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Abstract

Redox fluctuation in paddy soils could lead to the formation of reactive oxygen species (ROS) as well as
the Fe phases transformation, which would have great impacts on soil organic carbon (SOC) retention.
However, detailed knowledge on this important geochemical process is still limited. In this study, a 11-
week anoxic incubation experiment was conducted to reveal the mechanisms of ROS production by wet
chemical methods and the changes in Fe phases by °’Fe M&ssbauer spectra (MBS) in two paddy soils
(DS and XT). The results showed that significant amounts of "OH was produced with the anoxically
incubated soil slurries exposed to air oxidation. Moreover, the formation of ‘OH mainly resulted from the
oxygenation of surface-bound Fe(ll) instead of aqueous Fe(ll), and the intermediates 0, and H,0, was
confirmed to involve in the production of "OH. Due to contain more amorphous and crystalline Fe oxides,
the production of Fe(ll) and "OH in DS was larger than those in XT. An alternate increase and decrease
trend was observed for the "OH production during the redox fluctuations. The MBS results showed a
noticeable decrease in the content of crystalline goethite after 11-week anoxic incubation, but the
content of amorphous ferrihydrite in both DS and XT kept unchanged or was increased, which resulted
from the re-oxidation of Fe(ll). By intensifying the oxic condition, Fe(ll)-catalyzed transformation of
amorphous ferrihydrite to crystalline goethite was only observed in XT, an indicative of the difference in
soil mineral matrix and organic matter between the two soils. During the 11-week anoxic incubation, the
concentration of dissolved organic carbon (DOC) gradually increased to its maximum at the end of 2 w,
followed by a gradual decrease as anoxic incubation prolonged. This finding suggested the released
DOC could be re-adsorbed onto the solid phases, possibly the newly formed amorphous ferrihydrite. The
results above enhanced our understanding on the role of Fe phases in regulating the mineralization and
conservation of SOC.

Introduction

Reactive oxygen species (ROS) that included hydroxyl radicals ("OH), superoxide radicals (0,"), and
hydrogen peroxide (H,0,) have been found to widely participate in various soil biogeochemical

processes, such as mineralization of soil carbon, attenuation of environmental pollutants (Yao et al.,
2025). Recent studies have demonstrated that ROS could be produced in the dark natural redox dynamic
environments like paddy soils and riparian sediments, with the mechanisms commonly ascribed to
oxidation of the adsorbed and aqueous Fe(ll) species coming from the reduction of iron oxides to Fe(ll)
induced by the redox fluctuation (Liu et al., 2024; Yang et al., 2025). Accordingly, the formation of ROS is
largely related with the availability of reducible soil Fe phases and the amounts of reductant Fe(ll)
species (Zhao et al., 2022). It has been well recognized that the rate of this heterogeneous reduction of
Fe(lll) to Fe(ll) is largely dependent on the crystallinity of iron oxides (Huang et al., 2021), that is, less
crystalline amorphous iron oxide like ferrihydrite easily undergo reductive dissolution than those highly
crystalized forms like goethite. Thus, it is reasonable to expect that the formation of ROS would vary with
the availability of reducible Fe phases and the supply of Fe(ll). In natural soil environments, the

occurrence of phase transformation among iron oxides with different crystallinities is ubiquitous under
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the circumstance of the repeated redox fluctuations, especially in paddy soils where alternative irrigation
and drainage is a regular practice for rice production (Winkler et al., 2018). Up to date, knowledge on how
the production of ROS is regulated by the redox fluctuation induced phase transformation of soil iron
oxides was still limited.

The phase transformation of soil iron oxides driven by redox fluctuation has been well documented,
whereas at present it was still hard to reach a generalized conclusion as the crystallinity of Fe-oxide
could increase, decrease, or nearly keep unchanged (Cornell et al., 2003; Thompson et al., 2006;
Bhattacharyya et al., 2018; Winkler et al., 2018; Chen et al., 2023). A pioneering study reported that soil
redox oscillations could increase the iron-oxide crystallinity in an Inceptisol A-horizon sample in which
ferrihydrite was undetectable, with the transformation of short-range ordered (SRO) minerals like nano-
goethite to micro-crystalline goethite and micro-crystalline hematite (Thompson et al. 2006). Soils with
contrasting difference in iron oxides composition showed different trajectories of iron oxides
transformation (Winkler et al., 2018). For the soil that initially contained abundant crystalline iron oxides,
the reductive dissolution could cause the depletion of crystalline iron oxides and thus decrease the iron
oxide crystallinity. On the contrary, the preferential reduction of SRO iron phases coupled with leaching of
aqueous Fe(ll) could lead to the increase iron oxide crystallinity of the soil that was initially rich in SRO.
More specifically, a 44 days duration of redox alternations imposed to a highly weathered oxisol, which
initially contained 74.4% ferrihydrite and 17.6% goethite, could increase the content of goethite by nearly
9% (Bhattacharyya et al., 2018). Comparably, the continuous anoxic treatment for the same period could
lead to the complete consumption of goethite, whereas goethite could be enriched under the continuous
oxic treatment, with its content percentage elevated as high as 41.5%. In contrast to the previous finding
detailed above, no detectable phase transformation was found for the soils enriched with high-
crystallinity goethite even under the catalysis of surface-adsorbed Fe(ll) (Chen et al., 2023). The
contrasting discrepancy among the previous findings mainly arose from the difference in initial soil iron
phase compositions, redox dynamic frequency as well as the SOC content, which block us to elucidate
the underlying mechanisms on the regulation of the ROS production by the phase transformation of soil
iron oxides. Hence, it raises a mechanistic question whether the formation of ROS would be inhibited or
enhanced during the redox fluctuations since this kind of redox dynamic could change the content of
reducible iron phases.

Under the ambient conditions, the transformation of thermodynamically unstable ferrihydrite to more
crystalline iron oxides like goethite and hematite has been widely observed, which proceeded via two
pathways: (i) dissolution-recrystallization (also called Ostwald ripening) and (ii) catalysis of surface
adsorbed Fe(ll) (Cornell et al., 2003). As for the pathway (i), Fe(ll) was released to solution due to the
dissolution of ferrihydrite, which could eventually reprecipitate into goethite through a nucleation-crystal
growth process, with the incorporation among the monovalent forms of Fe(OH)?* at the acidic pH or
Fe(OH), at neutral and basic pH (Burleson et al., 2006). The second pathway involved the electron
transfer between the surface adsorbed Fe(ll) and structural Fe(lll), and the subsequent formation of
surface labile Fe(lll) that was the ideal seeds and key intermediates for the growth of goethite crystal
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(Sheng et al., 2020; Liu et al., 2022). However, such transformation was always observed in those pure
reaction systems, which was always limited in real soil environments. For example, the presence of OM
could completely inhibit the Fe(ll)-catalyzed transformation of ferrihydrite or facilitate the formation of
lepidocrocite instead of more crystalline goethite, which is largely dependent on the its content and type
(Chen et al., 2015; Zhou et al., 2018). It is indeed that iron hydroxides always existed with SOC as the
form of coherent mixtures in natural soils. Therefore, the contradicts among the previous studies about
the Fe phases transformation induced by redox fluctuation brought us to hypothesize that the production
of ROS might be enhanced with the re-oxidation of aqueous Fe to the reducible iron phases again.
Otherwise, it would be decreased with the increase in crystallinity of Fe phases.

Given the considerations above, two paddy soils that were different in the content of Fe phases and
content of OM were used in this study to examine the redox fluctuations induced formation of ROS, and
the emphasis was put on revealing how the production of ‘OH was regulated by the transformation
between reducible Fe phases and those less reactive. MOssbauer spectroscopy (MBS) were adopted to
decipher the changes in iron oxide species under redox fluctuations. The results herein would further
improve our understanding on the coupling of iron redox cycles and the formation of ROS under natural
conditions together with the biogeochemical cycle of associated elements like C.

Materials and methods

Chemicals and Soil Samples.

The two paddy soil samples used in this study were collected from the 0 - 20 cm surface horizon of
paddy fields in Guangdong Province, China. One sampling site (23.714297 °N, 113.264525 °E) was
located at Dushu Village, Qingcheng District, Qingyuan (DS), and the other (23.238386°N, 112.320818 °E)
was located at Xutou Village, Gaoyao District, Zhaoging (XT). The soils were air-dried and ground to pass
through 2 mm mesh-size sieve. The related physicochemical properties of the soils were analyzed
according to the published methods (Sparks, 1996), with the results presented in Table S1.

Incubation Experiments

All experiments were conducted in triplicate in the dark at room temperature. Soil reaction systems for
determination of ROS were separately prepared from those for analyzing aqueous Fe, pH, DOC and solid
Fe phases with the same methods. Initially, 5.0 g of soil (oven dry weight) was weighed into a 50 mL
plastic centrifuge tube, followed by addition of 25 mL distilled water with removal of dissolved O, by
boiling. The tubes were tightly wrapped with parafilm and then capped with airtight lids to rule out the
interference of O, from air with the establishment of anoxic incubation. The anoxic incubation lasted for
11 w, with the tubes periodically shaken by hand to mix suspensions. At the end of anoxic incubation
experiments, the tube was centrifuged, and the supernatant was collected for Fourier transform ion
cyclotron resonance mass spectrometry (FT-ICR MS) analysis. The pellets were freeze-dried, and stored
in refrigerator for MBS analysis. Moreover, to assess the Fe phases transformation under oxic condition,
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the soil slurry was anoxically incubated in tube for 4 w, which was subsequently bubbled with O, for 1 d

and exposed to air for 1 w. The soil samples used for MBS analysis were collected with the same
methods as detailed above.

Analysis Methods

Determination of "OH. At specific time intervals of anoxic incubation experiments, a tube was sacrificed
to investigate the production of ‘OH. Hydroxylation reaction between benzoic acid (BA) and "OH was
used to quantify the concentration of ‘OH by measuring the formation of p-hydroxybenzoic acid (p-HBA).
Firstly, a required volume of capturing agent BA to the suspensions by carefully penetrating the parafilm
with a fine stainless syringe needle. Subsequently, the parafilm was removed to allow the suspensions
exposed to air to initiate the production of "OH resulting from the oxygenation of Fe(ll). After exposure to
air for 8 h, 0.5 mL suspension samples were withdrawn into a 1.5 mL centrifuge tube, followed by adding
0.5 mL methyl alcohol to quench the hydroxylation reaction. The tube was centrifuged at 12 000 rpm for
5 min, and the supernatant was passed through 0.22 ym for HPLC analysis of p-HBA. The concentration
of p-HBA was measured by an Agilent 1260 Infinity Il HPLC system equipped with a ThermoFisher
Scientific reverse-phase C 18 column (150 x 4.6 mm, 5 ym, Hypersil GOLD™) and a UV-detector. The
mobile phase was a mixture of methyl alcohol and 0.1% acetic acid (30:70, v/v) at a flow rate of 1 mL
min’1, with the injection volume of 10 pL. The column temperature was controlled at 35°C, and the
detection wavelength was set at 255 nm. To find out the formation mechanism of "OH, nitro blue
tetrazolium chloride (NBT) and bovine liver catalase (CAT) were used to quench O, and H,0,,
respectively. According to the formation yield of the hydroxylation product, the ‘OH concentration was
calculated based on the p-HBA concentration with the conversion factor of 5.87.

To investigate the effect of newly formed surface Fe(lll) forms on the production of ‘OH, the soil slurry
was anoxically incubated in tube for 1 or 2 w, and then bubbled with O, for 1 d to accelerate the oxidation

of the previously produced Fe(ll) and the subsequent formation of fresh surface Fe(lll) forms.

Afterwards, the soil slurries were anoxically incubated for 1 w, and the production of ‘OH was
investigated according to the abovementioned procedures. For brief description, the incubation
experiments above were named as R1 (1 w anoxic incubation, 1 d bubbling with O, and 1 w anoxic

incubation) and R2 (2 w anoxic incubation, 1 d bubbling with O, and 1 w anoxic incubation), respectively.

Determination of Fe(ll) and H,0,. Samples for analysis of Fe(ll) and H,0, were collected from another
separate batch of reaction systems prepared with the methods identical to those for ‘'OH. When
determining Fe(ll) at each sampling, the lids of tubes were removed while the parafilm was still left to
avoid the inadvertent oxygenation by air. An appropriate volume of supernatant was sampled with a fine
stainless syringe needle by penetrating the parafilm, followed by filtration into a vial containing color-
developing reagent. The concentration of Fe(ll) was measured by the 1,10-0-phenanthroline analytical
method at 510 nm using a UV-visible spectrophotometer with the detection limit of 0.1 mg L™. As for
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determination of H,0,, 5 mL of supernatant was taken out and filtered into the sample bottle. The
concentration of H,0, was measured according to the horseradish peroxidase (POD) catalyzed oxidation
of N, N-diethyl-p-phenylenediamine (DPD) by H,0, (Hsieh et al., 2014). In brief, 2 mL phosphate buffer

(0.5 M, pH = 6.0), 50 uL of DPD solution (10 mg L") and 50 pL of POD solution (1 mg L") were
consecutively added to the sample solution, and the working was diluted to 10 mL with deionized water.
The concentration of H,0, was obtained by comparing the absorbance at 551 nm with that of standard
solutions. After completion of sampling for the determination of aqueous Fe(ll) and H,0, as described
above, an aliquot volume of trace-metal-grade HCIl was added to make the volume of suspensions back
to 25 mL with the concentration of HCI kept at 0.5 M to extract surface-bound Fe(ll). After mixing for 2 h
at 180 r min™, the tube was centrifuged at 4000 rpm for 10 min for the determination of total aqueous
Fe(ll). The surface-bound Fe(ll) was obtained by subtracting aqueous Fe(ll) from total Fe(ll).

57Fe Mossbauer Measurement. °’Fe Mossbauer spectra were recorded on a WSS-10 spectrometer
controlled by Wissoft 2003. The JANIS Cryostat SHI-850-5 was used for temperature control at 6 K in
constant acceleration mode, with a °’Co (Rh) used as the gamma energy source. MossWinn 4.0 was
used for the quantitative evaluation of the spectral parameters (least-squares fitting to Lorentzian
peaks). The minimum experimental line widths were 0.27 mm-s-1. The temperature of the samples was
controlled by a LakeShore Modle 335 within an accuracy of + 0.3 K. All center shifts (CSs) and peak
positions were calibrated relative to a-iron at 298 K.

Molecular characterization of DOC by FT ICR-MS. All samples were extracted via solid-phase extraction
(SPE) to desalinate and concentrate before FT ICR-MS analysis by use of Agilent Bond Elut® PPL
cartridges (1 g mL™). The column was activated by rinsing 6 mL of MS grade methanol prior to use. 15-
30 mL of samples that had been acidified to pH 2.0 with 32% analytical grade HCI was dropwise passed
through the column, followed by sequentially rinsing the columns with two cartridge volumes of 0.01 M
HCI and two cartridge volumes of ultra-pure water to remove residual salts. Afterwards, the column was
dried under N, air flow, and was immediately extracted with two column volumes of MS grade methanol.
The methanol eluent samples were blown dried with N,, and stored in the dark at -20 °C. An appropriate
amount of dried sample was withdrawn for FT-ICR MS analysis, which was dissolved in approximately 2
mL of 50:50 methanol/water (v/v) with the concentration of total organic carbon (TOC) maintained
below100 mg L™".

A Bruker solariX XR FT-ICR mass spectrometer (Bruker Daltonik GmbH, Bremen, Germany), equipped
with a 9.4 T refrigerated actively shielded superconducting magnet (Bruker Biospin, Wissembourg,
France) and an ESI ion source under negative ion mode (Bruker Daltonik GmbH, Bremen, Germany), was
used to perform ultrahigh resolution mass spectrometry analysis of DOC samples. For each spectrum, a
total of 128 continuous 4 M data FT-ICR transients were co-added to enhance the signal-to-noise ratio
and dynamic range, with mass range m/z 150 to 800 Da and ion accumulation time of 0.02 s. A list of
known formula mass peaks was used as external calibration of the mass spectra, with the final
spectrum internally recalibrated with typical O, class species peaks by using quadratic calibration in
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DataAnalysis 5.0 (Bruker Daltonics). A typical mass-resolving power (m/Am50%, in which Am 50% is the
magnitude of the mass spectral peak full width at half-maximum peak height) > 450 000 at m/z of 319
with < 0.3 ppm absolute mass error was achieved. Custom software was used to calculate all
mathematically possible formulas for all ions with a signal-to-noise ratio (S/N) > 4 and a mass error < 0.5

The maximum number of atoms in the formula calculator was set to 30 '2C, 60 'H, 20 160, 3 N, 1 325, 1
13¢, 1 80 and 1 34S. The identified formulas containing isotopomers (e.g., '3C, 180 and 34S) are not
discussed. For the chemical formula of C.H,0,N,S,, the double bond equivalence (DBE) is calculated
according to the following equation: DBE= 1 + (2c - h + n)/2, where ¢, h, and n are the numbers of carbon,
hydrogen, and nitrogen atoms, respectively. The details of data processing and the methods for
calculating the aromaticity index (Al) that was adopted to measure the aromaticity of each compound
have been described by previous studies (Koch & Dittmar 2006; Jiang et al., 2014). The parameters, H/C
ratio and O/C ratio, were used for constructing van Krevelen diagram.

Statistical Analysis

All experiments were conducted in triplicate, and results were expressed as the mean + standard
deviation (SD).

Results and discussion
Production of Fe(ll) and "OH during the anoxic incubation.

The Fe(ll) produced during the anoxic incubation mainly existed on the soil solid surfaces, which was
due to the relatively high pH value of reaction systems. Generally, the pH of reaction system was above
6.0 during the initial 6-w anoxic incubation period (Fig. S1), but it gradually decreased as the incubation
prolonged to 11 w. This pH condition would lead to the soil surfaces more negatively charged, and then
was favorable for the electrostatic attraction between the surface and cationic Fe(ll) (Zhu et al., 2014;
Tomaszewski et al., 2016). Therefore, the Fe(ll) produced during the anoxic incubation mainly existed as
surface-bound forms. As shown in Fig. S2, the concentration of dissolved Fe(ll) in DS could reach to
66.79 uM after anoxic incubation for 1 w, which decreased to 35.46 uM at the end of 2 w and became
undetectable thereafter. Similarly, the aqueous Fe(ll) in XT was as low as 20.06 yM at the end of 1-w
anoxic incubation and was not measured as incubation continued.

By contrast, significant amounts of surface-bound Fe(ll) that was extracted by 0.5 M HCI were detected
in the two soils during the whole anoxic incubation period, with its concentration ranging from 1.94 to
5.15g kg™ and 0.77 to 2.84 g kg" for DS and XT, respectively (Fig. 1a). Meanwhile, both the soils
displayed the same trend for the changes in the concentration of surface-bound Fe(ll) over the whole
incubation period, reaching its peak at the end of 2 w and gradually decreased as the experiments
continued. This trend suggested that the reducible Fe component was gradually consumed. Moreover,
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the production of Fe(ll) in DS was significantly higher than that in XT, which indicated the great difference
in the availability of reducible iron phases (electron acceptors), the availability of electron donors and the
activities of microbial Fe reducers between the two paddy soils.

Once the anoxic incubation systems were exposed to air-oxidation, production of ‘OH was detected
throughout the whole experiment. It was shown in Fig. 1b that the concentration of ‘OH in DS ranged
from 8.21 to 20.85 pM and from 6.54 to 11.64 uM in XT. The production of ‘OH in DS was also larger
than that in XT at most sampling times, which was similar to the trend observed for the generation of
Fe(ll) as shown in Fig. 1a. This similarity indicated that there was a close relationship between the
production of "OH and Fe(ll). More importantly, an alternate increase and decrease pattern of "OH
production was observed with the redox fluctuations instead of continuous increase or decrease, which
was an indicative of the transformation of Fe phases caused by the redox fluctuations, specifically the
oscillation in the content of reducible Fe phases. During anoxic periods, the adsorption of the aqueous
Fe(ll) ions to Fe mineral surfaces has been shown to accelerate the transformation of ferrihydrite to well-
ordered Fe phases like goethite that are less chemically reactive and bioavailable than ferrihydrite
(Hansel et al., 2003; Chen et al., 2018). Therefore, the original reducible Fe phases like ferrihydrite were
consumed with the rapid generation of Fe(ll), which could lead to the continuous increase in the
production of "OH during the initial stage of anoxic incubation (Fig. 1b). With the depletion of original
reducible Fe phases as well as the transformation of ferrihydrite to well-ordered Fe phases like goethite,
the re-supply of reducible Fe phases was limited, which thus constrained the generation of Fe(ll) and the

subsequent production of "OH.

To further explore the transformation of Fe phases on the production of ‘OH, the soils were further
treated with two different intensities of redox fluctuation cycles (R1 and R2). During the 1 or 2 w anoxic
incubation, the reducible Fe phases was rapidly consumed with the release of Fe(ll) (Fig. 1a). When
exposing to the bubbled 0,, oxidation of those produced Fe(ll) together with the transformation of Fe
phases occurred, which thus impacts the production of ‘OH. It was shown in Fig. S3 that significant
production of Fe(ll) and "OH was still detected at the end of each examined redox fluctuation cycle.
However, the production of both Fe(ll) and 'OH at the end of R1 was more than those measured for R2
for both DS and XT. Clearly, this result indicated crystallinity of Fe oxides was more increased during
redox fluctuation cycle R2, with the decrease in the content of reducible Fe phases. Therefore, the

decrease in the production of ‘OH as shown in Fig. S3 was detected. Redox fluctuations or continuous
oxic incubation has been confirmed to increase the crystallinity of soi Fe oxides (Chen et al., 2018).

In order to reveal the pathways of ‘OH production, chemical analysis and quenching experiments were
performed to probe the generation of intermediates like O, and H,0,. Collectively, there were four

successive steps likely involved in the pathways for the production of ‘OH. Under anoxic conditions, the
soil surface-bound Fe(lll) was abiotically or biotically reduced to Fe(ll). When shifted to aerobic

conditions, surface-bound Fe(ll) reacted with O, to form 0,", followed by the subsequent formation of
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H,0, resulting from the reaction between the additional surface-bound Fe(ll) and O,". Finally, the
reaction between additional surface-bound Fe(ll) and H,0, led to the formation of ‘OH. The pathways for

the production of "OH could be expressed as the equations below.

Surface-bound Fe(lll) + e + H" — Surface-bound Fe(ll) + H,0 (1)
Surface-bound Fe(ll) + O, — Surface-bound Fe(lll) + 0, (2)
Surface-bound Fe(ll) + 0,” + 2H* — Surface-bound Fe(lll) + H,0, (3)

Surface-bound Fe(ll) + H,0, — Surface-bound Fe(lll) + 'OH + OH" (4)

A reaction system that experienced anoxic incubation for 5 w was selected as an example to probe the
generation of intermediates above. Quenching experiment was performed to confirm the participation of

H,0, and 0, in the production of "OH. With the addition of CAT (960 U mL"), the typical scavenger of
H,0,, the production of "OH in DS and XT was decreased by 18.3% and 17.5%, respectively (Fig. 2a).
Similarly, the addition of 1.0 mM NBT, the quencher of O,™, could decrease the production of ‘OH by
17.5% and 15.7%, respectively.

Additionally, the existence of O, was also verified by use of the formation of XTT formazan from XTT.
As shown in Fig. 2b, the formation of XTT formazan was observed as a characteristic UV absorption
peak at 475 nm was detected, which was consistent with that reported in previous studies.* Moreover,
H,0, could be directly detected in the aqueous phases of DS at the end of each redox fluctuation
treatment during first two weeks with its concentration ranging from 66.25 to 80.83 uM (Fig. S2), which
was in contrast to the fact that H,0, could only be measured in the XT solutions at the end of the first
week with its concentration of 47.50 uM. This phenomenon was in agreement with that observed for the
dissolved Fe(ll) (Fig. 1a), indicating that the production of ‘OH partly occurred in aqueous phases of DS
but mainly came from the soil solid-liquid interface as the experiments prolonged.

Transformation of soil Fe phases.

Mossbauer spectroscopy (MBS) was used to analyze the changes in Fe solid phases with data modeling
at 6 K. The fitting results with the Fe solid phases assignment were given in Table S2, where averaged
values for center shift (CS), quadrupole splitting (QS) and hyperfine magnetic field (H) are reported. The
MBS collected at 6 K from the original and the treated soils commonly showed a typical doublet (D1)
(Fig. 3), with the fitting parameters in agreement with those of solid-associated Fe(ll) (Q-Fe(ll)) existing
in primary/secondary minerals or as the silicate-associated or adsorbed forms (Mikutta et al., 2024).
Generally, Q-Fe(Il) doublet is a minor component of the spectra of all the original and treated soil
samples. As shown in Table S2, Q-Fe(ll) only accounted for 6.36% of spectral area of the original DS,
7.66% after 11 w anoxic incubation, and 9.47% after 4 w anoxic -1 w oxic incubation. For the original XT,
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the percentage of spectral area represented by Q-Fe(ll) was 11.10%, which was 16.04% after the soil
sample treated with 11-w anoxic incubation and 11.66% after 4-w anoxic -1-w oxic incubation. This slight
increase in the content of Q-Fe(ll) component mainly resulted from the accumulation of Fe(ll) produced
during the reductive dissolution of Fe (oxy)oxides onto the soil surfaces.

Since Fe atoms in monomeric Fe(lll)-organic complexes and Fe(lll)-silicates (Q-Fe(lll)) were too distant
from each other to order magnetically, another doublet (D2) was also observed for all the examined soil
samples (Fig. 3), which was the characteristic MBS of Fe(lll) in these components. For all the samples,
the MBS CS values of these components at 5 K ranged from 0.40 - 0.49 mm s, but the quadrupole
splitting (QS) values that were more variable (0.66-0.87 mm s™). It was reported that Fe(lll)-substituted
phyllosilicate minerals commonly yield QS values in this range, with a QS value of 0.5 mm s™ for Fe-
substituted kaolinite and QS values of ~0.8 mm s for 2:1 layer clays yielding or higher for Fe-poor 2:1
minerals (Murad & Wagner, 1994; Murad, 1998). It was worthwhile to note that organic-complexed Fe(lll)
can also yield doublets with parameters similar to those Fe(lll) in silicates. Therefore, it is difficult to use
MBS to distinguish organic-complexed Fe(lll) from Fe(lll) in silicates. As shown in Table S2, the content
of Q-Fe(lll) in the original DS was 20.7%, which was slightly increased to 25.8% after 11 w anoxic
incubation (24.3% relative change) and to 23.05% after 4 w anoxic - 1 w oxic incubation (11.3% relative
change). Since the Fe(lll)-substitution in phyllosilicate minerals was unlikely to occur under the present
reaction systems, the increase in the content of Q-Fe(lll) could be attributed to the newly released Fe(lll)
during the reductive dissolution binding to the surface organic substances. Relatively, a reverse trend
was observed for change in the content of Q-Fe(lll) in XT as the content of this component decreased
from 32.4% to 24.49% after 11-w anoxic incubation (-24.4% relative change) and to 27.15% after 4-w
anoxic and 1-w oxic incubation (-16.2% relative change). The contrasting changes in the content of both
Q-Fe(lll) and Q-Fe(ll) between DS and XT were determined by different physicochemical factors included
in the two soil reaction systems like content of SOC, rate of Fe(ll)-catalyzed ferrihydrite transformation
and effect of mineral matrix templating (Zhou et al., 2018; Liu et al., 2025), which also controlled the
changes for the contents of Fe(lll)-(oxy)hydroxides (Fe(lll)-OxHy) and Fe(lll) oxides (Fe(lll)-Ox) as
addressed below.

In addition to doublet, two broadened sextets appeared in the MBS of all the soil samples at 6 K (Fig. 3).
As given in Table S2, the sextet with a small hyperfine field (~ 45 T) was assigned to the component of
poorly crystallized Fe(Ill)- OxHy like amorphous ferrihydrite, and the sextet with a large hyperfine field (~
49 T) corresponded to the fraction of well crystallized Fe(ll1)-Ox like goethite. The identification of solid
Fe phases with sextets in this study was in agreement with that reported by previous studies (Thompson
et al., 2011; Giannetta et al., 2022). For DS, it originally contained 19.44% of Fe(lll)-OxHy, and no change
was found for the content of this component after either 11-w anoxic incubation or 4-w anoxic — 1-w oxic
incubation. In contrast, the content of Fe(lll)-Ox was decreased from 53.49% to 47.22% after 11-w anoxic
incubation (11.7% relative change) and to 47.87% after 4-w anoxic — 1-w oxic incubation (10.5% relative
change) (Table S2 and Fig. 4a). The preferential ligand/reductive-promoted dissolution of ferrihydrite
over more crystalline Fe oxides has been widely acknowledged (Huang et al., 2021). From the
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perspective of mass balance of Fe(lll), the reason for no change in the content of Fe(lll)- OxHy could be
tentatively attributed to the re-precipitation of aqueous Fe(lll) to ferrihydrite on the soil surfaces, which
thus replenished the loss of initial Fe(lll)-OxHy during the initial reductive dissolution stage. Compared to
DS, significant changes were found for the content of Fe(lll)-OxHy and Fe(lll)-Ox in XT after the same
treatments. As shown in Table S2 and Fig. 4b, 11-w anoxic incubation resulted in a large increase in the
percentage of Fe(lll)-OxHy from 16.46% to 41.07%, which coincided with a decrease in the content of
Fe(lll)-Ox from 40.03% to 18.4%. Once again, this result confirmed the occurrence of the re-precipitation
of aqueous Fe(lll) to ferrihydrite on the soil surfaces as stated for the DS reaction systems above. The
extremely limited supply of dissolved O, in this treatment significantly blocked the Fe(ll)-catalyzed
transformation of ferrihydrite to goethite (Hansel et al., 2003). In contrast, 4-w anoxic — 1-w oxic
incubation led to a large decrease of the content of Fe(lll)-OxHy from 16.46% to 8.25% and a remarkable
increase of the content of Fe(lll)-Ox from 40.03% to 52.95% (Table S2 and Fig. 4b). It was evident that
the supply of dissolved O, in this treatment promoted the Fe(ll)-catalyzed transformation of ferrihydrite
to goethite (Chen et al., 2018). Since the mineral matrix as well as the content and type of SOC had
critical impact on this process (Zhou et al., 2018; Liu et al., 2025), no occurrence of Fe(ll)-catalyzed
transformation of ferrihydrite to goethite in DS was indicative of the difference in physicochemical
properties between the two soils (Table S1). Soil SOC has been demonstrated to hinder the electron
exchange between adsorbed Fe(ll) and Fe(lll) in minerals and then decrease the extent of Fe minerals
transformation in soils (Chen et al., 2023).

Release of SOC during anoxic incubation

The concentration of DOC during the 11-w anoxic incubation was also simultaneously monitored with its
molecular composition analyzed by FT-ICR MS. As shown in Fig. 5, both DS and XT exhibited the same
trend for the changes in the concentration of DOC, which reached its maximum at the end of 2 w (21.02
mg L for DS) or 3 w (20.6 mg L™ for XT) and then gradually decreased across the following period. This
trend could indicate a close association between the release of SOC and the reductive dissolution of Fe
phases, and, more importantly, a mineral-associated SOC protection mechanism in paddy soils (Chen et
al., 2014; Huang et al., 2017). In this mechanism, the reductive dissolution of Fe phases could lead to the
release of SOC into aqueous solution during the initial stage. However, SOC would be bound by the soil
surfaces again during the following stage due to the formation of co-precipitates between Fe(ll/111)
cations and DOC as well as the re-adsorption of DOC onto the newly formed iron (hydro)oxides. As
confirmed by our MBS results (Fig. 4b), amorphous ferrihydrite was regenerated, which possesses a
large surface area and a high affinity for SOC (Huang et al., 2017).

The molecular compositions of DOC were further analyzed by use of FT-ICR MS. As illustrated in Table
S3, three classes of CHO, N-containing (including CHON and CHONS), and CHOS formulas typically
represented the highest abundance fraction in all DOC molecules, with 77.89% for DS and 74.39% for XT.
According to the ratio of H/C and O/C of each molecular formula, DOC molecules are classified into
seven categories that included lipids (O/C = 0~0.3; H/C 1.5~2), proteins (O/C: 0.3~0.67; H/C 1.5~2.2),
carbohydrates (O/C: 0.67~1.2; H/C 1.5~2.4), unsaturated hydrocarbon (0/C: 0~0.1; H/C 0.5~1.5), lignin-
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like (0/C: 0.1~0.67; H/C 0.7~1.5), tannins (O/C: 0.67~1.2; H/C 0.5~1.5), and condensed aromatics (0/C:
0~0.67; H/C 0.2~0.7) (Table 1). The distribution of DOC molecular compositions was visualized with van
Krevelen (Fig. 6). For both DS and XT, lignin-like, tannins, and condensed aromatics accounted for more
than 80% of the composition of DOC, which were believed to be resistant to microbial decomposition.
Additionally, the reductive capacity of DOC in DS was higher than that of XT as it owned more negative
NOSC value and higher DBE-O value (Table S3).
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Tables

Table 1 Relative abundance (%) of the major biochemical classes of assigned formulas in DOC of soils at
the end of 11 w anoxic incubation.

Soil Lipids Proteins Carbohydrates Unsaturated Lignin-  Tannins  Condensed
hydrocarbon like aromatics
DS 5126 13.91 1.98 0.20 7512 3.35 2.76
XT 395 9.85 0.46 0.06 79.14 3.94 4.77
Figures
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Figure 1

Redox fluctuation induced production of surface-bound Fe(ll) (a) and "OH (b) during 11 w anoxic
incubation.
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(a) Effect of scavengers, CAT (960 U mI") and NBT (1.0 mM), on the production of ‘OH in the DS and XT
systems, (b) UV-vis absorption spectrum of XTT formazan, indication the formation of O,", formed
during the oxidation of Fe(ll) in the DS and XT systems.
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Fitted results for the abundance of iron phase components derived from the 6-k °/Fe Mdssbauer
spectra. Q-Fe(ll) = silicate bound Fe(ll), Q-Fe(lll) = organic/silicate bound Fe(lll), Fe(lll)-OxHy = Fe(lll)-
(oxy)hydroxides, Fe(lll)-Ox = Fe(lll)-oxides.
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MBS results of DS (a) and XT (b) for the content percentage of iron phase components derived from the

6-k °’Fe Mossbauer spectra. Q-Fe(ll) = silicate bound Fe(ll), Q-Fe(lll) = organic/silicate bound Fe(lll),
Fe(Il1)-OxHy = Fe(lll)-(oxy)hydroxides, Fe(Ill)-Ox = Fe(lll)-oxides.
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Release of SOC during the 11 w anoxic incubation.
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Figure 6

van Krevelen diagrams of assigned formulas of FT ICR-MS data in DOC of soils after 11 w anoxic

incubation. (a) DS, (b) XT.
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