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A B S T R A C T

Basalt-derived paddy soils contain high concentrations of chromium (Cr) from basalt weathering. Considering 
the potential risks of available Cr to human health, the transformation of Cr in basalt-derived paddy soils has 
attracted worldwide attention. However, the mechanisms controlling the biogeochemical cycling of Cr in these 
soils remain unclear. Here, pot experiments were performed to investigate Cr migration and transformation 
throughout the flooding–drainage cycle. The dynamic changes in soil chemical (e.g., dissolved organic carbon 
(DOC), iron (Fe) (oxyhydr)oxides, sulfate, and nitrogen (N) species) and physical properties (e.g., UV–vis spectra, 
pore size distribution, and surface site concentrations) were investigated. The available Cr increased during 
flooding and decreased during drainage. Cr concentrations in rice grains exceeded the safety threshold, indi
cating high Cr availability in these soils and the associated risk to human health. A kinetic model was developed 
to unravel the key factors controlling Cr transformation. During flooding, the mobilization of the available Cr was 
primarily driven by Fe (oxyhydr)oxides (76.4%), with a smaller contribution from organic matter (OM) (23.6%). 
During drainage, the sequestration of the available Cr was similarly dominated by Fe (oxyhydr)oxides (76.6%), 
followed by OM (23.4%). Furthermore, within the Fe (oxyhydr)oxides, metastable Fe phases played a pre
dominant role in the available Cr immobilization (accounting for 91.6% of the total Fe contribution), while stable 
Fe phases contributed the remaining 8.4%. These insights are vital for understanding Cr mobility and availability 
in paddy soils with a high geological background.

1. Introduction

Chromium (Cr) contamination is prevalent, originating from both 
geological processes and human activities (Novak et al., 2017). In paddy 
soils, Cr(III) and Cr(VI) are the two primary oxidation states (Chen et al., 
2019a). Previous studies on Cr transformation in paddy soils predomi
nantly focused on Cr(VI), which is usually associated with human ac
tivities (Liu et al., 2024; Wang et al., 2024; Xiao et al., 2021; Yang et al., 

2022; Zhang et al., 2022). Prolonged flooding creates highly reducing 
conditions that favor the dominance of Cr(III) in paddy soils (Li et al., 
2024). The mechanism of geogenic Cr(III) migration and transformation 
in paddy soils remains poorly understood. Although less toxic than Cr 
(VI), high levels of Cr(III) severely affect the rice plant growth, reduce 
rice production, and pose health risks (Ertani et al., 2017). Basalt 
weathering is an important geogenic Cr source, contributing to high Cr 
accumulation in paddy soils (Wang et al., 2020). Cr mobility and 
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availability are crucial factors influencing Cr accumulation in rice (Ao 
et al., 2022). Therefore, a better understanding of Cr(III) mobility and 
availability in soil-rice plant systems is essential.

Rice, a vital staple for many Asian populations, is grown under 
alternating flooding and drainage conditions (Wiggenhauser et al., 
2021). These conditions significantly impact the redox status of paddy 
soils and the biogeochemical cycles of iron (Fe) and carbon (C) (Huang 
et al., 2023). Fe redox transformations strongly influence the mobility of 
co-existing metals in paddy soils (Yu et al., 2016). Flooding induces 
reducing conditions, under which Cr could be released through reduc
tive dissolution of Fe (oxyhydr)oxides (Davranche and Bollinger, 2000). 
Reduction of Fe(III), nitrate, and sulfate consumes protons, thereby 
elevating pH and decreasing the positive charge on soil surfaces via 
deprotonation (Lu et al., 2023). This can promote partial Cr resorption 
onto soil particles or residual Fe (oxyhydr)oxides. Soil organic matter 
(OM) may affect Cr mobility as well (Liu et al., 2019). Soil OM can 
adsorb onto Fe (oxyhydr)oxides, forming OM–Fe oxide complexes (Dong 
et al., 2023). Reduction of Fe (oxyhydr)oxides liberates dissolved 
organic matter (DOM) during flooding (Song et al., 2022). DOM repre
sents the most reactive fraction of soil OM (Santos et al., 2024). With 
numerous active functional groups, DOM forms complexes with Cr and 
potentially increases Cr mobility (Liu et al., 2019; Kelly et al., 2020).

Following drainage, these trends were reversed (Huang et al., 2023). 
Fe(II) was oxidized to newly formed Fe(III) minerals, which serve as 
prevalent adsorbents (Chen et al., 2023; Chen et al., 2021). Conse
quently, Cr may be immobilized by both metastable and stable Fe 
(oxyhydr)oxides (Hu et al., 2024). In the case of metastable Fe (oxyhydr) 
oxides, Cr can be retained through surface adsorption or physical 
encapsulation, leading to the formation of co-precipitates. In the case of 
stable Fe (oxyhydr)oxides, Cr may be transferred into the residual 
fraction through lattice incorporation or occlusion within the crystalline 
structure. OM could immobilize Cr(III) on soil particle surfaces via 
physical adsorption or chemical bonding (Ao et al., 2022; Ohta et al., 
2012). The oxidation of Fe(II), nitrite, and sulfite leads to a substantial 
release of protons and a significant decrease in pH (Chi et al., 2023). 
These protons compete with metal cations for adsorption sites (Chi et al., 
2023), potentially desorbing Cr from Fe (oxyhydr)oxides and OM (Ma 
and Hooda, 2010). The bidirectional transformation of Cr, where Cr is 
both released and subsequently re-fixed by Fe (oxyhydr)oxides and OM, 
makes it challenging to identify the key processes controlling Cr dy
namics and to quantify the contributions of Fe (oxyhydr)oxides and OM.

To address these challenges, kinetic models offer a valuable tool. 
Unlike traditional fractionation analyses, kinetic modeling can quantify 
the rates and relative contributions of mobilization and sequestration 
processes, providing a dynamic understanding of Cr behavior under 
fluctuating redox conditions. Recent studies have employed kinetic 
models to evaluate temporal changes in different fractions of heavy 
metals [e.g., lead (Pb), nickel (Ni), and cadmium (Cd)] (Huang et al., 
2023; Lu et al., 2023; Yang et al., 2021). The relative contributions of 
key factors to the mobilization and sequestration of heavy metals 
throughout the flooding–drainage cycle have not been quantified.

Flooding-drainage cycles may continuously influence Cr accumula
tion in rice grains. The safety threshold for Cr in rice grains is 1.0 mg/kg 
(Ali et al., 2022). Rice plants are highly efficient in Cr uptake, transport, 
and accumulation (Satpathy et al., 2014). Cr(III) uptake and transport in 
rice plants are likely mediated by passive mechanisms (Ali et al., 2020). 
Observing changes in Cr concentrations in rice grains throughout the 
flooding–drainage cycle provides direct evidence of variations in Cr 
availability in paddy soils.

In this study, pot experiments were conducted using basalt-derived 
paddy soil containing 288 mg/kg Cr. The specific objectives of this 
study were to: (i) explore Cr availability in soil and Cr accumulation in 
rice during the flooding-drainage process; (ii) quantify the relative 
contributions of Fe (oxyhydr)oxides and OM to Cr transformation under 
flooding and drainage conditions in soils. This study contributes to 
enhancing the quantitative understanding of Cr biogeochemical cycling 

in basalt-derived paddy soils.

2. Materials and methods

2.1. Soil characterization

Surface soil samples from depths of 0–20 cm were obtained from 
Leizhou Peninsula in Zhanjiang City, Guangdong Province, China. The 
soils were air-dried, sieved through a 2 mm mesh, and stored in plastic 
containers for analysis. The physicochemical properties, including 
cation exchange capacity (CEC), OM content, carbonate, specific surface 
area (SSA), total Fe, Mn, P, and Cr concentrations, and soil texture (sand, 
silt, and clay), were measured (Table 1, Text S1 of Supplementary 
material).

2.2. Pot experiments

Uniformly sized rice seeds (Nipponbare, Oryza sativa L. japonica) 
were chosen and disinfected with 30 % H2O2 for 15 min. Then the rice 
seeds were rinsed with deionized water (< 0.1 μs cm− 1), germinated in 
liquid nutrient solutions at 25 ℃, and irradiated with artificial light (70 
μmol/m2⋅s for 12 h during daytime and 12 h dark period). After four 
weeks of growth, uniformly sized seedlings were chosen and trans
planted to each pot with 5 kg of dry soil in a greenhouse. The rice plants 
were irrigated for 80 d by maintaining water depth of above 5 cm on the 
soil surface, followed by drainage management for 15 d by maintaining 
70 % of the water content. Urea was utilized at a rate of 187.5 kg N/ha 
(Xiao et al., 2015). KCl and KH2PO4 were applied as basal fertilizer. A 
total of 18 pots were set for the pot experiment, and triplicate pots was 
sampled during flooding and drainage. After harvesting, the plants were 
divided into root, straw, and grain fractions.

2.3. Paddy soil and rice plant sample analysis

The pH and Eh values were monitored in situ by a pH electrode and a 
Pt combined electrode (Mettler Toledo, Switzerland), respectively. Soil 
porewater was collected with the core water sampler (Rhizon MOM, 
Netherlands) and filtered with a filter of 0.45 μm. Ion chromatography 
was used to measure concentrations of NO3

− and SO4
2− . Fe speciation was 

extracted from 0.7 g of solid-phase sample using 0.5 M HCl. The mea
surements of dissolved Fe(II) (Fe(II)dissolved), HCl-extractable Fe(II) and 
Fe(III), (Fe(II)HCl and Fe(III)HCl) and DOC were further detailed in Text 
S2 of Supplementary material. The Cr fractions including exchangeable 
Cr (F1), carbonate-bound Cr (F2), Fe–Mn oxide-bound Cr (F3), OM- 
sulfide-bound Cr (F4), and residual Cr (F5) in the soil were character
ized using the five-step Tessier sequential method (Tessier et al., 1979). 
The concentrations of Cr(VI) in Cr fractions (F1, F2, F3, and F4), as well 
as dissolved Cr in porewater (F0), were measured using the diphe
nylcarbazide method (Chen et al., 2019b). Cr(VI) was not detected 
throughout the experiments. Total Cr concentrations in the solutions 

Table 1 
Physicochemical properties of the paddy soil. CEC represents cation exchange 
capacity; SSA represents specific surface area.

Parameters Units Paddy soil

CEC (cmol/kg) 11.8
Organic matter (g/kg) 29.2
Carbonate (g/kg) 0.25
SSA (m2/g) 26.2
Total Fe (g/kg) 86.5
Total Mn (g/kg) 0.45
Total Cr (mg/kg) 288
Total P (g/kg) 0.9
Sand (g/kg) 161
Silt (g/kg) 318
Clay (g/kg) 521

G. Chen et al.                                                                                                                                                                                                                                    Geochimica et Cosmochimica Acta 414 (2026) 134–145 

135 

http://Physicochemical


were measured by ICP-OES.
UV–vis spectrophotometry was used to measure the colloids released 

in the supernatant during flooding (0 and 80 d) and drainage (95 d). The 
unfiltered samples were centrifuged at 5000 rpm for 10 min to remove 
large suspended particles, enhancing the optical response of soil col
loids, and then scanned between 200 and 600 nm. Pore structure 
characterization of soil samples collected on 0 d, 80 d, and 95 d was 

performed using mercury intrusion porosimetry (MIP) (AutoPore IV 
9500, Micromeritics, USA). The continuous potentiometric titrations of 
the soil samples were carried out through the flooding-drainage cycle. 
The autotitrator (905 Titrando, Metrohm, Switzerland) and the Gran 
plot method were used to determine the surface site concentration (Hs) 
(Lu et al., 2023). The details of measurements of the surface site con
centration were provided in Text S3 of Supplementary material. Two 

Fig. 1. Changes in soil Eh (a) and pH (b) throughout the flooding and drainage cycle. The dashed line indicates the transition from flooding to drainage.

Fig. 2. Concentrations of dissolved Fe(II) (a), HCl-extractable Fe(II) (Fe(II)HCl) and HCl-extractable Fe(III) (Fe(III)HCl) (b), sulfate and nitrate (c), dissolved organic 
carbon (DOC) (d) throughout the flooding and drainage cycle. The dashed line indicates the transition from flooding to drainage.
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sets of samples were selected, each including soil samples from 0 d and 
80 d of the flooding stage as well as 95 d of the drainage stage. These 
samples were characterized for nanoscale morphology and elemental 
distribution of the soil colloids using transmission electron microscopy 
(TEM, Talos f200x, U.S.A.) and energy-dispersive X-ray spectroscopy 
(EDS) mapping. The plant samples (roots, straws, and grains) were dried 
at 60 ℃ for 48 h and digested in a 15 mL mixture of HClO4 and HNO3 
(1:4, v/v) at 120 ℃.

2.4. Statistical analysis and kinetic modeling

All statistical analyses were conducted using SPSS 22.0 (IBM Cor
poration, Armonk, New York, U.S.A.). Kinetic experimental data were 
matched by Kintek Explorer 8.0 (Johnson et al., 2009). In the kinetic 
model, reactive organic carbon (ROC) comprised humic acid (82 %) and 
fulvic acid (18 %) (Shi et al., 2013). Total surface sites concentrations for 
ROC were obtained by Stockholm humic model (Gustafsson and 
Berggren Kleja, 2005). Cr bioaccumulation factor from soil to root 
(BCFsoil-root) and soil to grain (BCFsoil-grain) were calculated as: 

BCFsoil - root = Croot/ Csoil (1) 

BCFsoil - grain = Cgrain/ Csoil (2) 

Cr translocation factor from root to straw (TFroot-straw) and shoot to 
grain (TFstraw-grain) were calculated as: 

TFroot - straw = Cstraw/ Croot (3) 

TFgrain - straw = Cgrain/ Cstraw (4) 

Where Cgrain, Cstraw, Croot, and Csoil are the Cr concentrations of grain, 
straw, root, and soil, respectively.

3. Results

3.1. Fluctuation of soil redox conditions and associated chemical 
dynamics

During flooding, the soil Eh value, an indicator of redox oscillation, 
rapidly decreased from 236 mV to − 119 mV within the first 7 d and 
gradually decreased to − 258 mV from 7 to 80 d. This indicates that 
reducing conditions lasted throughout the flooding stage (Fig. 1a). 
Conversely, the soil Eh value rapidly increased to 216 mV during 
drainage, indicating a rapid restoration of the oxidative environment 
(Fig. 1a). The soil pH value increased from 5.7 to 6.6 on 80 d during 
flooding (Fig. 1b). This increase was likely caused by proton consump
tion during the reduction of nitrate, sulfate, and Fe(III) (Huang et al., 
2023). During drainage, soil pH decreased from 6.6 to 5.5 on 95 
d (Fig. 1b).

The concentrations of Fe(II)dissolved and Fe(II)HCl increased during 
flooding, reaching 63.8 mg/kg for Fe(II)dissolved and 36.5 g/kg for Fe 
(II)HCl, respectively by 80 d. (Figs. 2a and b). The concentration of Fe 
(III)HCl decreased from 16.0 g/kg to 2.4 g/kg, indicating Fe(III) reduc
tion during this stage (Fig. 2b). Following an increase in Eh value, the 
concentrations of Fe(II)dissolved and Fe(II)HCl rapidly decreased between 
80 d and 95 d during drainage (Figs. 2a and b). The concentration of Fe 
(III)HCl increased from 2.4 g/kg to 25.9 g/kg (Fig. 2b), suggesting Fe(II) 
oxidation during drainage.

The concentrations of nitrate exhibited a rapid decline from 18.2 
mg/kg to 3.9 mg/kg during flooding, and slightly increased to 4.9 mg/ 
kg during drainage (Fig. 2c). Similarly, sulfate concentrations markedly 
decreased from 33.2 mg/kg to 0 mg/kg due to the reduction of sulfate 
during flooding, and increased significantly after drainage, indicating 
that sulfides were oxidized to sulfate (Fig. 2c). Fig. 2d shows the changes 
in DOC concentrations throughout the flooding–drainage cycle. DOC 
concentrations increased pronouncedly from 18.2 mg/kg to 43.9 mg/kg 
during flooding, and then declined to 9.3 mg/kg during drainage.

3.2. Cr mobilization and fractional transformation

Basalt-derived paddy soil contained 288 mg/kg Cr, significantly 
exceeding the average concentration of Cr in paddy soils (59.5 mg/kg) 
(Kabata-Pendias, 2000). The concentration of dissolved Cr (F0) 
increased from 16 μg/kg to 47 μg/kg during flooding, whereas it 
decreased to 22 μg/kg during drainage (Fig. 5a). The Cr concentrations 
of F1 and F2 increased from 57 μg/kg to 79 μg/kg and 2.0 mg/kg to 2.9 
mg/kg, respectively, during the flooding stage. They decreased to 39 μg/ 
kg and 1.4 mg/kg, respectively during the drainage stage (Figs. 5b and 
c).

The concentration of F3 exhibited relative stability during flooding, 
whereas it slightly increased from 13.8 mg/kg to 15.0 mg/kg during 
drainage (Fig. 5d). The concentration of F4 increased to 35.2 mg/kg 
during the flooding stage, and decreased to 23.7 mg/kg during the 
drainage stage (Fig. 5e). F5 was the predominant fraction, with its 
concentration gradually decreasing from 243.2 mg/kg to 236.1 mg/kg 
during flooding, and then increasing to 247.9 mg/kg during drainage 
(Fig. 5f).

3.3. Soil physical property alterations

The absorbance values of the supernatant on 80 d were markedly 
higher than those on 0 d or 95 d, indicating an increase of colloid release 
during flooding and a decrease during drainage (Fig. 4a). Changes in soil 
pore size distribution throughout the flooding–drainage cycle were 
shown in Fig. 4b. On 0 d and 95 d, the soil porosity was dominated by 
large aperture (>100 μm), while on 80 d, the soil showed a notable 
increase in the volume of micropores (30–5 μm), mesopores (75–30 μm), 
and macropores (100–75 μm). The Hs values significantly increased 
from 0.078 mol/kg to 0.14 mol/kg during flooding, whereas Hs values 
significantly decreased to 0.075 mol/kg during drainage (Fig. 4c).

The nanoscale morphology and elemental distribution of Fe, C, ox
ygen (O), and aluminum (Al) of the colloids were characterized using 
the HAADF-TEM images and EDS mapping (Fig. 5, Fig. S1). An even 
distribution of Fe in soil particles on 80 d during flooding was observed 
while Fe appeared strongly agglomerated and unevenly distributed in 
the soil particles on 0 d during flooding and 95 d during drainage. The Fe 
signal of EDS line scans markedly fluctuated on 0 d during flooding and 
95 d during drainage (Figs. 5a and c). In contrast, Fe was more dispersed 
and evenly distributed in the soil particles on 80 d during flooding, and 
the Fe signal of EDS line scans was relatively flat (Fig. 5b). This pattern 
indicated a clear sequence of Fe (oxyhydr)oxides dispersion and reag
gregation, primarily driven by Fe (oxyhydr)oxides reduction during 
flooding and subsequent Fe(II) oxidation during drainage. The distri
bution of Cr was not detected, as its concentration was below the 
detection limit of EDS mapping.

3.4. Cr uptake, translocation, and accumulation in rice plants

The Cr concentrations of the roots, straws, and rice grains were 
13.6–25.9 mg/kg, 5.3–12.9 mg/kg, and 0.6–2.0 mg/kg, respectively 
(Fig. 6a). Cr distribution in rice plant tissues followed the order of roots 
> straws > rice grains, which is consistent with a previous study of other 
plants (Singh et al., 2013). Cr concentration of roots pronouncedly 
decreased from 7 to 60 d during flooding (Fig. 6a). The high Cr con
centration of roots on 7 d may be due to the relatively small root biomass 
(0.03 g) and the rapid uptake of Cr. With the increase of root biomass to 
2.65 g and the decrease of Cr uptake rate, the Cr concentration in rice 
root decreased from 7 to 60 d (Fig. 6a, Fig. S2). From 60 to 80 d during 
flooding and 80 to 95 d during drainage, the Cr concentrations of roots 
remained relatively stable (Fig. 6a). These results are likely attributable 
to the dynamic equilibrium between the Cr uptake from soil to root, Cr 
translocation from root to straw, and the growth of biomass.

A BCF value of less than 1 indicates that the plant absorbs heavy 
metals without substantial accumulation, whereas a BCF value greater 
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than 1 indicates the capacity of plant to accumulate metals (Liu et al., 
2009). In this study, the values of BCFsoil-root of 0.047 to 0.090 (Fig. 6b) 
were slightly higher than the BCFsoil-root value (0.035–––0.050) in the 
paddy soil with the Cr concentration from 50.2 to 67.5 in a previous 
study (Liu et al., 2007). The BCFsoil-root values of Cr are much lower than 
those of arsenic (As) (3.00–––3.76), cadmium (Cd) (0.97–––44.13), and 
mercury (Hg) (0.86–––3.9) (Liu et al., 2007).

Cr concentration of straws decreased from 30 to 60 d during flood
ing, and remained relatively stable on 60 to 80 d during flooding and 80 
to 95 d during drainage (Fig. 6a). Cr is a non-essential element, and rice 
plants lack specific transporters or channels for Cr uptake (Li et al., 
2024). The carriers of Fe (e.g., OsYSL15) may be responsible for Cr 
uptake in rice plants (Li et al., 2024). The values of TFroot-straw and 
TFstraw-grain were from 0.38 to 0.64 and 0.08 to 0.34 (Fig. 6c). The 
observation that TFroot-straw and TFstraw-grain were higher than BCFsoil-root 
suggests that the transformation from soil to root is the critical step in Cr 
accumulation in rice. Cr uptake from soil into the root system appears to 
be the rate-limiting process, whereas the subsequent translocation from 
root to aboveground tissues is comparatively more efficient.

Cr concentration in rice grains markedly increased from 0.6 mg/kg to 
2.0 mg/kg during flooding. At harvest, Cr concentration in rice grains 
was 1.6 mg/kg on 95 d during drainage, still exceeding the safety 
threshold of 1 mg/kg. These results indicate high Cr mobility and 
availability, and a potential high health risk in basalt-derived soils of 
this study (Fig. 6a). The values of BCFsoil-grain ranged from 0.0021 to 
0.0068 (Fig. 6b), which were similar to the BCFsoil-grain value 
(0.0028–––0.0065) of Cr in a previous study (Liu et al., 2007).

4. Discussion

4.1. Effect of Fe-C-N-S cycling on Cr availability

Available Cr (sum of fractions F0, F1, and F2) was positively corre
lated with the concentration of Fe(II)dissolved (R = 0.934, P < 0.01), Fe 
(II)HCl (R = 0.944, P < 0.01), Fe(III)HCl (R = − 0.923, P < 0.01) and DOC 
(R = 0.983, P < 0.01). In contrast, available Cr was not significantly 
correlated with nitrate (R = − 0.075, P = 0.872) and sulfate concen
trations (R = − 0.285, P = 0.536) (Fig. S3). These results suggest that 
available Cr was released through Fe(III) reduction during flooding. Cr 
was adsorbed onto secondary Fe minerals or physical encapsulation 
within the amorphous or microcrystalline Fe (oxyhydr)oxides through 
Fe(II) oxidation during drainage (Hu et al., 2024). The concentrations of 
DOC increase through three mechanisms during flooding: (1) desorption 
of organic carbon (OC) from the surface of minerals and soil particles 
with the increase in pH (Zhang et al., 2024); (2) release of OC upon 

microbial or abiotic Fe (oxyhydr)oxides reduction (Dong et al., 2022); 
(3) release of OC from root exudates, primarily consisting of low mo
lecular weight compounds (e.g., simple carbohydrates, amino acids, and 
organic acids) (Ge et al., 2012). DOC can act as an electron shuttle with 
redox-active quinone groups, facilitating electron transfer between Fe 
(oxyhydr)oxides and Fe-reducing bacteria, and serving as a carbon 
source and an electron donor for microbial activity (Dong et al., 2023). 
Thus, DOC release promoted microbial Fe(III) reduction during flood
ing, consequently leading to Cr release (Hu et al., 2023). The pH during 
the flooding–drainage cycle remained above 5.5, a condition under 
which dissolved Cr(III) can readily precipitate as Cr(OH)3. Nevertheless, 
dissolved Cr was still detected in the soil solution at pH 6.6 (80 d of 
flooding), which is likely attributable to the formation of soluble DOC-Cr 
(III) complexes.

Fe(III) reduction triggered Cr release during flooding, whereas Fe(II)- 
catalyzed recrystallization induced dissolved Cr incorporation into the 
crystal lattice of secondary Fe mineral (Handler et al., 2014). Thus, the 
relative stability of F3 during flooding may result from the dynamic 
balance between the reduction and recrystallization of Fe (oxyhydr) 
oxides. The concentration of F4 increased during flooding, and 
decreased during drainage (Fig. 5e). The rapid increase in pH value 
enhanced complexation between Cr and OM during flooding, increasing 
OM-bound Cr. Additionally, the reduction of sulfate may result in the 
formation of Cr sulfide during flooding (Armienta et al., 1996; Zawadzka 
et al., 2007). During the drainage stage, the decrease in pH increased the 
adsorption of DOC onto soil surfaces and secondary Fe minerals (Duan 
et al., 2023), leading to a rapid decrease in DOC levels. Additionally, the 
complexation between OM and Cr was likely diminished by the lower 
pH. The oxidation of sulfide may induce a decline of F4 concentrations. 
The decrease of F5 concentration during flooding indicates that residual 
Cr was transformed into more mobile fractions (e.g., F3 and F4) during 
the breakdown of soil aggregates and reductive dissolution of Fe min
erals. During the drainage stage, the increase of F5 concentration sug
gests that part of the more mobile fractions was transformed into this 
residual pool through processes such as Fe(II) oxidation.

In this study, Cr(VI) was not detected in any soil fraction throughout 
the flooding–drainage cycle. This observation is consistent with the 
basalt-derived geogenic origin of Cr in these soils. Cr in basalt-derived 
soils mainly originates from chromite and Cr-bearing minerals such as 
pyroxenes, predominantly as Cr(III) (Sun et al., 2022). Under flooded 
conditions, the strongly reducing environment rapidly converts any 
potentially trace Cr(VI) to Cr(III). During drainage, the oxidation of Cr 
(III) to Cr(VI) relies primarily on high-valent manganese (Mn) oxides (e. 
g., MnO2). However, although redox potential increases, the regenera
tion of reactive Mn oxides is often limited or passivated (Aiken et al., 
2023). Mn oxides are readily reduced and dissolved during flooding, 
decreasing their availability. Newly formed Mn oxides may be of low 
crystallinity or coated by OM, which further reduces their oxidative 
capacity (Aiken et al., 2023). As a result, the oxidation of Cr(III) is 
strongly suppressed (Aiken et al., 2023).

4.2. Influence of soil physical properties on Cr dynamics

Soil physical properties strongly influence Cr mobilization and 
sequestration. Prolonged flooding led to the breakdown of soil aggre
gates, resulting in an increase in micropores and mesopores as well as 
higher Hs. These changes enhanced the dispersion of metastable Fe 
(oxyhydr)oxides, and consequently facilitated the release of Fe- 
associated Cr into porewater. The elevated Hs during flooding also 
provided more reactive sites for DOC-Cr complexation, further 
contributing to Cr mobilization.

In contrast, during drainage, Fe(II) oxidation promoted the re- 
aggregation of soil particles, accompanied by a reduction in micro
pores and Hs. This physical reorganization reduced the number of 
available binding sites for DOC-Cr complexes and favored the occlusion 
or co-precipitation of Cr within re-formed Fe (oxyhydr)oxides. The 

Table 2 
Reactions and rate constants during the flooding stage in basalt-derived paddy 
soil.

No. Reactions Rate constants Units

The flooding stage
Fe-C-N-S cycling
R1 Fe(III)→Fe(II) k1 = 0.037 d-1

R2 ROC→DOC k2 = 1.8 × 10-5 d-1

R3 NO−
3 →NO−

2 k3 = 0.014 d-1

R4 SO2−
4 →S2− k4 = 0.059 d-1

R5 ΔSites→Sitesincrease k5 = 0.057 d-1

The transformation of Cr species
R6 CrF5→CrF3 k6 = 7.0 × 10-5 d-1

R7 CrF5→CrF4 k7 = 3.3 × 10-4 d-1

R8 CrF3→CrF1+2 k8 = 1.3 × 10-3 d-1

R9 CrF4→CrF1+2 k9 = 2.2 × 10-6 d-1

R10 CrF1+2 + SitesDOC→CrF0 k10 = 5.6 × 10-5 μmol− 1 kg d-1

R11 CrF1+2 + Sitesincrease→CrF3 k11 = 8.8 × 10-11 μmol− 1 kg d-1

R12 CrF1+2 + Sitesincrease→CrF4 k12 = 7.5 × 10-8 μmol− 1 kg d-1

R13 CrF0 + Sitesincrease→CrF3 k13 = 2.6 × 10-9 μmol− 1 kg d-1

R14 CrF0 + Sitesincrease→CrF4 k14 = 4.7 × 10-10 μmol− 1 kg d-1
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increase in residual Cr during drainage supports this interpretation, as it 
indicates the gradual transfer of Cr into less mobile pools through both 
chemical and physical encapsulation. These findings underscore that 
physical processes such as aggregate stability, pore structure evolution, 
and surface site availability play important roles in Cr dynamics.

4.3. Quantitative insights into the contributions of Fe (oxyhydr)oxides 
and OM to Cr transformation

A process-based kinetic model was developed to quantitatively 
describe the key reactions through flooding and drainage alterations, 
based on the changes in soil physicochemical characteristics and Cr 
fractions. In this study, the concentration of Mn (0.45 g/kg) was much 
lower than that of Fe (86.5 g/kg) (Table 1), indicating that Fe–Mn oxide- 
bound Cr was predominantly associated with Fe (oxyhydr)oxides.

During the flooding stage, the processes related to Fe-C-N-S cycling 
included (Table 2): (i) reduction of Fe (oxyhydr)oxides primarily driven 
by microorganisms (R1); (ii) release of DOC from reactive organic car
bon (ROC) (R2); (iii) reduction of nitrate to nitrite and sulfate to sulfite 
(R3 and R4); (iv) the increase in Hs (R5). Soil aggregates were broken 
down. The rapid decrease in Eh caused the reduction of Fe (oxyhydr) 
oxides, sulfate, and nitrate (Lu et al., 2023). As a result, larger amounts 
of protons were utilized, resulting in an increase in pH. Consequently, 
the values of Hs and the effective binding sites increased (Lu et al., 
2023). The processes related to Cr transformation included (Table 2): (i) 
transformation of residual Cr to Fe (oxyhydr)oxides-bound Cr and OM- 
sulfide-bound Cr, respectively (R6 and R7). The reductive dissolution of 
Fe (oxyhydr)oxides and the breakdown of soil aggregates led to the 
partial destabilization of the residual Cr. As a result, a fraction of re
sidual Cr may be redistributed into more labile pools, including Fe 
(oxyhydr)oxides-bound Cr and OM-sulfide-bound Cr. (ii) Fe (oxyhydr) 
oxides-bound Cr and OM-sulfide-bound Cr were further transferred to 
exchangeable Cr (F1) and specifically adsorbed Cr (F2) (R8 and R9). 
Residual Cr is an unextractable fraction, and F1 and F2 cannot be 
directly released from residual Cr (Tessier et al., 1979). (iii) trans
formation of F1 and F2 to dissolved Cr (F0) through the formation of 
soluble DOC-Cr(III) complexes (R10). DOC was released via Fe (oxy
hydr)oxides reduction and root exudates. (iv) transformation of F0, F1, 
and F2 into Fe (oxyhydr)oxides-bound Cr through re-adsorption by Fe 
(oxyhydr)oxides (R11 and R13). (v) immobilization of F0, F1, and F2 
through re-adsorption by OM (R12) and the formation of Cr sulfide 
(R14).

During the drainage stage, the processes related to Fe-C-N-S cycling 
were reversed, including (Table 3): (i) Fe(II) oxidation and Fe(III) hy
drolysis to form Fe(OH)3 (R15 and R16); (ii) conversion of DOC into 
ROC (R17); (iii) nitrite and sulfide oxidation (R18 and R19); (iv) 

decrease in Hs (R20). During drainage, the presence of O2 caused the 
oxidation of Fe(II) and sulfide. Greater amounts of protons were 
released, leading to a decrease in pH (Chi et al., 2023). The values of Hs 
and the effective binding sites decreased (Chi et al., 2023). The processes 
related to Cr transformation included (Table 3): (i) conversion of dis
solved, exchangeable, and specifically adsorbed Cr (available Cr) into Fe 
(oxyhydr)oxides-bound Cr, OM-sulfide-bound Cr, and residual Cr (R21, 
R22, and R23); (ii) conversion of available Cr into residual Cr (R23), 
representing the incorporation of available Cr into the crystal lattice of 
Fe (oxyhydr)oxides; (iii) part of Fe (oxyhydr)oxides-bound Cr was 
transferred back to available Cr via desorption from Fe (oxyhydr)oxides 
(R24); (iv) part of OM-sulfide-bound Cr was transferred back to 

Table 3 
Reactions and rate constants during the drainage stage in basalt-derived paddy 
soil.

No. Reactions Rate constants Units

The drainage stage
Fe-C-N-S cycling
R15 Fe(II)→Fe(III) k15 = 0.23 d-1

R16 Fe(III)→Fe(OH)3 k16 = 9.0 × 10-3 d-1

R17 DOC→ROC k17 = 0.094 d-1

R18 NO−
2 →NO−

3 k18 = 0.092 d-1

R19 S2− →SO2−
4 k19 = 0.021 d-1

R20 ΔSites→Sitesdecrease k20 = 0.14 d-1

The transformation of Cr species
R21 CrF0+F1+F2 + Sitesdecrease→CrF3 k18 = 9.2 × 10-7 μmol− 1 kg d-1

R22 CrF0+F1+F2 + Sitesdecrease→CrF4 K19 = 3.0 × 10-7 μmol− 1 kg d-1

R23 CrF0+F1+F2 + Sitesdecrease→CrF5 k20 = 8.4 × 10-8 μmol− 1 kg d-1

R24 CrF3→CrF0+1+2 k21 = 6.5 × 10-7 d-1

R25 CrF4→CrF0+1+2 k22 = 3.9 × 10-5 d-1

R26 CrF3 + Sitesdecrease→CrF5 k23 = 1.5 × 10-8 μmol− 1 kg d-1

R27 CrF4 + Sitesdecrease→CrF5 k24 = 1.2 × 10-6 μmol− 1 kg d-1

Fig. 3. UV–vis spectra of supernatant (200 to 600 nm) (a), differential pore size 
distribution of soil samples (b), and concentrations of surface sites (Hs) (c) 
throughout the flooding and drainage cycle. The dashed line indicates the 
transition from flooding to drainage.
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available Cr through desorption from OM and oxidation of Cr sulfide 
(R25); (v) conversion of Fe (oxyhydr)oxides-bound Cr and OM-sulfide- 
bound Cr to residual Cr (R26 and R27). It is important to note that the 
residual fraction (F5) in the Tessier scheme represents lattice- 
incorporated Cr hosted in primary silicates or highly crystalline ox
ides. However, under short-term redox fluctuations, the conversion of F3 
and F4 to F5 (R26 and R27) primarily resulted from the strong occlusion 
of Cr within newly formed crystalline Fe (oxyhydr)oxides, which are co- 
extracted during the operational residual fraction step, rather than from 
lattice incorporation. A kinetic model for Cr transformation throughout 
the flooding–drainage cycle was developed via R1–R27. The values of k1 
to k27 denote the rate constants of R1–R27 (Table 2; Table 3). By fitting 

the observed kinetics of Cr species, Fe(III)HCl, Fe(II)HCl, sulfate, nitrate, 
and DOC throughout the flooding–drainage cycle (Fig. 2, Fig. 3c, and 
Fig. 5), the model-derived k values were quantified (Fig. 7). The upper 
and lower limits of k1–k5 and k12–k17 during Fe-C-N-S cycling were 
obtained using a threshold of 0.95 (Table S2, Fig. S4). Because the 
elementary reaction equations of Cr transformation are overly complex, 
the upper and lower limits of k values during Cr transformation could 
not be determined using Kintek Explorer 8.0. Model-derived kinetic 
variations of different Cr fractions throughout the flooding and drainage 
cycle are provided in Fig. S5. The quantitative contributions of (i) Fe 
(oxyhydr)oxides and OM to Cr mobilization during flooding via Eq. 5–6, 
and (ii) metastable, stable Fe (oxyhydr)oxides, and OM to Cr 

Fig. 4. Representative transmission electron microscopy with the high-angle annular detector dark-field (HAADF-TEM) images of soil particles, energy-dispersive X- 
ray spectroscopy (EDS) mapping, and EDS line scans of Fe, C, O, and Al distributions on Fe-bearing minerals at (a) 0 d of flooding, (b) 80 d of flooding, and (c) 95 
d of drainage.
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sequestration during drainage were calculated via Eq. 7–9:
Cr mobilization during flooding  

Cr sequestration during drainage  

The kinetic modeling effectively quantified Cr transformation 
throughout the flooding–drainage cycle. During flooding, the reductive 

dissolution of Fe (oxyhydr)oxides emerged as the dominant process 
facilitating Cr mobilization, contributing 76.4 % of the available Cr 
release (Fig. 8a). This process is mechanistically linked to microbial or 
abiotic activity, where OM was utilized as an electron donor (Dong et al., 

Fig. 5. Changes in dissolved Cr (F0) (a) and Cr fractions determined by the five-step sequential extraction method throughout the flooding and drainage cycle: 
Exchangeable Cr (F1) (b), carbonate-bound Cr (F2) (c), Fe–Mn oxide-bound Cr (F3) (d), organic-sulfide-bound Cr (F4) (e), and residual Cr (F5) (f). The dashed line 
indicates the transition from flooding to drainage.

%(Fe) =
k8[CrF3] − k11[CrF1 + 2][Sitesincrease] − k13[CrF0][Sitesincrease]

k8[CrF3] − k11[CrF1+2][Sitesincrease] − k13[CrF0][Sitesincrease] + k9[CrF4] − k12[CrF1+2][Sitesincrease] − k14[CrF0][Sitesincrease]
× 100 (5) 

%(OM) =
k9[CrF4] − k12[CrF1+2][Sitesincrease] − k14[CrF0][Sitesincrease]

k8[CrF3] − k11[CrF1+2][Sitesincrease] − k13[CrF0][Sitesincrease] + k9[CrF4] − k12[CrF1+2][Sitesincrease] − k14[CrF0][Sitesincrease]
× 100 (6) 

%(metastable Fe) =
k21[CrF0 + 1 + 2][Sitesdecrease] − k24[CrF3]

k21[CrF0 + 1 + 2][Sitesdecrease] − k24[CrF3] + k22[CrF0 + 1 + 2][Sitesdecrease] − k25[CrF4] + k23[CrF0 + 1 + 2][Sitesdecrease]
× 100 (7) 

%(stable Fe) =
k23[CrF0 + 1 + 2][Sitesdecrease]

k21[CrF0 + 1 + 2][Sitesdecrease] − k24[CrF3] + k22[CrF0 + 1 + 2][Sitesdecrease] − k25[CrF4] + k23[CrF0 + 1 + 2][Sitesdecrease]
× 100 (8) 

%(OM) =
k22[CrF0 + 1 + 2][Sitesdecrease] − k25[CrF4]

k21[CrF0 + 1 + 2][Sitesdecrease] − k24[CrF3] + k22[CrF0 + 1 + 2][Sitesdecrease] − k25[CrF4] + k23[CrF0 + 1 + 2][Sitesdecrease]
× 100 (9) 
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2023), accelerating Fe(III) reduction and subsequent liberation of Fe 
(oxyhydr)oxides-bound Cr. OM played a secondary but significant role, 
contributing 23.6 % of the available Cr release (Fig. 8a).

During drainage, oxidative conditions triggered Fe(II) oxidation and 

recrystallization of metastable Fe (oxyhydr)oxides, which sequestered 
76.6 % of available Cr (Fig. 8b). Metastable and stable Fe (oxyhydr) 
oxides contributed 91.6 % and 8.4 % to the total Fe (oxyhydr)oxides, 
respectively. The contribution of metastable Fe (oxyhydr)oxides in
dicates that the available Cr was immobilized through surface adsorp
tion or physical encapsulation within the amorphous or microcrystalline 
Fe (oxyhydr)oxides, forming co-precipitates. The contribution of stable 
Fe (oxyhydr)oxides indicates that the available Cr was transferred into 
residual Cr, suggesting that Cr may incorporate into the crystal lattice of 
Fe (oxyhydr)oxides (Singh et al., 2002). The similar ionic radii of Cr3+

(0.61 Å) and Fe3+ (0.64 Å) facilitate the incorporation of Cr into the 
crystal lattice of Fe (oxyhydr)oxides (Li et al., 2025). Using EXAFS 
spectroscopy, Singh et al., (2002) found that up to 8 % of Fe3+ was 
replaced by Cr3+ in the structure of synthetic goethite. OM emerged as 
the second most important factor, contributing 23.1 % to the immobi
lization of the available Cr (Fig. 8b). OM can immobilize Cr through 
complexation (Ao et al., 2022). Xia et al. (2022) employed STXM- 
ptychography in combination with Cr K-edge XANES to examine the 
roles of Fe(III) minerals and DOM in Cr(III) immobilization, which was 
consistent with this study of kinetic modelling. The results of scanning 
transmission Xray microscopy (STXM) and ptychography and X-ray 
absorption near-edge structure (XANES) spectroscopy demonstrated 
that Fe (oxyhydr)oxide phases served as the dominant binding sites for 
Cr(III). They further showed that OM, while not the primary sorbent, 
indirectly enhanced Cr retention by promoting the aggregation and 
deposition of coprecipitates via DOM bridging or electrostatic 
interactions.

The strong positive correlations between available Cr and Fe(II), Fe 
(III), and DOC indicate that Fe and OM were the primary drivers of Cr 
transformation, consistent with the model outcome. Thus, while the 
correlation analysis provides statistical associations between variables, 
the kinetic model went further by quantifying process contributions and 
capturing their temporal evolution. Correlations highlighted key drivers 
observed in the data, and the model integrates these drivers into a 
mechanistic framework that explains their roles in Cr transformation.

4.4. Implications

This study offers important insights into the biogeochemical cycling 
of Cr in basalt-derived paddy soils. Cr availability is crucial for assessing 
Cr-related risks throughout the flooding-drainage cycle (Xiao et al., 
2015). This study reveals distinct flooding- and drainage- induced shifts 
in Cr availability, providing valuable insights into designing effective 
water management strategies to regulate Cr dynamics in these soils. A 
previous study found that the concentrations of Cr exhibited an increase 
during flooding and a decrease during drainage in the porewater of 
floodplain meadow downstream soils (Kelly et al., 2020), which was 
consistent with the observed patterns of Cr availability throughout the 
flooding-drainage cycle in this study.

Previous kinetic studies have examined temporal fraction changes of 
Ni, Pb, and Cd under redox oscillations (Huang et al., 2023; Lu et al., 
2023; Yang et al., 2021). The present study quantified the relative 
contributions of Fe (oxyhydr)oxides and OM to Cr mobilization- 
sequestration throughout the flooding-drainage cycle, thereby offering 
mechanistic insights into the processes controlling Cr mobility in soils. 
Furthermore, the cited studies all used soils with relatively low natural 
background levels of Ni, Pb, or Cd and relied on exogenous addition of 
these metals, which better represent contamination scenarios following 
accidental releases. In contrast, this study focused on basalt-derived soils 
with a naturally high geogenic background of Cr, which are widespread 
in rice-growing regions and present distinct environmental challenges. 
Additionally, whereas the cited studies used controlled soil microcosm 
systems, this study employed pot experiments. The interplay between 
redox oscillations, Fe (oxyhydr)oxide transformations, and OM dy
namics governs Cr availability, with direct implications for soil health 
and agricultural sustainability. This study highlights the dual role of Fe- 

Fig. 6. (a) Concentrations of Cr in the roots, straws, rice grains throughout the 
flooding and drainage cycle. (b) Bioaccumulation factor from soil to root 
(BCFsoil-root) and from soil to grain (BCFsoil-grain). (c) Translocation factors from 
root to shoot (TFroot-straw) and from shoot to grain (TFstraw-grain). The dashed line 
indicates the transition from flooding to drainage.

G. Chen et al.                                                                                                                                                                                                                                    Geochimica et Cosmochimica Acta 414 (2026) 134–145 

142 



Fig. 7. Kinetic model-fitted Fe fractions (a), nitrate and sulfate (b), dissolved organic carbon (DOC) (c), concentrations of surface sites (Hs) (d), Cr fractions 
(F0+F1+F2) (e), Cr fraction (F3) (f), Cr fraction (F4) (g), and Cr fraction (F5) (h) throughout the flooding and drainage cycle according to reactions R1 to R27. The 
dashed line indicates the transition from flooding to drainage.
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OM interactions in regulating Cr biogeochemical cycling. Optimizing 
flooding-drainage cycles could impact Cr mobilization pathways. 
Shortening the flooding duration during grain-filling stages may reduce 
Fe(III) reduction and DOC release, thereby limiting Cr solubility. 
Conversely, prolonged drainage phases could enhance Cr sequestration 
via Fe(II) oxidation. Fe-based amendments may promote Cr adsorption 
onto newly formed Fe (oxyhydr)oxides (Wang et al., 2025).

The model necessarily simplifies the highly complex interactions 
among Fe (oxyhydr)oxides, Cr, and OM. The fitted rate constants 
derived from the kinetic model are empirical and site-specific, reflecting 
the unique Fe, C, N, and S cycling, and Cr dynamics of the studied basalt- 
derived soils. These parameters cannot be directly extrapolated to other 
soil types. Future research should test the applicability of this modeling 
framework in other soil systems, such as anthropogenically contami
nated soils, soils derived from different parent materials, and wetland 
sediments. Re-parameterization will be necessary to account for varia
tions in soil chemical and physical properties.

5. Conclusions

Redox oscillations are widespread in the environment, including 
paddy soils, wetlands, and estuaries, and induce dynamic changes in the 
physical and chemical properties of soil. This study elucidates how Cr 
availability varies throughout the flooding-drainage cycle. The available 
Cr was released during flooding and immobilized during drainage. This 
study highlights the pivotal roles of Fe (oxyhydr)oxides and OM in 
governing Cr dynamics throughout the flooding-drainage cycle. Fe 
(oxyhydr)oxides dominated the available Cr mobilization (76.4 %) and 
sequestration (76.6 %), primarily through reductive dissolution and 
oxidative recrystallization. Within the Fe (oxyhydr)oxide fraction, 
metastable and stable Fe phases contributed 91.6 % and 8.4 % to the 
available Cr sequestration, respectively. OM contributed 23.6 % to the 
available Cr mobilization during flooding and 23.4 % to sequestration 
during drainage. These findings provide a mechanistic framework for 
managing Cr availability in paddy soils with a high geological back
ground, emphasizing the interplay between Fe (oxyhydr)oxides and OM 
under redox oscillations.
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