'* + 20, + 5H,0 = Fe(OH), + 2H 5)
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The decrease in DOC might be due to the re-adsorption of DOC on
positively charged soil surfaces because of the decrease in soil pH
(Grybos et al., 2009). The results showed that Hy values increased from
107 to 179 mmol kg ! during the anaerobic stage, while it decreased to
90 mmol kg~ ! during the aerobic stage, and no significant changes were
observed for the three salinity treatments. Moreover, there was a dra-
matic decrease in the surface site concentration because the oxidation of
Fe(II) and the new formation of Fe(Ill) oxides can not only adsorb
negatively charged ions (such as DOC), but can also enhance the
re—-aggregation of soil colloids (Lu et al., 2014; Yang et al., 2021; Song
et al., 2022; Zhang et al., 2023).

During the aerobic stage, the soil pH was ranked in the order: low
salinity < control < high salinity (Fig. 4a), but a relatively high dis-
solved Cd content was observed under the high salinity treatment
(Fig. 3a) because the salinity levels, rather than soil pH, dominated the
distribution of Cd at the soil-water interface (Loganathan et al., 2012; Li
et al., 2018). Moreover, the high cation and anion contents under the
low salinity and high salinity treatments may be conducive to the release
of Cd from Fe-Mn oxides and organic matter, resulting in relatively high
contents of F1 and F2. Although a high sulfate content can enhance the
retention of Cd by precipitation with sulfides under the high salinity
treatment during the anaerobic stage, the Cd sulfides were readily
oxidized after aeration of the systems, resulting in the release of dis-
solved Cd (Wang et al., 2019).

3.4. Modeling evaluation of Cd transformation under different salinity

Based on previous results, the easily available Cd fractions (FO, F1
and F2) substantially decreased during the anaerobic stage, and then
were remobilized after aeration of the systems, indicating the revers-
ibility of Cd fractions during alternating redox conditions. Given that the
residual Cd remained constant in the incubation experiment, the change
in residual Cd was not considered in the kinetic model. Therefore, the
transformation of Cd fractions should be roughly divided into three
processes: (i) immobilization by organic matter (F3 and F4) (Reaction 7,
R7), (ii) retention by Fe-Mn oxides (R8), and (iii) precipitation with
sulfides (R9).

Cdroiriir < Cdpsps ks @]
Cdroiri4m < Cdps Ky ®
Cdrosriim < Cdrs k3 (C))

To further evaluate the effects of salinity level on the transformation
of Cd fractions, a kinetic model was established based on the key re-
actions for Cd transformation as R7-R9 (Yang et al., 2021). The best-fit
values of the rate constants were obtained (Table 2, Fig. S2) and the
fitting curves matched well with the Cd fractions under different salinity
levels (Fig. S3). The k. and k_ represent the forward and backward rate
constants, respectively. The transformation of the Cd fractions is also
presented in Fig. 5, based on the modeling results. During the anaerobic

Table 2
The rate constants (d~!) of Cd transformation for three treatments under alter-
nating redox conditions.

Treatments Anaerobic Aerobic
Control k1= kio= kioz= k1= ko= k3=
0.021 0.021 0.010 0.09 0.18 0.21
Lowsalinity ki1 = kia= kiz= k,= ko= k3=
0.017 0.019 0.014 0.10 0.17 0.17
High ki = kin= ki3= ki= ko= k3=
salinity 0.014 0.011 0.014 0.11 0.22 0.92

The k, and k_ represent the forward and backward rate constants, respectively.
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stage, the rate constants k1 and ko were higher under the control and
low salinity treatments than that under the high salinity treatment,
whereas k. 3 was higher under the low salinity and high salinity treat-
ments than that under the control treatment (Table 2). After aeration of
the system, the rate constants k_; and k_» were slightly higher under the
high salinity treatment than those under the low salinity and control
treatments, and the highest k 3 value was observed under the high
salinity treatment. As seen in Fig. 5, the modeling results clearly show
that increasing salinity levels under anaerobic condition inhibited the
immobilization of Cd by organic matter and Fe-Mn oxides, but enhanced
the precipitation of Cd sulfides. During the aerobic stage, remobilization
of Cd from organic matter and Fe-Mn oxides was substantially accel-
erated at high salinity levels, and the high content of Cd sulfides formed
during the anaerobic stage was oxidatively dissolved. Our findings
demonstrated that the availability of Cd can be greatly enhanced during
the anaerobic and aerobic stages in a high salinity system.

3.5. Environmental implications

Understanding the impacts of coastal seawater intrusion on heavy
metals, biogeochemical processes, and plant relationships is important
for assessing the changes in soil wetland systems and food security
strategies in rice fields. As seawater intrusion intensifies and soil salinity
increases, Cd becomes more susceptible to competitive exchange,
complex formation, and desorption. In the present study, we provided
evidence that the Cd desorption process caused by competition and
complexation had a substantial effect on Cd availability under high
salinity rather than pH. Seawater intrusion into freshwater wetlands
increases sulfate availability (Steinmuller and Chambers, 2018). The
increase in easily mobile Cd dominated the high Cd availability, and the
rapid dissolution of sulfides-bound Cd over a short drainage period may
also improve Cd solubility and plant availability (Fig. 3g). It is worth
noting that 80% of Cd in rice seeds is accumulated during the filling
period of rice growth, which usually coincides with preharvest soil
drainage. Consequently, the Cd content in the rice may exceed the safety
threshold for Cd in field trials (Inahara et al., 2007; Wang et al., 2019).
Salt-tolerant rice cultivars (sea rice) have become a popular research
topic because of their high yield in saline soils; however, the problem of
Cd accumulation in rice has been neglected (Chen et al., 2017). Salinity
in soil increase the Cd availability by the formation of CACI2™ com-
plexes (Ondrasek et al., 2020), thereby aggravating the Cd toxicity to the
plants, as the salinity and Cd stress generally decreased the root length,
plant height, panicle weight, and growth rate in plants (Thanh and
Bharali, 2019; Yang et al., 2022). Combined with the results of the
present research, valuable information is given on soil cadmium avail-
ability as an indication of the potential risk due to increased uptake of Cd
by crops under saline conditions, particularly in the presence of Cl™,
enhanced Cd uptake may be a common trend for many edible crops. For
example, increased Cd accumulation under high salinity exposure was
found also in different biota, e.g., in radish cultivars (Ondrasek et al.,
2020), lettuce (Ondrasek et al., 2021), and strawberry fruits (Ondrasek
et al., 2022). The Cd accumulation by plants may be influenced by the
salinity, water management, water stress, and plant species, etc (Pandey
et al.,, 2014; Pan et al., 2016; Yang et al., 2022). Therefore, the risks
should be fully considered for management strategies such as alternating
wet and dry periods overlaid with soil salinity, as salinity promotes the
bioavailability of Cd during short drainage cycles and in rice crops.
Finally, the selection of rice cultivars with low Cd accumulation char-
acteristics in highly saline soils could be an alternative for alleviating Cd
toxicity inrice (Yang et al., 2019b). Additional work is however required
to accurately investigate the Cd accumulation capacity of rice exposed to
salinity under pot experiment and field conditions.

4. Conclusions

In this study, the effects of different salinity levels on Cd desorption



W. Chi et al. Chemosphere 307 (2022) 135805
100 Apaerobic Aerobic 100 Anaerobic Aerobic 100 Anaerobic Aerobic
Residual (a) (b) (©)

—_ Sulfides bound

2
é 75 Fe-Mn oxides bound 75 75

2

=

A1 50 | Fulvic complex 50 - 50

é Humic complex

=

o 25 Dissolved 25 3¢

Exchangeable
0 Carbonates bound Cd 0 0
0 10 20 30 40 50 60 O 10 20 3Q 40 50 60 O 10 20 30 40 50 60
Time (d) Time (d) Time (d)

Fig. 5. The transformation of Cd fractions during anaerobic and aerobic stages under different salinity levels. (a) Control (3.42 mM), (b) low salinity (11.20 mM),
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and Cdpgr were evaluated, and the dynamics of Cd fractions were
investigated under anaerobic and aerobic conditions. Although soil pH
increased with increasing salinity, Cd desorption was significantly
enhanced due to competition from cations and complexation by anions.
In the case of high salinity, dissolved unstable complexes (such as
cdciz™ may contribute to the Cdpgr contribution. Moreover, the
retention of Cd by organic matter and Fe-Mn oxides was also inhibited
by salinity levels, while the precipitation of Cd sulfides may be facili-
tated by the high sulfate content in saline water. However, Cd sulfides
were readily oxidized after aeration in the system, and the amounts of
cations and anions in the relatively high-salinity water could further
enhance the remobilization of Cd from organic matter and Fe-Mn ox-
ides. Ionic replacement resulting from an increase in salinity probably
caused the desorption of cations (e.g., NHf and Fe?") from the paddy
soil, and the magnitude of this process increased with salinity. Paddy
soils are vulnerable to seawater intrusion, which may alter soil
biogeochemical processes, lead to the Cd release, and contribute to soil
pollution. This study demonstrated the role of cations and anions in
seawater in controlling Cd availability under alternating redox condi-
tion. Especially during the aerobic stage, high salinity substantially
enhanced Cd remobilization, which may increase the extent of Cd
accumulation in rice grains. This study provided a new insight into the
impact of seawater intrusion on heavy metal pollution and risks and can
be used to guide soil remediation in coastal environments.
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