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Fenton-type reactions without light (Dark-Fenton) in some forest soils generate hydroxyl radicals (¢OH) from
ferrous iron [Fe(II)] and dissolved organic carbon (DOC) under fluctuating anoxic-oxic conditions. We hy-
pothesized that Fe(Il) concentrated in micropores (<10 pm) raises radical production in soil, exceeding electron
donation solely by DOC, and that radical-mediated abiotic oxidation releases CO2. Four undisturbed humid forest
soils, ranging from sandy loam to silty clay loam with contrasting parent materials, were incubated anoxically
(~14 days) and then exposed to oxygen for 24 h in the dark. We introduced hydrogen peroxide (5-300 pM), and
the 5'3C signature confirmed that the CO, originated from DOC rather than from bulk soil organic matter (SOM).
Soils with higher Fe(II) (~35 pM) in clay-rich or metamorphic parent materials produced up to ~25 nM eOH in
24 h and released ~20-25 % additional CO; upon short-term re-oxygenation. Volcanic soils with ~15 pM Fe(II)
generated fewer radicals (~5-10 nM) and only 5-10 % extra CO3. Micropores concentrated Fe(Il), intensifying
oOH formation and drove an abiotic CO5 flux that reached 25 % of total soil respiration. We condensed this effect
into a single coefficient, ready for implementation in soil carbon models. Concluding, short redox pulses can
oxidize 5-20 % of DOC via hydroxyl radicals produced by Fe(II) oxidation, adding a non-microbial (abiotic) flux
to the total CO, released from soil. These results revise the common view that soil CO, originates exclusively
from microbial and root respiration by revealing a sizeable abiotic contribution under fluctuating redox
conditions.

1. Introduction (COy) in addition to microbial respiration (Hall and Silver, 2015; Yu and

Kuzyakov, 2021). One such mechanism involves dark Fenton-type pro-

Soils in humid forests worldwide often remain near water saturation
for extended periods due to high precipitation and low water perme-
ability, generating microenvironments with alternating anoxic and oxic
conditions (Totsche et al., 2018; Wilhelm et al., 2022). When oxygen
(O3) penetrates these anoxic microsites, iron (Fe) and dissolved organic
carbon (DOC) can undergo redox reactions that release carbon dioxide

cesses, where ferrous iron [Fe(II)] reacts with Oy to form hydrogen
peroxide (H203), which then generates hydroxyl radicals (¢OH). These
radicals can oxidize organic substrates under light-independent condi-
tions (Wang et al., 2022; Xiao et al., 2024). The simplified steps are:

Fe(Il) + O, — H, O, + Fe(IIl) 1
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H, O, +Fe(Il) > -OH -+ OH™ + Fe(III) 2

-OH + DOC — CO; + other oxidation products 3

Studies in aquatic and wetland environments show that aromatic
domains and reduced functional groups in DOC facilitate electron
transfer to Oo, fueling HoO» production (Page et al., 2013b; Ayeni et al.,
2022). In other soils, changes in biodiversity and iron mobilization can
also shift HoO5 content (Yu et al., 2019). Residual Fe(II) then drives the
second reaction, forming eOH that rapidly oxidizes DOC or other
organic matter pools (Hu et al., 2023; Wen et al., 2023). These processes
have been recognized in water-saturated sediments (Zhao et al., 2021),
but their magnitude and controlling micro-scale drivers in upland soils
that experience frequent redox oscillations remain poorly understood
(Wilmoth, 2021).

Soil texture strongly influences the pore-size distribution as well as
water flow and saturation (Dorner et al., 2015, 2016; Dec et al., 2017).
Sandy soils contain large macropores with rapid drainage yet low
water-holding capacity, whereas clayey soils are dominated by micro-
pores that retain water longer. Sub-10 pm micropores in humid forest
soils often remain water-filled, concentrating Fe(II) and DOC in the
absence of O until intermittent aeration introduces O, (Keiluweit et al.,
2017; Totsche et al., 2018). This cycle can occur over hours or days,
leading to repeated radical formation events.

Although microbial respiration has historically been viewed as the
dominant CO5 source in soils, recent work suggests that dark Fenton-
type reactions can oxidize a noticeable fraction of DOC in soils with
high Fe content (Matus et al., 2019; Merino et al., 2020a, 2020b).
Texture also modulates belowground carbon (C) pools and nutrient
availability in highly weathered forests, highlighting the role of micro-
pores in C and Fe cycling (Silver et al., 2000; Barcellos et al., 2018; Lin
etal., 2022). However, no study has yet quantified how pore-scale Fe(II)
distributions measured by X-ray pCT translate into hydroxyl radical
yields and abiotic CO» fluxes during natural redox pulses. The fraction of
total COy derived from dark Fenton-type oxidation at field-relevant
timescales, however, remains a knowledge gap (Xiao et al., 2024; Bar-
cellos et al., 2025).

These uncertainties include whether the oxidized C originates solely
from DOC or includes bulk soil organic matter (SOM). Experiments with
isotope labeling enable differentiating carbon sources in-situ (Whalen
et al., 2022). These dark Fenton-type pathways may represent an un-
accounted mechanism of soil C loss, especially under changing rainfall
patterns or temperature regimes that boost redox oscillations (Liu et al.,
2023b; Wang et al., 2024).

Herein, we integrated three advances to address this gap. First, X-ray
pUCT was used to quantify the aggregated microporosity and Fe(II)
enrichment. Second, high-resolution probes track Fe(II), HyO, and «OH
during anoxic—oxic shifts. Third, natural-abundance §!°C traces the
emitted CO2 in intact forest soil cores. We hypothesize that Fe(II) pooled
in <10 pm pores drives eOH bursts after O pulses, adding >5 % abiotic
CO;, to the total flux. We further derived a scaling coefficient so that
process-based soil-C models can incorporate this abiotic term. The study
aims to (i) quantify the eOH production from Fe(II) and DOC under
anoxic—oxic transitions and (ii) determine the share of DOC oxidation
that contributes to non-microbial CO5 release in humid forest soils. By
resolving pore-scale controls and providing a model-ready coefficient,
we refined the current concepts of soil respiration and C-cycle feedback
in landscapes with fluctuating redox regimes.

2. Methodology
2.1. Study sites, soil sampling and characterization analyses
Four soils were selected from humid forests in south-central Chile,

where human disturbance is minimal. Their textures (sandy loam to clay
loam) coincide with distinct parent materials: volcanic ash in sandy soils
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(SL, SCL) vs. granite/metamorphic rocks in finer soils (SiCL, CL), making
it difficult to separate the effects of texture from those of lithology
(Table 1). The 0-5 cm organic horizon was removed at each site, and
samples were collected from the Ah mineral horizon (5-15 cm). The soil
material was placed in sterile bags, transported, and stored at ~5 °C
until analysis.

Soil texture was determined using the hydrometer method after
organic matter (OM) was destroyed by treatment with HyOy (Dorner
et al., 2015). Cation exchange capacity (CEC) was calculated from the
total exchangeable bases (Mg, Ca, K, Na), extracted with 1 mol Lt
NH4OAc at pH 7.0, and analyzed using flame atomic absorption spec-
trophotometry. Soil pH was measured in suspensions with deionized
water at a 1:2.5 (w/v) ratio (Palma et al., 2016). Total Fe content was
determined by acid digestion and analyzed by atomic absorption spec-
troscopy (Moursy et al., 2020).

The stable carbon isotopic composition (5'3C) of DOC and bulk soil
organic carbon (SOC) was measured by isotope ratio mass spectrometry
(IRMS; Thermo Fisher Scientific, Bremen, Germany). DOC was extracted
from fresh soil with ultrapure water (1:10, w/v), filtered (0.2 pm), and
freeze-dried prior to analysis. SOC content was measured after oven-
drying at 105 °C and finely grinding a separate soil subsample. Both
DOC and SOC samples were combusted in an elemental analyzer (Flash
EA1112) interfaced to the IRMS (Delta plus XP IRMS). Analytical pre-
cision was +0.12 %o (n = 20 standards), and duplicate soil subsamples
diverged by < 0.18 %o.

2.2. Micro-CT scanning and pore-size mapping

Blocks of soil (~0.45 m x 0.22 m) were air-dried and broken into
smaller pieces (~5 mm aggregates). For each soil type, 4-6 replicates
were scanned with a SkyScan 1273 X-ray microtomograph (Bruker,
Kontich, Belgium) at 100 kV, using an Al + Cu filter to harden the beam.
The voxel size was ~9 pm, capturing pore diameters from ~2.5 pm to
10 pm. Approximately 940 projections were acquired in 0.2° increments
(0-180°), with a total scan time of ~2 h per image. Pre-test scans (n = 3
per soil) comparing intact, water-saturated cores with gently air-dried
aggregates at the same voxel size showed a porosity difference of 1.8
+ 0.7 % (p = 0.34). NRecon® (Bruker) generated three-dimensional
volumes for each replicate.

Pore spaces were identified by applying intensity thresholds,
focusing on microzones <10 pm where anoxia may develop (Keiluweit
et al., 2018; Totsche et al., 2018). A 2D slice of each volume was
exported as a voxel-intensity matrix. In R, intensities were converted
into approximate pore diameters (pm) and visualized with a color scale
from 2.5 to 10.0 pm (red for larger pores, blue for smaller). The resulting
microporosity (<10 pm) was expressed as a volume-weighted fraction
(%) and later used to normalize Fe(II) stocks in each soil.

2.3. Extraction and characterization of dissolved organic carbon (DOC)

A soil subsample was mixed with ultrapure water (1:10 w/v) for 24 h
in the dark. The suspension was filtered at 0.2 pm to obtain water-
extractable organic matter (WEOM) (Merino et al., 2017). DOC was
measured with a total organic carbon (TOC) analyzer (TOC-L CPH,
Shimadzu, Japan). A UV-3600 dual-beam spectrophotometer (Shi-
madzu, Japan) scanned each WEOM sample from 200 to 700 nm. The
absorbance at 254 nm was normalized by the DOC concentration to
calculate the specific UV absorbance (SUVAgys4, L mg‘1 m™Y), an indi-
cator of aromaticity. Fluorescence excitation—emission matrices (EEMs)
were collected on a spectrofluorometer (F4600 Hitachi), forming a
three-way array (sample x emission x excitation) for parallel factor
analysis (PARAFAC) in MATLAB with the drEEM toolbox (Murphy et al.,
2013).



C. Merino et al.

Table 1
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Soil characteristics of the Ah horizons (5-15 cm) at Nahuelbuta National Park (NNP) (37°47'S, 72°12'W), Conguillio National Park (CONP) (38°40'S, 71°39'W), Alerce
Costero National Park (ACNP) (40°22'S 73°38'W), and Puyehue National Park (PNP) (40°47 S, 72°12 W) (Merino et al., 2021).

Site Soil Order and origin® Texture” Elevation MAT® MAP! pH Fe total CEC® 5'%C (DOC) 5'3C (sOC)
ma.s.l. °C mm gkg! cmol(; kg™ (%o0)

NNP Inceptisol (granitoid) SiCL 1.379 13.3 >1.500 3.6 10.4 11.8 —28.0 £ 0.2 -27.2+0.2

CONP Andisol (volcanic ash) SL 1.400 10.5 >2.500 5.5 8.6 6.3 —27.4+0.3 —26.5+0.2

ACNP Ultisol (methamorphic) CL 1.048 9.5 >4.000 4.5 11.8 19.7 —28.3+0.1 —-27.44+0.3

PNP Andisol (volcanic ash) SCL 920 9.2 >5.000 5.1 8.4 5.3 —-28.1 +£0.2 —-27.3+0.1

 Soil Survey Staff (2014).

b Texture: SiCL = Silty clay loam; SL = Sandy loam; CL = Clay loam; SCL = Sandy clay loam.

¢ MAT: Mean annual temperature.
4 MAP: Mean annual precipitation.
¢ Cation exchange capacity.

2.4. Anoxic incubation and controlled re-oxygenation

Ten grams of fresh soil was incubated in gas-tight vials and purged
with high-purity N3 (99.9 %) for 7-14 days at room temperature in the
dark. This step allowed accumulation of Fe(II) and reduced DOC (Hall
and Silver, 2015). Incubations were performed in quadruplicate (n = 4)
for each soil x treatment. Air (21 % O,) was then introduced in a
controlled manner. Redox potential (Eh) was tracked by microelec-
trodes, and dissolved O, was measured with optical sensors (PreSens
OXY-1). To test ecological relevance, we applied a four-level HyO4
dose-response scheme (5, 30, 100, and 300 pM). The 5 pM level matches
hotspot maxima reported for humid forest porewater, whereas 30-300
pM accelerate kinetics and allow a rate constant to be extrapolated to 1
pM (see dose-response results).

2.5. Soil porewater collection (rhizon)

Rhizon samplers (0.15 pm pore size, 5 cm porous length; Rhizo-
sphere Research Products, The Netherlands) were inserted vertically
into the 0-10 cm layer of saturated soil. A high vacuum (—1000 kPa)
was applied with a sealed pump system connected to 12 mL vials,
ensuring extraction from micropores under minimal aeration. This
tension exceeded gravitational drainage, targeting anoxic microzones.
Nine replicates were collected per site. Each porewater sample was
weighed to determine volume, then subdivided: 2 mL were used
immediately for pH measurement (glass electrode), and the remainder
was acidified to pH < 2 (final HCl ~1 %, v/v) to prevent iron precipi-
tation or speciation changes. Samples were sealed to exclude oxygen and
transported at ~5 °C for chemical analysis (Seeberg-Elverfeldt et al.,
2005; Gao et al., 2024).

2.6. Fe(ID), total Fe, and electron-donating capacity (EDC)

Fe(II) was extracted by shaking 0.1 g soil with 0.5 M HCI. A 100 pL
aliquot of the extract was mixed with ferrozine reagent (6.5 M ammo-
nium acetate plus 1 g ferrozine) and measured at 562 nm (Stookey,
1970). To determine total Fe, 100 mg soil was treated with 0.9 mL of
0.28 M hydroxylamine hydrochloride (2 %) and 1 mL of 0.28 M HCl. The
difference between total Fe and Fe(Il) gave Fe(Ill). Standards were
prepared with ferrous ethylenediammonium sulfate in 0.5 M HCI
(Merino et al., 2020b). Filtered (0.2 pm) porewater was analyzed with
an electrochemical workstation (CHI660E, Shanghai, China) equipped
with a three-electrode cell (Ag/AgCl reference, Pt counter, glassy C
working). A phosphate buffer (0.2 M, pH 7.0) and KCl (0.2 M) served as
the electrolyte. After Ny purging (~5 min), 1 mL of oxidant (ABTS) was
added, followed by 1 mL of sample (Page et al., 2013a). The integrated
oxidation current (A, in coulombs) was converted to EDC (mol e g’1
C) using:

Ap

EDC:NA x e x MC

where NA is Avogadro’s constant (6.02 x 1072 mol_l), e is the electron
charge (1.6 x 1071 C), and MC is the mass of C in the reaction (5 x
107° g). Procedural blanks (n = 5) remained below the detection limit
(0.02 mmol e~ g’1 C), and spike-recovery tests with Fe(II) standards
(5-50 pM) yielded 97 + 4 % recovery. This value reflects the electron
donation from Fe(II) and redox-active DOM.

2.7. Hydrogen peroxide (H202) and hydroxyl radicals (¢OH)

Hy0, was measured by iodometric titration (Velikova et al., 2000).
eOH was detected with terephthalic acid (TPA), which forms a fluo-
rescent product (hydroxy-terephthalate) upon oxidation (Kliipfel et al.,
2014). After 24 h of dark incubation, the reaction mixture was filtered
(0.22 pm) and measured fluorescence (A_ex = 310 nm, A_em = 425 nm).
Calibration with external 2-hydroxyterephthalate standards yielded a
detection limit of 0.8 nM eOH; replicate precision was +0.3 nM (n = 6).

2.8. Abiotic COz production from DOC

Anoxic porewater was split into two microbial-inhibition treatments:
(i) filter sterilization (0.2 pm) and (ii) addition of 0.1 % NaNs. A 48 h
pre-test confirmed that NaN3 (0.1 %) suppressed microbial respiration
by 96 + 3 % while leaving H>02 decay unchanged. Each treated sample
(15 mL) was placed in a sterile 20 mL serum vial, leaving ~5 mL
headspace. The headspace was purged with high-purity N2 (99.9 %),
then the vial was sealed with a butyl stopper and crimp-capped. H20>
(5-300 pM) was injected through the stopper. Samples were incubated
for 24 h at room temperature in the dark. Controls without HyO» eval-
uated baseline CO; release, and additional unsterilized vials served as
biotic controls. After incubation, a gas-tight syringe sampled the head-
space for COy quantification on a gas chromatograph (Thermo Fisher
Scientific™, Austin, TX, USA). The difference in CO, between H50--
treated and control vials indicated abiotic DOC oxidation (Liu et al.,
2019; Jofré-Fernandez et al., 2023). The origin of the CO, was traced
using the natural 8'3C difference between DOC and bulk SOM, measured
by isotope ratio mass spectrometer (IRMS) (Thermo Fisher Scientific,
Bremen, Germany) (Page et al., 2013b). For each Hy,O5 concentration,
the first-order rate constant for CO5 accumulation was estimated, and
plotting these constants against the initial [HoO5] enabled interpolation
to 1 uM.

2.9. Statistical analyses

A one-way ANOVA followed by Tukey’s post hoc test (p < 0.05)
compared CO; production across soil types and HoO5 concentrations. A
Shapiro-Wilk test verified normal data distribution, and Levene’s test
checked homoscedasticity. Linear regressions were fitted to examine
relationships among Fe(II), EDC, Hy02, ¢OH, and CO,. To test whether
the dose-response slope (rate constant vs. [Hy05]) differed among soils,
we applied extra-sum-of-squares F-tests (p < 0.05). An ANCOVA
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assessed whether slopes differed among soils in each relationship (p <
0.05). All calculations were performed in RStudio (version 4.3.1).

3. Results
3.1. Pore-size distribution

All four soils are dominated by micropores ranging from 2.5 to 10
pm. Sandy clay loam (SCL) contains more patches near ~8-10 pm, while
silty clay loam (SiCL) shows fewer pores above ~7 pm (Fig. 1A). The
density plot indicates that SCL distribution extends further toward ~9
pm, whereas SiCL curve peaks around 4-5 pm and declines more sharply
beyond 7 pm. Approximately 15 % of SCL pores exceed 7 pm, compared
with under 5 % in SiCL (Fig. 1B). Across soils, the volume-weighted
fraction of pores <10 pm ranged from 22 + 2 % (SiCL) to 37 + 3 %
(SCL) and correlated with both initial Fe(II) stocks (R% = 0.82,p < 0.01)
and the eOH formed during re-oxygenation (R? = 0.79, p < 0.01; see
Supplementary Table S1).

3.2. Initial conditions of soil porewater

SCL contained the highest DOC concentration (~6 mg L~1) and Fe(ID)
(~35 pM), while SiCL had the lowest (~3.5 mg L™! and ~15 pM,
respectively). pH ranged from ~3.7 to ~5.3, with electron-donating
capacity (EDC) at 0.18-0.33 pmol e~ L H50, and e¢OH were also
higher in SCL, whereas SiCL had the lowest values for both. CL and SL
presented intermediate values across these parameters (Table 2).

3.3. Redox changes and formation of reactive species

Under re-oxygenation, soils with elevated Fe(II) (e.g., SCL) showed a
sharper Fe(II) drop (from ~35 to <10 pM) and a stronger rise in Eh
(from ~200 to ~320 mV) (Fig. 2A and B). Dissolved oxygen in these
soils increased by ~20-25 uM, whereas soils with lower or moderate Fe
(I) (SiCL, CL, SL) reached ~15-20 pM (Fig. 2C). Hydrogen peroxide
peaked at ~2-3 pM in SCL but remained around 0.2-1 pM elsewhere
(Fig. 2D). Hydroxyl radicals likewise approached ~20-25 nM in soils
with abundant Fe(II) and remained near 10-12 nM where Fe(II) was
lower (Fig. 2E).
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3.4. Abiotic COy production

After 24 h with 100 pM H50,, SCL displayed a ~20 % increase in
COq, CL reached ~15 %, SL ~10 %, and SiCL ~5 % (Fig. 3). These in-
crements represent net abiotic CO, formed beyond the baseline (i.e.,
vials without H205). The 5'3C of this extra CO3 (—26.7 + 0.12 %o in SCL)
differed from the bulk SOC end-member (—27.2 + 0.18 %o) by 2.9-4.1 o,
confirming a DOC origin within the analytical uncertainty (t-test, p <
0.01).

3.5. H30; dose-response and isotopic measurements

At 100 pM H503, soils with higher Fe(II) (e.g., SCL or CL) showed net
CO4 increments of up to ~20 %, whereas those with lower Fe(II) (e.g., SL
or SiCL) reached only ~10 % or less (Fig. 4A). At 300 pM H02, SCL
approached ~25 %, while SiCL remained <5 % (Fig. 4B). The 8'3C of the
released CO, ranged from ~—26.7 %o (SCL) to ~ —24.4 %o (SL),
matching the labeled DOC source (Fig. 4C). The first-order rate con-
stants for abiotic CO2 accumulation (Kapiotic) increased linearly with the
initial H,O5 concentration (R? = 0.94) (Table S2). The pooled slope was
1.7 x 1073 h! prl +0.2x 1073 (95 % CI), and the intercept 2.1 x
10~3h~L. Extrapolation to 1 pM H,0, predicts an abiotic contribution of
1-2 % of the total soil COs, consistent with field hotspot estimates. Extra
sum-of-squares F-tests showed no slope differences among soils (p =
0.31).

3.6. Relationships among ¢OH, EDC, Fe(I), and CO,

Hydroxyl-radical formation (AeOH, net change from initial to final)
correlated linearly with ACO, (net CO5 release) in each soil (Fig. 5A).
SCL had a steeper slope than the other soils (~5 nM increase in ¢OH per
unit of COs rise). Electron-donating capacity (AEDC) also aligned with
ACO,, indicating stronger electron transfer in SCL than in SiCL (Fig. 5B).
Changes in Fe(II) (AFe(Il)) were associated with AeOH, reflecting that
Fe(II) depletion (up to ~10 pM h™! in SCL) accompanied higher «OH
formation rates (Fig. 5C). The slopes for AeOH versus ACO; (Panel A)
differed across soils (p = 0.0044), with SCL showing a steeper slope than
the others. The slopes for AEDC versus ACO5 (Panel B) did not differ (p
= 0.55), implying a similar slope among the soils. The slopes for AFe(II)
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Fig. 1. (A) Micro-CT (micro-computed tomography) pore diameter maps (2.5-10.0 pm) in four soils, arranged left to right by increasing clay content: sandy loam
(SL), sandy clay loam (SCL), silty clay loam (SiCL), and clay loam (CL). Red areas indicate ~10.0 pm pores, blue areas ~2.5 pm pores. Scale bar: 50 pm; (B) Overlaid
density plots of pore diameters from the same soils. Each curve shows the distribution of pore sizes, color-coded by soil type, within the 2.5-10.0 pm range. Note that
because only small aggregates (>300 um) were scanned by pCT, the pores >10 pum are not presented. (For interpretation of the references to color in this figure

legend, the reader is referred to the Web version of this article.)
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Table 2
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Initial porewater conditions (mean =+ standard error, n = 4) and content of DOC, Fe(II) and oxygen radicals in four soils, arranged left to right by increasing clay
content: sandy loam (SL), sandy clay loam (SCL), silty clay loam (SiCL), and clay loam (CL).

Soil DOC’ (mg L™1) Fe(1D)"(uM) Fe dissolved® (uM) pH EDCY (umol e— L71) H,0,° (UM) «OH' (nM)
SL 4.0 +£0.3 20+1 34+ 2 5.3 £0.03 0.22 £ 0.01 0.4 + 0.05 8+2
SCL 6.2+ 0.3 35+ 2 42 +2 5.0 + 0.02 0.33 £ 0.02 0.9 +0.10 20+5
SiCL 3.5+ 0.2 15+1 30+2 3.7 £ 0.05 0.18 £ 0.01 0.2 +0.02 5+1
CL 5.0+ 04 28+1 38+2 4.3 +£0.04 0.27 £ 0.01 0.6 + 0.05 12+ 3
2 DOC is dissolved organic carbon (mg LY.
b Fe(I) (uM) is ferrous iron in soil solution.
¢ Fe dissolved (uM) is total dissolved iron.
4 EDC is electron-donating capacity (pmol e~ L™1).
¢ H,0, (uM) is hydrogen peroxide; and.
f «OH (nM) is hydroxyl radical.
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Fig. 2. (A) Redox potential (Eh, mV), (B) Fe(I) (M), (C) O, (uM), (D) H20, (M), and (E) ¢OH (nM) during 24 h of re-oxygenation in four soils, arranged left to right
by increasing clay content: sandy loam (SL), sandy clay loam (SCL), silty clay loam (SiCL), and clay loam (CL). Each symbol is a mean value (n = 30), and lines
connect time points. Eh is in millivolts. Abbreviations: Fe(II) ferrous iron, O, dissolved oxygen, H,O, hydrogen peroxide, ¢OH hydroxyl radicals.

versus AeOH (Panel C) also did not differ (p = 0.15). The four soils were
pooled (n = 64), AeOH explained 86 % of the variance in ACO,, while
the microporosity-to-Fe(II) ratio explained 78 % of the variance in AeOH
(Table S1).

3.7. DOC composition and aromaticity

SCL contained a larger portion of aromatic-like compounds (~65-75
%) and had higher SUVAgs4 (~4.0 L mg’1 m™!) than the other soils
(Fig. 6). In contrast, SiCL included more low-molecular-weight com-
pounds (~30-35 %) and had a lower SUVAgs4 (~3.0 L mg’1 m ). CL
and SL presented intermediate proportions of these compounds. These
differences in aromaticity align with the elevated radical production and
CO5, release in SCL.

4. Discussion
4.1. Fe(ID) as the main electron donor for ¢«OH
SCL, with ~35 pM Fe(Il), displayed the largest increase in ¢OH after

re-oxygenation (Fig. 2B and E), whereas SiCL, containing ~15 pM Fe(II),
generated fewer radicals. This contrast indicates that Fe(II) availability

governs radical formation more strongly than potential electron transfer
by low-molecular-weight compounds of DOC (Fig. 5C). In SCL, Fe(II)
declined sharply from ~35 to <10 pM, coinciding with higher HyO5 and
oOH, which points to iron oxidation as the main driver of dark Fenton-
type processes.

These findings confirm that Fe(II) surpasses DOC as the main elec-
tron donor under fluctuating redox conditions, at least if sufficiently
available. Low-molecular-weight DOC donates electrons when Fe(II) is
scarce (Keller et al., 2009; Zhao et al., 2021). By contrast, Zhang et al.
(2022) reported that high C/Fe ratios favor electron transfer from humic
substances. Similarly, Yu et al. (2022) found that in soils or sediments
with elevated SOC/Fe(Il) ratios, reduced SOM can even dominate ¢OH
production. However, in our soils, the moderate DOC levels apparently
allowed Fe(II) to govern radical generation. As Fe(II) availability rises,
the radical flux increases once O enters micropores (Fig. 2C-E). This
aligns with previous work on iron-rich soils under transient oxic-anoxic
conditions (Mollhagen et al., 2021; Xu et al., 2024). Experiments in
other humid forest soils, where Fe(II) and ligninolytic enzymes co-occur,
further support iron-driven oxidation (Merino et al., 2020a). Overall,
soils with high Fe(II) concentrations showed a steep drop in Fe(II) levels
upon oxygen influx and produced more H,O5 and ¢OH (Fig. 2D and E),
confirming that iron oxidation dominates radical formation during short
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Fig. 4. (A) Net CO,, increase (%) relative to control without H,O, measured after 24 h with 100 pM H,0, in four soils, shown left to right by increasing clay content:
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the interquartile range (25™-75™ percentile); horizontal line within each box the median; circles: replicate data points. Whiskers extend to 1.5 x IQR.

anoxic—oxic pulses.

4.2. Magnitude of abiotic CO2 from DOC oxidation

SCL released ~20 % more CO5 at 100 pM H305 than the other soils
due to its high Fe(II) (~35 puM) and DOC (~6 mg L™}) content (Figs. 3

and 4A). SiCL released only ~5 % extra CO,, whereas CL and SL ranged
between 5 and 15 %. At 300 pM H30», SCL approached ~25 % addi-
tional CO4 (Fig. 4B). These CO; increases over the controls (without
H,0, addition) indicate that Fe(II) and labile DOC jointly drive radical-
mediated oxidation, because soils with the highest Fe(II) and most ar-
omatic DOC (SCL) released the largest fraction of abiotic COs.
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Although 8'3C(DOC) and 8§'3C(SOC) differ by only ~0.8-1.0 %o
(Table 1) a slight but consistent gap typical of C3 soils (Werth and
Kuzyakov, 2010) it confirms that the dissolved fraction, but not the solid
phase, dominates the extra CO5 formed under Fenton-type conditions.
The excess CO averaged —26.7 + 0.12 %o, whereas bulk SOC was —27.2
+ 0.18 %eo; this 0.5 %o offset equals 2.9-4.1 analytical ¢ (t-test, p < 0.01),
thus exceeding the measurement uncertainty. Because DOC contains
much more labile compounds, it oxidizes faster, matching the short-term
pulse of hydroxyl radicals and Fe(II) depletion (Fig. 5C). These patterns
confirm that aromatic-rich DOC pools together with Fe(II) inside pores
<10 pm, a combination that amplifies «OH bursts when O, enters; the
micropore fraction explains 82 % of the initial Fe(I) stock and 79 % of
eOH production (Table S1).

Inhibition of microbial respiration by NaN3 and removal of microbial
cells by filtration at 0.2 pm exclude respiration from living biomass. The
rapid correlation between Fe(II) depletion, HyO,, and CO; release
within ~24 h suggests an abiotic pathway. A purely microbial mecha-
nism would likely require longer activation times (Hassi et al., 2023),
reinforcing that most of the additional CO; originated from chemical
oxidation rather than microbial respiration.

The dark Fenton-type processes can account for ~15-25 % of total
soil respiration under transient anoxia—-oxia (Merino et al., 2020a,
2020b, 2021). Moreover, ~15-25 % of CO2 may arise from hydroxyl
radicals in sandy soils (Liu et al., 2023b). Iron-bearing solution experi-
ments also yielded ~5-20 % abiotic DOC oxidation (Chen et al., 2020;
Patzner et al., 2020). Soils with lower Fe(Il) content or lower DOC
aromaticity have smaller fluxes than soils rich in both Fe(II) and aro-
matic DOC (Kramer et al., 2012; Li et al., 2022). Comparable ROS-driven
incubations report abiotic contributions of 6-12 % in Chinese paddy
soils (Jeewani et al., 2021), 16-26 % in restored sandy forest soils (Liu
et al., 2023a) and 9-17 % after gallic-acid-induced Fenton reactions in
temperate grassland soils (Halvorson et al., 2025); thus, our 5-25 %
range sits at—or above—the upper end of published values. Overall,

these results indicate that radical-driven DOC oxidation can contribute
~5-25 % of additional CO, adding to the microbial respiration in humid
forest soils. This reinforces the hypothesis that non-biological pathways
strongly expand total C losses.

Notably, sandy soils (SL, SCL) in this study coincide with volcanic
origin, while finer soils (SiCL, CL) derive from granite or metamorphic
substrates. This overlap of texture and lithology means microporosity
depends on both, so each soil’s CO, production reflects a combined in-
fluence of Fe(Il), pore structure, and DOC characteristics, rather than
any single factor alone. Extrapolating the Kapjotic—[H202] regression to 1
pM (Table S2) yields only a 1-2 % increase in CO», in line with in situ
microsensor records of 0.5-1.2 pM H304 in humid-forest porewater (van
Erk et al., 2023).

Fig. 7 provides a conceptual overview of these results, illustrating
how soils with higher Fe(Il) availability, microporosity, and aromatic
DOC (especially SCL) intensively generate radicals leading to high
abiotic CO2 production. By contrast, soils with lower iron and less aro-
matic DOC (here SiCL) show minimal radical-driven oxidation (5-10 %
of abiotic CO5 of total CO,). Intermediate conditions in SL and CL soils
lead to moderate abiotic CO4 fluxes (~10 % and ~15 % of total COs,
respectively). This concept integrates the Fe(II) availability, micropo-
rosity, and DOC aromaticity for radical generation, rather than the soil
texture alone. The SCL provides an example of high Fe(II) and abundant
micropores, yet SiCL, also fine-textured, has less Fe(II) and produces
fewer radicals. Hence, multiple factors, not solely texture, control the
magnitude of abiotic CO; release.

4.3. Influence of microporosity and redox fluctuations on abiotic CO2
emissions

All soils contained micropores of 2.5-10 pm that limit oxygen
diffusion, thereby stabilizing Fe(II) when pores remain water-filled
(Totsche et al., 2018). Under re-oxygenation, SCL reached ~20-25 pM
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dissolved O, whereas CL, SL, and SiCL approached ~15-20 pM O,
(Fig. 2C). The partial penetration of Oy triggered H,O5 formation and
radical production (Fig. 2D), especially in micropores <10 pm, which
repeatedly shift between previous anoxic to new oxic states (Keiluweit
et al., 2018). Yudina et al. (2022) noted that microaggregates create
complex pore networks, raising water retention and sustaining local
anoxia until air re-enters during drainage or other shifts in soil moisture.
Large pores (>50 pm) permit faster Oy diffusion and thus less anoxia
(Schliiter et al., 2018), but these soils feature a high proportion of
smaller pores, which maintain Fe(II) for short periods until rainfall or
partial drying drives oxygen deeper into the aggregates (Li et al., 2020;
Slimani et al., 2023).

Consequently, transient anoxia persists in many micropores, pro-
moting Fe(II) accumulation and fueling radical-mediated DOC oxidation
upon brief oxygen pulses. This mechanism underscores how micro-
aggregation and pore-size distribution amplify Fenton-type processes in
humid forest soils, where water saturation and airflow fluctuate on daily
to weekly timescales.

4.4. Implications for C cycling in humid forest soils

SCL contained ~65-75 % aromatic-rich DOC with a SUVAys4 near
4.0 L mg’1 m! (Fig. 6), which enables electron exchange with Fe(II)
and boosts radical formation (Cory and McKnight, 2005; Derbalah et al.,
2020). This combined effect of elevated Fe(II) (~35 pM) and aromatic
DOC yielded ~20 % additional CO5 from radical-mediated oxidation at
100 pM Hy0, (Fig. 3). Modeling suggests that dark Fenton-type re-
actions intensify when rainfall patterns fluctuate, creating short anox-
ic—oxic intervals (Yu et al., 2021; Yu and Kuzyakov, 2021). These brief
waterlogged phases allow Fe(II) to accumulate without displacing

microbial respiration, thus adding a chemical oxidation pathway on top
of the biological baseline (LaCroix et al., 2019). Soils with high Fe(II)
availability and aromatic DOC release more CO, once oxygen re-enters,
confirming that Fe(Il)-driven radical formation under fluctuating redox
conditions raises carbon losses in soils of humid forest ecosystems.
Incorporating Kkapijotic into process-based soil carbon models, such as
MIMICS or SOCRATES, would lower the effective microbial respiration
parameter by 5-25 % during redox oscillations, bringing simulated
fluxes into closer agreement with eddy covariance residuals from humid
forests (Bond-Lamberty et al., 2020).

Our 24 h static-core incubations and external H,O, additions accel-
erated radical formation but may have overestimated field rates;
therefore, we treated 5 pM as an upper natural bound. Future studies
that combine ROS microsensors, microdialysis, and in situ 13C tracing
(Hall and Silver, 2013; van Erk et al., 2023) should quantify Kapiotic
under ambient HyO and realistic hydrodynamics, thereby refining the
abiotic term before it is incorporated into global soil-carbon models.

5. Conclusions

Although micropores of 2.5-10 pm maintain anoxic conditions and
consequently the Fe(II) concentration, the radical production depends
on factors such as Fe(II) availability and DOC aromaticity. For instance,
SiCL had fine pores yet released the least CO,. Overall, these findings
confirm that transient anoxia raises abiotic DOC oxidation and adds a
non-biological CO2 component to soil fluxes. Accordingly, carbon losses
in fluctuating redox environments should not be attributed solely to
microbial processes. Our results also demonstrate that hydroxyl radical
(eOH) formation during anoxic-oxic transitions is a key pathway for
abiotic CO release in four humid forest soils. Natural 5!3C signatures
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Fig. 7. Conceptual diagram showing oxygen radical-driven CO, production in four humid forest soils.

confirmed that dissolved organic carbon (DOC), rather than bulk SOM,
supplies most of the substrate for radical driven oxidation. Moreover, Fe
(ID) (~15-35 pM) surpassed DOC as the primary electron donor for dark
Fenton-type reactions, oxidizing ~5-20 % of DOC to CO; over hours to
days. Recognizing Fe(II) driven radical generation as a major carbon-
loss mechanism highlights the importance of non-biological processes
under dynamic redox conditions.
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