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ARTICLE INFO ABSTRACT

Keywords: Reactive oxygen species (ROS) play a crucial role in greenhouse gas emissions, nutrient and contaminant
Reactive oxygen species transformations, microbial dynamics and a range of biogeochemical processes in surficial environments
Subsurface

including the atmosphere, surface waters, and oceans. In recent years, research in ROS has extended to the
subsurface, hence, moving from predominantly photic, oxic and homogeneous environments into aphotic, anoxic
and heterogeneous environments. In this review, we discuss the production mechanisms and significance of ROS
in the subsurface. Production hotspots of ROS occur where O, is brought into contact with reduced species like
ferrous iron and natural organic matter, hence creating thermodynamically unstable conditions. The time and
space window for ROS production is therefore co-regulated by the reaction kinetics between O, and reduced
species, with the latter acting as both ROS generators and consumers of long-lived ROS such as hydrogen
peroxide (H202) and short-lived ROS such as hydroxyl radicals (*OH). The quantitative description of ROS
cycling in subsurface environments is still in its early stages, however. Modeling of a pulsed groundwater O5
intrusion yields the rates of *OH and Hy03 production of 0.003-0.049 and 0.09-2.52 mmol/h/kg dry soil/
sediment, respectively. Advances in ROS analysis, footprint mapping and reactive transport modeling, as well as
new knowledge about the molecular mechanisms of ROS production and cycling, would enable a more
comprehensive assessment of the significance of ROS in subsurface biogeochemistry that, in turn, could benefit
their potential applications, for example, in contaminant remediation strategies.

Organic carbon decomposition
Contaminant transformation
Biogeochemical processes
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1. Introduction

Molecular O, (21 % v/v in air) and H,O are the most abundant O-
containing chemicals in the environment. These entities are relatively
inert in their own right but can become highly reactive when they are
transformed to so-called “reactive oxygen species” (ROS) via reduction
and oxidation (redox) reactions (Taverne et al., 2018). Superoxide
(*03), hydrogen peroxide (H02) and hydroxyl radicals (*OH) are the
main ROS produced from partial Oy reduction or H»O oxidation.
Because of their high reactivity, ROS play important roles in a wide
range of environmental and biological systems (Diaz et al., 2013; Gli-
gorovski et al., 2015). ROS were first discovered in the atmosphere, but
the research focuses subsequently moved to biological system because of
the significance of ROS to disease initiation and progression (Finkel and
Holbrook, 2000; Hansel and Diaz, 2021). For example, ROS participate
in the critical processes of cellular differentiation and signal trans-
duction, and can oxidatively damage key cellular building blocks such as
like nucleic acids and proteins (Finkel and Holbrook, 2000; Halliwell,
2024; Schieber and Chandel, 2014). In the environment, ROS can
oxidize or degrade CH4, NOy and volatile organic compounds in the
troposphere (Gligorovski et al., 2015; Savee et al., 2015), with *OH
recognized to be the dominant oxidant which determines the oxidizing
capacity of the atmosphere (Gligorovski et al., 2015; Prinn et al., 2001).
While their presence has been recognized for some time (Waite et al.,
1988; Zika et al., 1993), there has been renewed interest in recent years
in the presence of ROS in surface waters and shallow seawaters
(Andrews et al., 2000; Mopper and Zhou, 1990), with increasing
recognition of the significance of ROS in redox-sensitive substance
transformation and microbial survival (Dong et al., 2021; Swanner et al.,
2015; Tolar et al., 2016).

As these environments are photic, ROS production was initially
considered to be driven by photochemical reactions involving inorganic
compounds (e.g., NOy) and organic photosensitizers (e.g., natural

organic matter (NOM)) (Andrews et al., 2000; Mopper and Zhou, 1990;
Waite et al., 1988). For instance, NOM can be excited by absorption of
photons under sunlight irradiation, which leads to the production of a
series of ROS through energy or electron transfer (Garg et al., 2011;
Szymezak and Waite, 1991; Zheng et al., 2023). However, ROS have
been later found in aphotic environments such as deep brackish and
freshwater ponds as a result of extracellular reduction of Oz by microbes
including macrophytic plankton and particle-associated heterotrophic
bacteria (Diaz et al., 2013; Rose et al., 2005; Zhang et al., 2016b). In the
marine, dark extracellular *O3 production by microbes represents a
previously unconsidered global oxygen flux and sink comparable in
magnitude to other processes, being estimated to comprise about a third
of marine gross Oz production (Sutherland et al., 2020). Extracellular
H0; production in natural fresh waters and marine systems has been
reported to occur through both the disproportionation or reduction of
biologically or photochemically derived *O3 as well as directly by other
biological pathways (Garg et al., 2011; Hansel and Diaz, 2021; Hopwood
et al., 2017; Rose et al., 2008a; Rose et al., 2008b; Zhang et al., 2016b).
H0> has been recognized as a precursor of *OH, but less is known about
the production of *OH by microbial biota in dark environments
(Schneider et al., 2016; Zinser, 2018).

Different from surface environments, subsurface environments are
normally dark, anoxic or Og-limited, and composed of a solid matrix
with pores/fractures filled with fluid. This difference could be the reason
that the role of ROS in subsurface environments has not been recognized
until relatively recently (Dong et al., 2023; Page et al., 2013; Tong et al.,
20165 Yu et al., 2024; Yuan et al., 2017). As the environment gradually
transitions from surface to subsurface, aerobic heterotrophic bacteria
becomes more difficult to survive and the abundance of reduced species
increases (Tong et al., 2016; Trusiak et al., 2018; Zhang et al., 2024a).
Because of the unique reductive characteristics of the subsurface envi-
ronments, the mechanisms of ROS production differ from those in sur-
face environments. When the reducing conditions in the subsurface are
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disturbed by O, for example, the alternation of oxic and anoxic condi-
tions due to water table fluctuations, reduction of O, by the reduced
species present contributes to the production of ROS (Du et al., 2021;
Page et al., 2013; Tong et al., 2016; Yu et al., 2021). Reduced iron-
bearing clay minerals and reduced NOM are important components
for ROS production in soils and sediments (Page et al., 2013; Tong et al.,
20165 Liao et al., 2019). Extensive studies have documented the impact
of dark ROS production on substance transformation and biogeochem-
ical processes (Chen et al., 2021b; Tong et al., 2016). Thus, biotic and
abiotic processes under dark subsurface conditions replace photo-
chemical processes in the surface environment as the primary mecha-
nisms for ROS production (Dai et al., 2022; Liu et al., 2024b). The
contributions of biotic and abiotic mechanisms to ROS production
depend on the biogeochemical characteristics of sediments/soils, Og
availability, and external environmental conditions (such as climate and
temperature) (Dai et al., 2022; Huang et al.,2023; Liu et al., 2024a;
Zhang et al., 2024a; Zhao et al., 2022). Encouragingly, significant ad-
vancements have been made in terms of ROS quantification (Burns et al.,
2012; Yu et al., 2024; Yuan et al., 2017), ROS production mechanisms
(Chen et al., 2022a; Hansel and Diaz, 2021; Tong et al., 2016), ROS
production in different redox-dynamic scenarios (Chen et al., 2021a;
Tong et al., 2016; Yuan et al., 2017), and impact of ROS on contaminant
attenuation and elemental cycling (Schaefer et al., 2017; Van Erk et al.,
2023; Zeng et al., 2017).

As ROS in the subsurface are a relatively new research frontier, the
following questions remain unanswered: (1) which species in the sub-
surface are effective in activating Oz or splitting H,O with resultant
generation of ROS; (2) what conditions and scenarios are favorable for
ROS production in the subsurface; (3) which methods can be used for
ROS measurement under particular subsurface conditions; (4) what is
the role of ROS in redox-sensitive substance transformation; and (5) how
can both the rate of ROS production and the contribution of ROS to
redox-sensitive substance transformation be quantified. Without a clear
understanding of the answers to these questions, we cannot fully un-
derstand how and to what extent ROS can be produced in the subsurface
and influence the transformation of redox-sensitive elements and con-
taminants. In this review, we first summarize recent progress in un-
derstanding of the production mechanisms and approaches to
measurement of ROS in the subsurface. In order to advance the devel-
opment of this new research frontier, we further provide i) guidelines for
evaluating ROS production efficiency from different contributors, ii) the

(a) ROS production from O, reduction

Fe(ll)
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time and space windows appropriate to identifying ROS production
hotspots in different scenarios, iii) the recommendations for choosing
ROS measurement methods for different purposes, and iv) the kinetics
and reactive transport models appropriate to quantifying ROS produc-
tion and their relative contributions. Finally, we also provide advice on
future research needs related to ROS generation in subsurface environ-
ments. The issues that we provided are important and have not been
comprehensively reported before.

2. ROS Production Mechanisms in the Subsurface
2.1. General Pathways of ROS Production

ROS can, in principle, be generated by two contrasting processes in
the subsurface. One process involves the reduction of O, to intermediate
species via 1 or 2 electron redox processes (egs. (1)—(4)) rather than the
4 electron reduction of Oy to HyO (eq. (5)) (Taverne et al., 2018). One-
electron reduction of O3 to *O3 is thermodynamically unfavorable under
standard (oxic) condition (E® = —0.33 V, Fig. 1a) but is favorable in
natural waters as the steady-state concentrations of *O3 and dissolved O»
are in the pM-nM range (Hansel et al., 2015) and ~ 0.25 mM, respec-
tively (E = 0.17-0.26 V). *O3 tends to transform to HyO- via a one
electron reduction reaction (E® = 1.72 V, Fig. 1a). Another pathway for
H0, generation is the two-electron reduction of O, which is thermo-
dynamically favorable (E® = 0.695 V, Fig. 1a). As the dissociation energy
of the O—O bond is 146 kJ/mol (Schoonen et al., 2006), HoO> is rela-
tively stable with a lifetime from hours to days (Hansel and Diaz, 2021).
When activated by redox active species (including redox-active metals
and reduced natural organic matter, etc.) in the subsurface, HyO,
transforms to *OH (E° = 2.73 V, Fig. 1a), which is the most powerful
oxidant in natural environments (Gligorovski et al., 2015).

0,+e >0," E'= —0.33V (€))
0, +e +2H >H,0,E* =1.72V (2)
0,+2e +2H"-H,0, E® = 0.695V 3)
H,0,+e +H"->OH+H,0E’ =0.8V 4
0, +4e +4H"-2H,0E’ =1.23V 5)

(b) ROS production from the oxidation of H,O
s @
g0~

e rt : .00 A
de H*+ e i s =S ‘\ROS“
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A28 +1.01V
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Fig. 1. Two pathways of ROS production in the subsurface. (a) ROS production from O, reduction, where O, is reduced to *O5 and H,O, by reduced species, such as
Fe(I) and reduced NOM or extracellularly secreted NADH/NADPH. The standard reduction potentials of O, and each ROS are cited from the reference (Wood, 1988).
(b) ROS production from H,0 oxidation, where H,O is oxidized by the defect sites on mineral surface, by ionizing radiation, or by the strong electric field at the

water-air interface of microdroplets.
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Table 1
Summary of electron utilization efficiencies (EUE) for *OH production during
oxygenation of different reduced species in soils and sediments.

Reduced species pH EUE for *OH *OH yield from References
production H,0,
N decomposition "
Dissolved Fe(II)
(Hu et al.,
2022; Qian
Fe** 6.0-8.0 0.4-2.9 % 0.7-5.2 % et al., 2019;
Zeng et al.,
2019)

; ord o (Zeng et al.,
Fe(II)-phosphate 6.8 <5.1 % 1.7 % 2019)
Fe(I)-EDTA © 6.8 <42.3 %" 14.1% (Zeng et al,

: ) ! 2019)

E . ond o (Zeng et al.,
Fe(ID)-TPP 6.8 <21 % 7.0 % 2019)

E ¢ ond o (Zeng et al.,
Fe(ID-NTA 6.8 <44.1 % 14.7 % 2019)

i _ ond o (Zhang and
Fe(ID)-citrate 7.0 <30 % 10.0 % Yuan, 2017)

. (Zhang et al.,

- ! 0, - 0y
Fe(I)-HA 7.0 1.2-2.8 % 4.3-6.3 % 2022b)
Adsorbed Fe(II)

(Chen et al.,
Al,03-Fe(II) 6.0 5.7-17.4 % -¢ 2022b; Xie
et al., 2020)
Fe(III) (Qian et al.,
oxyhydroxides- 7.0-7.5 6.4 % 3.7 % 2019; Xie
Fe(II) et al., 2020)
Montmorillonite- (Xie et al.,
. .5 % -
Fe(ID) 73 75% 2020)
Kaolinite-Fe(I) 7.5 12.3 % (Xie et al,
: = - 2020)
Mineral structural Fe(Il)
(Yu et al.,
2021a; Yuan
rNAu-2 ¢ 6.0-7.5 6.0-27.3 % 2.3-8.8 % et al., 2018;
Zeng et al.,
2017)
(Guo et al.,
rSWy-2/-3 ¢ 6.0 3.9-9.2% - 2021; Tong
et al., 2016)
. (Guo et al.,
9 ¢ 9 _
rIMt-2 6.0 1.7 % 2021)
(Guo et al.,
.1 ¢ 0, —
rRAr-1 6.0 12.0 % 2021)
. (Guo et al.

-1 ¢ 0, - ?
rISCz-1 6.0 2.5 % 2021)

. (Tong et al.,

0, —
Chlorite 7.0 18.0 % 2016)
(Tong et al.,
Siderite 7.0 0.3-3.0 % 2.6 % 2016; Yu
et al., 2021b)
(Zhang et al.,
0 —
Green rust 8.0 0.2 % 2022a)
. (Zhang et al.,
) —_ — | 0,
Pyrite 2.0-4.0 36-68 % 2018)
(Cheng et al.,
Mackinawite 7.0 2.4-7.8% - 2020; Cheng
et al.,, 2016)
Fe(ID) in soils/sediments
(Xie et al.,
2020; Zhang
Wetland sediment 7.0 1.4-2.7% - et al., 2023a;
Zhao et al.,
2021)
(Chen et al.,
Paddy soil 7.0 0.9-2.7 % - 2021a; Chen

et al., 2021b)
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Table 1 (continued)

Reduced species pH EUE for *OH *OH yield from References
production H,0,
a decomposition ”
(Zhang et al.,
Riparian sediment 7.0 0.9-3.0 % - 2024a; Zhang
et al., 2023a)
Farmland (Xie et al.
o B )
sediment 7.0 L7 % 2021)
Farmland
Xie et al.
sediment + 7.0 3.2-141% - (Xie et al,
. 2021)
EDTA/TPP
Natural organic matters
. (Page et al.,
0, 0,
PPHA 7.0 13.8% 4.8 % 2012)
(Page et al.,
2012; Yu
. t al., 2022;
AHA ¢ 7.0 10.5-36%  9.9%-49.1% o008
Yu et al.,
2021a; Zhang
et al., 2022b)
. (Page et al.,
¢ [+ [
ESHA 7.0 19.5 % 6.8 % 2012)
. . (Yu et al.,
—( 0 0,
Solid HA 7.0 0.6-0.7 % 29 % 2022)
S(-II) and thiols
S(-I1) + oxidized (Niyuhire
7.0 2.4 % -
NOM ? etal., 2022)
S(-II) + Fe(IID) (Niyuhire
. 1.1 % - N
oxyhydroxides 7:0 ? et al., 2019)
Thiols + natural (Yu et al.,
_2.09 _
siderite 7:0 1.4-2.0% 2021b)
Thiols + Fe(I-II) 70 0.6-4.2 % B (Zhang et al.,
oxyhydroxides 2024b)

# The electron utilization efficiency (EUE) was calculated by eq. 10,

b The yield (Y) of *OH production from H,0, decomposition was calculated by
eq. 11

¢ EDTA, TPP and NTA represent ethylene diamine tetraacetate, tripolyphos-
phate and nitrilotriacetic acid, respectively; rNAu-2, rSWy-2/—3 and rIMt-2
represent the reduced forms of nontronite (NAu-2, iron-rich smectite), mont-
morillonite (SWy-2/—3, iron-poor smectite) and illite (IMt-2, as an illite end-
member), respectively. rRAr-1 and rISCz-1 are the reduced mixed-layer
smectite-illite, with smectite to illite ratios of 5:5 and 3:7, respectively. HA,
PPHA, AHA and ESHA represent humic acid, Pahokee peat humic acid, Aldrich
humic acid and Elliott soil humic acid, respectively.

4 The EUE of those Fe(II) species for *OH production was estimated from the
yield of *OH from H;0, decomposition and the assumption that the efficiency of
0O, reduction to H,O, was less than 100 %.

¢ The symbol “~” indicates that the data is not available.

f Some Fe(Il) minerals (e.g., magnetite (Ardo et al., 2015)) and Fe(II)-
containing soils/sediments (e.g., ref. (Chen et al., 2020; Schaefer et al., 2017))
have been reported to produce *OH. However, data on electron utilization effi-
ciencies for *OH production and *OH yield from H;O, decomposition are un-
available and thus are not included in the above table.

The opposite direction is the incomplete oxidation of H3O to O3 (egs.
(6)-(9), Fig. 1b). The first step is the transformation of HyO to *OH (eq.
(6)), which is thermodynamically unfavorable. ROS production by this
pathway requires energy (Halliwell, 2006), which can be provided by
the high-energy bonds in surface-defect sites of particular mineral sur-
faces under certain conditions (Borda et al., 2003; He et al., 2023) and
ionizing radiation (Lefticariu et al., 2010). HyO is first split to *OH and
*H, and two *OH combines to H,O5, which further react with *OH to
generate *O3 (Fig. 1b). In the subsurface, ROS production from Oy
reduction is the most important pathway, and the HyO oxidation
pathway only plays a role under specific conditions as detailed later.

H,0—-OH+H* +e E*= —273V (6)
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OH + OH—H,0, E* =1.93V @)
OH +H,0,-0,+H,0+H E°=1.01V ®)
OH+0,” +H"-0; +H,0E® =3.06 V 9)
EUE=3x—% _%100% (10)

n (Co,rs “Crs

where c*oy represents the cumulative concentration of *OH during
oxygenation; co, rs and c;, rs represent the concentrations of reduced
species at the beginning and end, respectively; the variable n represents
the number of electron release when reduced species was oxidized,
giving the value of 1 for Fe(Il), thiols and NOM and 2 for S(-1I). As the
reduction of Oy to *OH requires 3 electrons, a coefficient of 3 was used.

- AC-OH
ACH202

x 100% 1D

where Ac*oy represents the cumulative concentration of *OH from HyO
decomposition by reduced species; Acyao2 represents the consumption
of HyO; during reaction between H202 and reduced species.

2.2. Abiotic Mechanisms for ROS Production in the Subsurface

2.2.1. Abiotic Mechanisms for ROS Production from Oz Reduction

Molecular O is a paramagnetic biradical, with two unpaired elec-
trons in two n* orbitals within parallel spin. As most reductants cannot
simultaneously donate two unpaired electrons within parallel spin to O,
O, prefers to accept one electron at a time due to this spin restriction.
Those reductants with unpaired electrons such as transition metals (e.g.,
Fe(II)) and organic radicals are thus appropriate for reducing O, to ROS
(Krumova and Cosa, 2016). In the subsurface, Fe(II) and natural organic
matter (NOM) are the most abundant reductants to satisfy this
requirement.

(a) Fe(I). Iron is the most abundant transition metal element in the
Earth’s crust, with two main redox states: Fe(II) and Fe(III). The former
in the subsurface exists as different species, including free (dissolved)
Fe2+, ligand-complexed Fe(Il), surface-adsorbed Fe(II) on different
minerals and solid matrixes, and structural Fe(Il) in different minerals
(Huang et al., 2021b). Fe(II) normally reduces O3 to generate *O3, HyO2
and *OH sequentially (Rose and Waite, 2002). Almost all Fe(II) species
can reduce O to produce *O5 and H30,, but only specific species can
effectively decompose H05 to *OH (Remucal and Sedlak, 2011; Xie
et al., 2020). The electron utilization efficiency (EUE) for *OH produc-
tion from O; reduction by different Fe(II) species varies markedly from
0.4 % to <44.1 % (Table 1). Further, the EUE of Fe(Il) in soils and
sediments has been reported to be 0.9-3 % (Table 1), falling within this
range. The exact reason for the striking influence of Fe(II) speciation on
*OH production is not fully understood. The current understanding and
knowledge can be roughly summarized as follows. In general, an outer-
sphere mechanism preferentially generates *OH, while an inner-sphere
mechanism preferentially generates high-valence iron with the relative
proportions of the two mechanisms determining the yield of *OH
(Remucal and Sedlak, 2011). For example, Fe(II) that is present as the
aquated species [Fe(HZO)f,]2+ under acidic condition decomposes Hy02
to *OH at a high yield of nearly 100 %, while it transforms to [Fe
(OH)x(H20)6.x] @x)+ (x = 1-2) under pH-neutral condition and de-
composes Hy05 to *OH at a low yield close to 0 (Remucal and Sedlak,
2011). In the subsurface, the yield of *OH from O, reduction is nega-
tively related with the reactivity of Fe(II) species with O, that is, a faster
reaction between an Fe(II) species and O, corresponded to a lower *OH
yield (Xie et al., 2020). The reactivity of Fe(I) with O, is dependent on
its coordination structure (Huang et al., 2021b; Miller et al., 2013), i.e.,
the electron-donating ability and the number of coordinated ligands. An
electron-rich ligand (i.e., -OH for dissolved and surface adsorbed Fe(II))
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increases Fe(II) reactivity but decreases *OH yield, while an electron-
poor ligand (i.e., -OSi(VI) and -OFe(IIl) for mineral structural Fe(II))
functions contrarily (Xie et al., 2020). Based on this understanding, we
can evaluate *OH production from Fe(II) species in subsurface matrices.

In analogous to Fe(II), manganese(II) (Mn(II)) can also reduce O to
generate ROS through the Haber-Weiss mechanism (Rosso and Morgan,
2002). However, due to both kinetic and thermodynamic factors, the
abiotic oxidation of Mn(II) by O is rather slow under circumneutral pH
conditions (Morgan, 2005). In addition, the abundance of Mn(II) in soils
and sediments is much lower than that of Fe(Il). Hence, compared to Fe
(ID), the role of Mn(II) in ROS production may be minor.

(b) NOM. NOM in the subsurface has abundant functional groups
with a wide range of reduction potentials. The electron accepting and
donating capacities of NOM can reach the level of mol/kg (Aeschbacher
etal., 2011; Klupfel et al., 2014). The redox activity is mainly attributed
to quinone-like moieties (Ratasuk and Nanny, 2007). Reduced quinone
moieties (i.e., semiquinones and hydroquinones) can reduce O to *O3,
H505 and *OH (Page et al., 2012). HyO2 production from the reaction of
reduced NOM with O has been recognized for a long time (Page et al.,
2012), but *OH production via this pathway is not well understood. It is
reported that NOM can decompose H205 to *OH at a high yield (tens of
percent) (Yu et al., 2021a; Zhang et al., 2022b). It is likely that the
reduced quinone moieties and/or redox active elements such as Fe that
are present in NOM are responsible for the decomposition of HyO; to
*OH (Page et al., 2012). The electron utilization efficiencies for *OH
production from O, reduction by dissolved and solid NOM are 10.5-36
% and 0.6-0.7 %, respectively (Table 1). This notable difference may be
attributed to the higher yield of *OH production from H20, decompo-
sition by dissolved NOM (Table 1). In addition, NOM may interact with
Fe and influence ROS production as they commonly co-exist in the
subsurface. NOM can form complexes with Fe(Il)/Fe(II) and affect the
yield of ROS production (Liu et al., 2024c; Zhang et al., 2022b). NOM
can also react with Fe(II) by shuttling electrons from Fe(Il) to Oz (Yu
et al., 2021a).

(c) Other Reduced Species. Other reduced species present in the sub-
surface include sulfide and organic thiols. The roles of these reductants
in ROS production have been much less investigated because their
concentrations are much lower than that of Fe(II) and NOM. These
species are recognized to be able to reduce O, to *Oz and Hy05. How-
ever, reduction of O, by sulfide and thiols cannot effectively generate
*OH (Niyuhire et al., 2022; Sun et al., 2020; Zhang et al., 2024b).
Instead, the presence of Fe and NOM can largely increase H,O5 and *OH
generation because of their catalytic role in mediating electron transfer
from sulfide and thiols to Oy (Niyuhire et al., 2019; Niyuhire et al., 2022;
Sun et al., 2020). Electron transfer occurs initially from sulfide or thiols
to Fe(IlI) minerals or NOM. The resulting Fe(II) or reduced NOM sub-
sequently reduces O, to *O3, Hy02 and *OH. The electron utilization
efficiencies for *OH production from O, reduction by sulfide and thiols
are 1.1-2.4 % and 0.6-4.2 %, respectively (Table 1), which are consis-
tent with those observed for Fe(II) and NOM.

2.2.2. Abiotic mechanisms for ROS production from H»0 oxidation

ROS production from Hy0 oxidation in the subsurface has not been
confirmed, but its occurrence is presumed likely. The high-energy bonds
which can oxidize H,O exist in the surface-defect sites of sulfidic min-
erals and quartz (Wu et al., 2023; Xia et al., 2023; Zhang et al., 2016a).
As surface-defect sites may disappear when they are covered by solutes
via adsorption, ROS production by this pathway is limited in the sub-
surface. It could be significant when surface-defect sites can be created
by physical grinding due to tectonic activities (He et al., 2023; Stone
et al., 2022). One notable example is the recent discovery of ROS pro-
duction during quartz grinding (Wu et al., 2023), which points to a
source of O, on early Earth (He et al., 2021; He et al., 2023). In addition
to surface-defect sites, radiation emitted by the decay of radioactive
elements such as uranium (238U), thorium (232Th), and potassium *r)
can also dissociate water molecules to form ROS (Lefticariu et al., 2010).
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Recent studies have reported the interesting finding that ROS is
formed in micrometer-sized water droplets (microdroplets), likely due
to the oxidation of water by the strong electric field at the water-air
interface of these microdroplets (Lee et al., 2020; Lee et al., 2019; Pan
et al., 2023). As the size of microdroplets increases, the ratio of surface
area to volume decreases, leading to an anticipated decrease in ROS
concentration due to the dilution effect (Lee et al., 2020; Lee et al.,
2019). For instance, the concentration of HyO» becomes negligible in
droplets larger than 10 pm (Lee et al., 2020). Therefore, the formation of
new microdroplets is crucial for ROS production. A typical example is
that the cumulative concentration of ROS in microdroplets increases
with prolonged evaporation and condensation (Pan et al., 2023). In
addition, some studies have reported that the interaction between water
molecules and the solid surfaces (e.g., SiO2) may also lead to the pro-
duction of ROS (Chen et al., 2022a; Lin et al., 2020; Nie et al., 2020; Xu
et al., 2018). Specifically, when water molecules interact with a solid
surface and their electron clouds overlap, the acidic hydroxyl groups (Si-
OH) on SiO; surface may be ionized to generate hydronium cations and
silanolate anions (Si—O) (Chen et al., 2022a). The later can further react
with the excited water species of HyO™, thereby producing *OH (Chen
et al., 2022a). The recombination of two *OH may subsequently form
H,03 (Chen et al., 2022a; Lee et al., 2020). These findings indicate ROS
may be generated in the subsurface when new water microdroplets are
formed or the water molecule interact with oxygen-containing groups on
solid substrates. More field-related studies are warranted to justify ROS
production by this mechanism.
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2.3. Biotic Mechanisms for ROS Production in the Subsurface

In the subsurface, where photosynthesis does not occur because of
the absence of sunlight, it is probable that some aerobic microbes can
reduce O3 to ROS (Yu and Kuzyakov, 2021). Heterotrophic bacteria can
secrete extracellular nicotinamide adenine dinucleotide (NADH) or
nicotinamide adenine dinucleotide phosphate (NADPH) oxidizing en-
zymes, which transfer electrons from NADH or NADPH to O resulting in
*O3 production (Diaz et al., 2013; Zhang et al., 2016b). Other ROS can
be further formed from *O3 transformation (Yu and Kuzyakov, 2021).
Since *O3 does not permeate through cell membrane, the contribution of
intracellular *O3 to extracellular *Oz production is usually negligible
(Hansel and Diaz, 2021; Plummer et al., 2019). Within cells or on their
surface, *O3 can be transformed to HO3 in the presence of superoxide
dismutase (SOD), and the resulting HoO, can pass through cell mem-
branes (Bond et al., 2020; Hansel and Diaz, 2021; Schneider et al., 2016;
Zinser, 2018). Further, both catalase and peroxidase can mediate the
degradation of HyoO3 (Sutherland et al., 2020), however the mechanism
by which microbes produce *OH using *O3 or Hy0, as precursors
through nonphotochemical pathways is poorly understood and requires
further investigation. As ROS production by biotic mechanism depends
on the presence of Oy and aerobic heterotrophic bacteria (Yu and
Kuzyakov, 2021), it only contributes to ROS distribution in the oxic
shallow subsurface, and cannot produce ROS in the anoxic deep sub-
surface which lacks sufficient aerobic heterotrophic bacteria. It is
notable that biotic mechanisms can produce *Oz and H0,, but cannot
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produce *OH (Diaz et al., 2013; Sekar and DiChristina, 2014; Yu and
Kuzyakov, 2021). Without photosynthesis, ROS production from bio-
logical HyO oxidation is presumably impossible in the subsurface.

2.4. Theoretical and Empirical guidelines for evaluating ROS Production
in the Subsurface

The above discussion suggests that both abiotic and biotic mecha-
nisms can contribute to ROS production in the subsurface. Since the
abiotic mechanism due to H,O oxidation is of minor importance, as
evidenced by the observation of negligible ROS production under anoxic
conditions (Chen et al., 2021a; Tong et al., 2016), here we only discuss
the theoretical and empirical rules controlling the importance of abiotic
and biotic mechanisms of ROS production by O, reduction. The two
mechanisms may predominate under different redox and geochemical
conditions (Fig. 2a). The first theoretical criterium to distinguish abiotic
and biotic mechanisms is the redox condition (Fig. 2a). Abiotic mech-
anisms predominate when reducing conditions are disturbed by O,
(Tong et al., 2016). This scenario may result in reduction of O3 to ROS by
reduced components in the subsurface. As aerobic heterotrophic bac-
teria are either absent or cannot grow to a sufficient biomass in a short
time, biotic mechanisms are not expected to contribute significantly
(Chen et al., 2021a; Tong et al., 2016). When the redox conditions
change from reductive to oxidative with complete oxidation of reduced
components, and aerobic heterotrophic bacteria grow successfully, the
predominant mechanism may evolve from abiotic to biotic accordingly
(Fig. 2a). That is to say, biotic mechanisms predominate under oxic
conditions in the presence of aerobic heterotrophic bacteria.

For the abiotic mechanism, a further criterium on which to evaluate
the likelihood of ROS production is the geochemical composition of the
solid and aqueous matrices (Fig. 2a). As the solid matrix in the subsur-
face has a much greater abundance of reduced species than the aqueous
phase (Barcelona and Holm, 1991), the composition of the solid matrix
plays a more important role (Tong et al., 2016). In particular, the
abundance and speciation of Fe(II), NOM and S(-II) in the solid phase
determines the rate and extent of O, activation and the resultant ROS
production (Chen et al., 2021a; Du et al., 2021). The electron utilization
efficiency of different Fe(Il) species for *OH production approximately
follows the order: ligand complexed Fe(II) > Fe(Il) in phyllosilicate >
surface adsorbed Fe(II) > iron sulfide mineral and siderite > dissolved
Fe?" (Table 1). Although the NOM and complexed Fe(III) in the aqueous
phase do not contribute to any significant extent, they may act as
shuttles to facilitate ROS production and to expand the area of ROS
distribution (Wei et al., 2024; Yu et al., 2021a). The electron utilization
efficiency of Fe(II) in soils and sediments for *OH production is 0.9-3.0
%, while the electron utilization efficiencies of dissolved NOM and
ligand-complexed Fe(II) can be as high as 10.5-36 % and < 5.1-42.3 %,
respectively (Table 1). When electrons are transferred from solid Fe(II)
in soils and sediments to dissolved NOM and ligand complexed Fe(III),
the resulting reduced NOM and ligand complexed Fe(Il) significantly
enhance *OH production. For example, the addition of ligands such as
EDTA and TPP have been shown to elevate the electron utilization ef-
ficiency of Fe(II) in sediment from 1.7 % to 3.2-14.1 % (Table 1). When
there is insufficient Oy concentration present to oxidize all the reduced
species in the aqueous phase, the surplus reduced species can be trans-
ported by the groundwater flow to a larger area (Wei et al., 2024). This
transport expands the area for ROS production and distribution.

Besides the above two theoretical guidelines, we further propose the
following empirical guidelines. The first is the duration and frequency of
O, perturbation of the reductive conditions. A long duration of Oj
perturbation may completely change the redox condition from reductive
to oxidative. Thus, an ideal case involves frequent O, perturbation of the
reductive conditions, allowing the coexistence of O, and reduced species
over a certain time and space window (Zhang et al., 2020a). For a
certain duration of O, perturbation, the gradual oxygenation of reduced
species in the subsurface produces ROS; when O, perturbation is
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terminated, the reduced species can be regenerated by intrinsic
biogeochemical processes with the result that ROS production re-
commences on onset of the next Oy perturbation event (Hu et al.,
2023; Huang et al., 2023). This process may become cyclic with the
cycle period dependent on the frequency of O, perturbation events. As
illustrated in Fig. 2b, typical scenarios of ROS production include ri-
parian zones influenced by seasonal water level fluctuations, paddy soils
influenced by regular flooding and drainage, root rhizosphere influ-
enced by daily Oy secretion, coastal zones influenced by tide.

The second empirical guideline is the texture of subsurface matrixes.
As reduced species are normally enriched in the low-permeability
matrices (Aeppli et al., 2022), i.e., silty and clayed layers, we deduce
that the areas around the low-permeability matrices are hotspots for
abiotic ROS production. ROS production is constrained to the near
proximity of reactants in a low-permeability matrix or the interface
between low- and high-permeability matrices because the slow water
flow in low-permeability matrices does not allow for the deep penetra-
tion of dissolved O,. For sandy matrices which contain low contents of
reduced species, ROS production is not intensive (Xie et al., 2020).
Heterogeneous matrices could be favorable for ROS production in the
subsurface. A typical scenario is a sandy matrix with scattered low-
permeability lenses or intercalated low-permeability layers. In this sit-
uation, a sandy matrix allows Oy penetration, and a low-permeability
matrix provides reduced species for O, activation.

2.5. Typical scenarios for ROS Production in the Subsurface

Production of ROS in the subsurface requires the interaction of
reduced species and Oy (Tong et al., 2016). As the coexistence of reduced
species and O, is thermodynamically unfavorable, ROS production is
kinetically limited to certain time or space windows (Yuan et al., 2017;
Zhang et al., 2020a). Thus, ROS production in the subsurface occurs
under redox-dynamic conditions, which render the coexistence of
reduced species and O, possible in a certain time window or in a specific
space. The impact of ROS in transformation of redox-sensitive substance
is also constrained to the hotspots in the subsurface under redox-
dynamic conditions. Typical hotspots are located at the interfaces of
oxic-anoxic zones or in the alternating oxic and anoxic environments,
such as riparian and coastal zones, plant rhizospheres, paddy soils, etc.
(Fig. 2b).

2.5.1. Riparian and Coastal zones Experiencing Water Table Fluctuations

Riparian and coastal zones are characterized by frequent water table
fluctuations (Liu et al., 2024a; Zhao et al., 2022). These fluctuations can
disturb the thermodynamically steady distribution of redox-active spe-
cies, leading to the formation of a thermodynamically unstable zone
with coexisting Oy and reduced species favoring ROS production, as
evidenced by the in situ detection of HyO5 in aquifers (Yuan et al., 2017;
Zhang et al., 2020a). For instance, the steady-state concentration of
H20; reached 123 nM in an unconfined aquifer near the Yangtze River
(Zhang et al., 2020a) while HyO, concentrations of up to 54 nM have
been observed at the Rifle site in Colorado (Yuan et al., 2017). As Oy and
reduced species are prerequisites for ROS production, water table fluc-
tuations, which govern the flux of O and dissolved reduced species,
regulate ROS accumulation and distribution. For instance, a rising water
table in a riparian zone typically results in an increase in H2O5 pro-
duction, whereas a falling or stable water table corresponded to low
H20, concentrations (Zhang et al., 2020a). Besides the influence on
dissolved component distribution, water table fluctuations also affect
the reactivity of Fe-bearing minerals. A recent study noted that water
table fluctuations induced the transformation of crystalline Fe minerals
to redox-active metastable iron phases, enhancing surface Fe reactivity
and ROS production (Zhao et al., 2022).

In addition to riparian aquifers, riparian soils have also recently been
identified as hotspots for ROS production (Liu et al., 2024a), with the
highest steady-state concentration of HyO2 reaching 539.7 pmol/kg
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during oxygenation for 24 h. However, as riparian soils are typically
above the groundwater tables, fluctuations in the groundwater table are
not the primary driver for ROS production. Instead, meteorological
conditions, such as temperature, precipitation and humidity, play
crucial roles because they can influence microbial structure and
biogeochemical rates as well as soil physicochemical properties (Liu
et al., 2024a), thereby affecting ROS production from biotic and abiotic
pathways.

2.5.2. Rhizosphere

The plant rhizosphere, the narrow zone of soil at the root-soil
interface, is a highly redox-dynamic hotspot for intense biogeochemical
processes (Philippot et al., 2013; Wei et al., 2019). Many plants (e.g.,
rice) transfer Oy to the roots through aerenchyma, a process known as
radial oxygen loss (ROL) into the rhizosphere (Philippot et al., 2013;
Wang et al., 2018). ROL forms a narrow oxic or microoxic zone around
the root leading to a gradually decreasing redox potential from the root
surface to the bulk soil (Khan et al., 2016). The circadian rhythms of ROL
in the rhizosphere under light-dark cycles make it advantageous to
abiotic formation of ROS (Dai et al., 2022). Besides, abundant redox-
active substances, such as phenols, quinones and iron minerals exist in
the rhizosphere (Dias et al., 2016; Kaplan et al., 2016). The reactions of
these substances with O, also provide favorable conditions for produc-
tion of ROS. In addition to abiotic factors, biotic factors such as micro-
bial communities also play an important role in ROS production in the
rhizosphere through fueling the reduced species for O5 activation (Liu
et al., 2022). For example, Fe(IlI)-reducing microbes can reduce Fe(III)
to Fe(Il), thereby contributing to ROS production (Liu et al., 2022). The
steady-state concentrations of *Oz and Hy05 in sediment pore water in
Spartina alterniflora-dominated salt marsh systems can reach nM and
nM-pM levels, respectively (Dias et al., 2016), comparable to those in
surface water (Petasne and Zika, 1987; Shaked et al., 2010). The dis-
covery of ROS in the rhizosphere provides new sights into the biogeo-
chemical processes in this important niche.

2.5.3. Paddy Soils

Paddy soils are regarded as the “grain base” for food production,
providing food for 50 % of the world population (Kogel-Knabner et al.,
2010). The cultivation of rice in these soils involves regular flooding and
drainage, which triggers the reductive dissolution of Fe(III) minerals and
the reoxidation of Fe(II) species. This process results in a significant and
sustained production of ROS (Chen et al., 2021a; Huang et al., 2023). In
addition to the flooding and drainage, O, secretion by rice roots can
create an anoxic-oxic dynamic microenvironment, leading to ROS pro-
duction from oxidation of rhizosphere Fe(II) by O, with these ROS
contributing to the degradation of rhizosphere pollutants (Meng et al.,
2023). The *OH production capacity of paddy soils is estimated to be
several hundred micromoles per kilogram (Chen et al., 2021a; Huang
et al., 2023). Further, a recent study reported that HyO, concentrations
in paddy overlying waters, measured in an in situ experiment system,
can reach 0.03-16.9 pM under nonphotochemical conditions (Liu et al.,
2024b), which is significantly higher than those in the riparian zone (~
123 nM) (Zhang et al., 2020a). This discrepancy may be attributed to the
abundant reduced components and rapid supply of O at the paddy soil-
water interface (Liu et al., 2024b). These findings underscore the sub-
stantial potential of paddy soil systems for ROS production.

2.5.4. Other scenarios

Other scenarios for ROS production are increasingly being discov-
ered, including groundwater abstraction and discharging (Zhang et al.,
2023b), groundwater table fluctuations (Jia et al., 2017; Wei et al.,
2024), sludge composting (Xing et al., 2022), remediation of contami-
nated groundwater through oxygenation (Cai et al., 2022), and oil/gas
recovery with oxygen-containing water injection (Zhang and Jun,
2018). In these scenarios, the mechanisms of ROS production are mainly
attributed to abiotic Oy reduction by reduced components (such as Fe
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Table 2
Typical methods applied in the subsurface ROS detections.
ROS detection Application ROS species Detection Notes
Methods scenario selectivity limit
Qualitative
analysis, Multiple anti-
EPR Lab-based & Medium-high nM-pM facts exist in
not suitable for the spectrum
field analysis
Quantitative
analysis, Subsurface
Spectroscopic Lab-based & . matrixes
probes partially High pM-nM interfere with
suitable for the analysis
field analysis
ROS Typically
Spatial distribution, Low M combined
mapping Suitable for with other
field analysis methods

(ID). For instance, when groundwater is exposed to air during abstrac-
tion and discharging, notable amounts of HyO3 and *OH are produced
from the abiotic O reduction by dissolved reduced components (Zhang
et al., 2023b).

3. ROS Measurement in the Subsurface
3.1. Challenges in Subsurface ROS Analysis

Quantifying and characterizing ROS in the subsurface is an endeavor
fraught with great challenges due to the short lifetimes and low con-
centrations of ROS as well as the difficulties in preserving the redox
condition of samples in a state similar to that in the natural environment
(Burns et al., 2012). For instance, *OH has a lifespan of nanoseconds to
milliseconds, and *O3 has a half-life ranging from seconds to minutes,
contingent on its existing conditions (Daiber et al., 2004; Diaz et al.,
2013; Hodges, 2003). Water samples from porous or fissure matrixes in
the subsurface are difficult to collect, and the in situ redox conditions are
prone to rapid to variation. These minuscule timeframes and compli-
cated existing conditions make capturing and quantifying ROS a
formidable task, demanding sophisticated analytical techniques and
instrumentation.

Compounding the complexity of ROS measurements is the fact that
natural subsurface environments are replete with intricate matrices,
such as Fe(Il) and natural organic matter (NOM). These components can
introduce unwanted interferences, complicating the accurate assess-
ment of ROS concentrations (Zhang et al., 2020a). The chemical in-
teractions and reactivity of ROS with these substances further
accentuate the challenge, making it imperative to employ meticulous
experimental designs and analytical methodologies to ensure accurate
and reliable measurements. Moreover, subsurface settings, whether in
soil, sediment, or groundwater systems, are inherently heterogeneous.
Variations in geology, chemistry, and microbial activity can lead to
substantial spatial and temporal disparities in the distribution of ROS
(Yuan et al., 2017; Zhang et al., 2020a). These disparities are not only
scientifically intriguing but also hold practical significance for under-
standing and managing environmental processes. However, the acqui-
sition of knowledge regarding the spatial and temporal dynamics of ROS
in subsurface environments is highly challenging and require develop-
ment of ROS detection methods with precise and appropriate spatio-
temporal resolution.

3.2. ROS Identification and Quantification

Presently, the identification and quantification of ROS in the sub-
surface apply the chemical methods normally used from aquatic envi-
ronments, and make modifications needed depending on the
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characteristics of the experimental systems.

3.2.1. Electron Spin Resonance Analysis

Electron Spin Resonance (ESR) is a crucial analytical technique uti-
lized for the detection of free radicals (Griin, 1989; He et al., 2014)
(Table 2). Given the inherently short lifetimes of most free radicals, ESR
employs spin trapping agents to capture these radicals, forming more
stable spin adducts or complexes that can be readily analyzed (Dikalov
et al., 2018). ESR spin-trapping is widely acknowledged as the gold
standard for confirming the generation of ROS due to its high selectivity
based on the distinct ESR spectra of the spin-trapped radicals. Further-
more, it provides semi-quantitative information regarding the ROS
concentration, facilitating the assessment of ROS production rates or
scavenging capacities. Nevertheless, ESR measurement relies on lab-
based instrumentations and is not conducive for on-site analysis of
ROS, especially in subsurface environments. Notably, ESR analysis can
be interfered by multiple artifacts, and the intricate matrices (e.g., NOM)
in the subsurface can introduce additional complexity (Nosaka and
Nosaka, 2017). It is also critical to recognize that trapping agents must
be used with ESR and, as such, the measured radical concentration
represents a cumulative value of the radical concentration and does not
represent the steady state concentration. The trapping agent added ne-
gates the effect of any radical consumption pathways and, as such,
prevents measurement of actual in situ steady state concentrations.

3.2.2. Spectroscopic Analysis

Spectroscopic analysis involves techniques such as UV/vis absor-
bance, chemiluminescence, and fluorescence spectroscopy (Burns et al.,
2012) (Table 2). Here we list some representative spectroscopic methods
for *O3, H209, and *OH analysis. *O3 has a short lifespan and its direct
analysis is challenging. To address this issue, scavengers like superoxide
dismutases (SOD) and nitro blue tetrazolium (NBT) are used to trap *Oy
and form stable spin adducts (Flohé and Otting, 1984; Kakkar et al.,
1984; Kono, 1978; Nandi and Chatterjee, 1988). However, direct
detection via UV spectrophotometry is limited by the short wavelengths
and weak extinction coefficients of the ROS (Bielski et al., 1985). To
overcome these limitations, chemiluminescence methods have been
developed, with 2-methyl-6-(4-methoxyphenyl)-3,7- dihydroimidazo
[L,2-a] pyrazin3(7H)-one (MCLA) emerging as a more selective probe
(eq. 12) (Nishinaka et al., 1993; Pronai et al., 1992). MCLA-based
chemiluminescence assays offer a high sensitivity and specificity for
*O3, and they have been successfully employed to measure its concen-
trations in seawater (Rose et al., 2008a). However, quantifying *O3 in
the subsurface remains challenging due to the complex matrices and the
influence of redox chemistry and biological processes. A solution to this
challenge involves indirectly quantifying *O; by measuring the con-
centration of hydrogen peroxide (Hy05) formed through the dispro-
portionation reaction of *O3.

MCLA + O, —CO, + CL of product at A = 465 nm 12)

H0, is characterized by a high stability and relatively long half-life,
making it amenable to measurement in various environmental settings.
Fluorescence and chemiluminescence methods are typically used to
determine HyO3 concentrations (Burns et al., 2012). These methods rely
on fluorescent probes, such as scopoletin (Boveris et al., 1977), 2,7-
dichlorodihydrofluorescein (HaDCF) (Zhou et al., 1997), and Amplex
Red (AR) (eq. 13) (Rhee et al., 2010), which respond to H,0, by pro-
ducing a change in fluorescence intensity. Chemiluminescence methods
employing luminol and 10-methyl-9-(p-formylphenyD)-acridinium
carboxylate trifluoromethanesulfonate (AE) have also been developed
for HyO, detection (King et al., 2007; Yuan and Shiller, 2004). While
these methods offer high sensitivity, it is important to consider potential
interference from background fluorescence, especially in subsurface
environments. For instance, to address the interference of soil/sediment
components on HyO, measurements, some studies estimate HyO5
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concentrations by applying a calibration factor to the blank values
(Trusiak et al., 2018; Zhang et al., 2024a). In addition, it is also a feasible
strategy to add a chemical masking agent to eliminate the interfering
ions (Burns et al., 2012; Yuan et al., 2017).

AR + horseradish peroxidase/H,0, — Resorufin (Ex/Em = 540/590
nm) (13).

*OH has a much shorter lifespan compared to other ROS, making
direct detection challenging. To indirectly measure *OH, specific probe
compounds, including benzoic acid (BA), salicylic acid (SA), and ter-
ephthalic acid (TPA), can capture and quantify *OH in a system (Su et al.,
2019). These compounds selectively react with *OH to produce stable
hydroxylation products, which can be separated and detected by chro-
matography or mass spectrometry. In the presence of solid matrices,
caution should be paid to the sorption loss of hydroxylated products,
which may lead to the underestimation of *OH production.

3.2.3. Spatial Mapping

The distribution of reactive oxygen species (ROS) in the subsurface
environment exhibits high spatial heterogeneity. Firstly, the sources of
ROS generation are highly spatially heterogeneous. For example, dy-
namic interfaces such as soil-water-air-oxygen interfaces often serve as
hotspots for ROS generation, leading to significant concentration dif-
ferences in the range of mm to m scale. Additionally, the limited diffu-
sion distances of ROS result in non-homogeneous distributions in both
sources and bulk phases (Table 2). For instance, the concentration of
singlet oxygen decreases to 50 % within 80 nm from the source, and to
0.1 % within 250 nm (Latch and McNeill, 2006). Similarly, the spatial
distribution of *OH also exhibits high heterogeneity in the nm-pm scale.
Therefore, identifying and mapping the spatial distribution of ROS is
crucial for accurately predicting the processes and effects of ROS under
spatial differences. Currently, the development of in situ imaging
detection methods and devices for ROS is still in its early stages. The
Chu’s research group has developed a technique combining in situ im-
aging gel films with fluorescence confocal microscopy, which enables in
situ detection of environmental ROS at the pm-mm scale, and has
explored ROS generation mechanisms and mm-scale spatial distribution
in coastal sediments under tidal influence (Zhao et al., 2022). Further-
more, by utilizing a microfluidic chip platform combined with in situ
imaging of ROS, they achieved pm-scale in situ online imaging of ROS in
the rice root zone, visualizing the ROS generation hotspots at the rice
root-soil interface (Dai et al., 2022).

3.3. Guidelines for Choosing the Most Suitable ROS Characterization
Method

The selection of the most appropriate ROS characterization method
depends on the specific research goals and the unique characteristics of
the subsurface environment. Generally, for qualitative characterization,
confirming the generation of ROS can be accomplished using ESR
spectroscopy. Additionally, the relative contribution of ROS to redox-
sensitive substance transformation can be determined by comparing
transformation rates or efficiencies before and after introducing various
quenching agents. It is important to consider the numerous interfaces
present in the subsurface environment, as interfacial reactions must be
factored in when choosing quenching agents. For quantitative charac-
terization, ROS with certain half-lives such as HyO, can be directly
measured through sampling and subsequent chemical analysis.
Conversely, for the ROS such as *OH which exhibit shorter half-lives,
direct sampling and measurement are impractical. In such cases, probe
methods are employed to determine the rate of generation of *OH but
cannot determine the steady state concentration because of the negation
of loss pathways as a result of the presence of the probe compound. To
identify the spatial distribution of ROS in the subsurface environment,
techniques with spatial resolution such as fluorescence imaging can be
harnessed to analyze the distribution of ROS within specific regions,
providing valuable information for investigating ROS dynamics. For the
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heterogeneous subsurface environment, the methods described above
apply to the measurement of ROS in the aqueous phase and, potentially,
a fraction in the solid phase. However, it is currently a challenge to
measure the concentration of ROS sorbed to the surface of solid
matrices.

4. Significance of ROS in the Subsurface

The significance of ROS in the subsurface involves two aspects. One
is the direct reaction between ROS and the target substance, i.e.,
contaminant attenuation or organic matter decomposition. The other is
the influence of ROS on microbial metabolism and, subsequently, on the
biogeochemical processes for transport and transformation of the target
substance. Since *O3 and Hy0; are often regarded as precursors for the
production of highly reactive *OH, the environmental effect of *OH ap-
pears to be of greater significance.

4.1. Contaminant Attenuation

The attenuation of contaminants as a result of oxidation by *OH is
emerging as a novel pathway in alternating oxic-anoxic environments
(Huang et al., 2021b), challenging the prevailing paradigm that micro-
bial aerobic oxidation and biotic/abiotic reduction are the dominant
mechanisms. The high reactivity of *OH positions its oxidation as a rapid
and effective process for attenuating contaminants. A notable example is
the finding that the *OH generated upon oxygenation of soils/sediments
resulted in a significant reduction of TCE half-life from 60 years under
anoxic conditions to 0.25 years under oxic conditions (Schaefer et al.,
2018). Extensive research efforts have focused on contaminant oxida-
tion by *OH produced from the oxidation of Fe(Il)-containing minerals
and sediments by O,. The target contaminants encompass a diverse
range of organic compounds (e.g., trichloroethylene (Schaefer et al.,
2018), polycyclic aromatic hydrocarbons (Chen et al., 2021b), phenol
(Cheng et al., 2020), tetracycline (Tong et al., 2016), 1,4-dioxane (Zeng
et al., 2017), petroleum compounds (Liu et al., 2024c), polystyrene
microplastics (Chen et al., 2021c), antibiotics (Chen et al., 2023), coking
wastewater (Zhou et al., 2019), as well as inorganic compounds (e.g.,
arsenic (Tong et al., 2016), CdS (Huang et al., 2021a), etc.) (Table S2).

However, as the oxidation by *OH is nonselective, reduced species
such as Fe(Il) and NOM may competitively consume °*OH, thereby
diminishing the oxidation efficiency of contaminants (Zhang et al.,
2023a). For instance, in oxic Fe(II)/soil/sediment systems, the utiliza-
tion efficiency of *OH for contaminant transformation varies from 1 to
46.9 % (Table S2), which is substantially lower than the desired 100 %.
Therefore, reduced species play a dual role in generating and quenching
*OH. The quenching efficiency of a reduced species can be estimated by
eq. 14. Assuming a target contaminant concentration of 10 pM and a
typical rate constant of 1 x 10° M~ s™! for its oxidation by *OH, the
quenching efficiency exceeds ~99 % when Fe(ID g;s (krea), ‘o = 5 X 108
M 1s? (Rose and Waite, 2002)) concentration surpasses 2 mM. This
dual functionality may explain the relatively sluggish natural attenua-
tion of contaminants observed in environmental settings.

> ciki.on
QE — x 100% a4
Z Ciki.-OH + Ccontaminantkcontaminant,~OH

where QE denotes the quenching efficiency; ¢; and ccontaminant Signify the
concentrations of co-existing reduced components and contaminants,
respectively; ki, *op and Kcontaminant, *on Tepresent the rate constants for
the reaction of *OH with co-existing reduced components and contam-
inants, respectively.

In addition to *OH, other ROS including H0; can also contribute to
contaminant degradation. For example, the enhanced bisphenol A
degradation by reaction with HyO3 in soils has been reported recently
(Yu et al., 2025). Additionally, HyO is capable of reducing Mn from
high to low oxidation state and extracellular *O3 is involved in Mn(II)
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oxidation (He et al., 2025; Qi et al., 2024; Zhang et al., 2021). *O3 and its
disproportionation product HoO; are also recognized to be capable of
dissolving iron oxides by reduction of Fe(III) to Fe(II) (Fujii et al., 2006)
but most interest in these ROS has arisen as a result of their role in the
generation of *OH and/or high valent metal species via Fenton or
Fenton-like reactions (Miller et al., 2018; Trusiak et al., 2018; Yuan
et al., 2022; Zhao et al., 2022).

4.2. Organic matter decomposition

The subsurface environments contain abundant NOM, representing a
huge carbon (C) pool in the terrestrial ecosystem (Hicks Pries et al.,
2017). Although most of the NOM in subsurface environments is
mineralized by microbes and respired into the atmosphere over short
timescales, recent studies have revealed that abiotic oxidation of NOM
by *OH contributes significantly to CO5 emission or C storage in redox-
dynamic subsurface environments (e.g., paddy soils (Chen et al.,
2021a)). For example, organic matter has been shown to undergo abiotic
oxidation by ROS through a series of reaction steps (Chen et al., 2020;
Hu et al., 2023; Wang et al., 2017c¢). In detail, the DOM is initially
attacked by *OH through both hydroxylation and hydrogen abstraction
pathways (Chen et al., 2021a; Hu et al., 2023; Zeng et al., 2020). The
resulting hydroxylated aromatic radical can subsequently undergo
structural rearrangement or react with O to form quinones or open-
chain carboxylic acids. This oxidative transformation results in a
decrease in molecular weight and an increase in bioavailability (Hu
etal., 2023; Zeng et al., 2020). Laboratory simulation experiments show
that the relative contribution of *OH oxidation to COy production was
15.1-30.8 % for oxygenation of paddy soils (Chen et al., 2021a),
14.6-27.6 % for acidic sulfate-rich soils (Zhang et al., 2020b) and
17.5-26.4 % for riparian sediments (Liu et al., 2024a). However, the role
of ROS for C cycling in the subsurface at the field scale has received
much less attention so far. Therefore, the relative contributions of
abiotic and biotically catalyzed reactions on NOM decomposition
remain unclear, particularly for ecosystems with a large ROS production
flux, e.g., paddy soils and riparian zones.

4.3. Influence on Biogeochemical Processes

Subsurface microbes are of paramount importance in a multitude of
biogeochemical activities, encompassing nutrient cycling and the con-
version of both organic and inorganic compounds (Ehrlich and Newman,
2008). The biogeochemical dynamics of certain elements and substances
may indirectly intertwine with microbially driven alterations of NOM
and mineral phases, especially (oxyhydr)oxide minerals of iron and
manganese, iron-rich clays, and iron sulfides (Dong et al., 2023; Kappler
et al., 2021). Given that ROS can induce DNA disruption, protein and
amino acid oxidation, lipid peroxidation of membrane fatty acids, and
biomolecular damage and cell demise (Taverne et al., 2018), it stands to
reason that ROS possess the potential to incapacitate functional micro-
organisms involved in element cycling (Wang et al., 2017b), thereby
exerting a profound influence on biogeochemical element and substance
cycling (Dong et al., 2023). Numerous studies have documented that
ROS influence the growth and functionality of diverse microbes, such as
Fe(IIl)-reducing bacteria (Chen et al., 2018), Mn(II)-oxidizing bacteria
(Tong et al., 2022), ammonia-oxidizing Archaea (Tolar et al., 2016), and
planktonic and macrophytic cyanobacteria (Rose et al., 2005; Swanner
et al., 2015). These influences subsequently lead to inhibition of
bacterially-mediated processes such as Fe(III) reduction (Chen et al.,
2018), Mn(II) oxidation (Learman et al., 2011), ammonia oxidation
(Tolar et al., 2016), and Archaean oxygen production (Swanner et al.,
2015). In addition, the disparate responses of microbes to ROS can result
in the reshaping of the microbial community in the subsurface, and
subsequently affect the associated biogeochemical processes (Ma et al.,
2019). Besides influencing microbial activity and community structure,
ROS may also affect extracellular enzymes, thereby impacting the
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Fig. 3. Framework for assessing the importance of ROS oxidation on substance transformation in the subsurface. (a) Variation of substance oxidation mechanisms
during oxygenation of reduced soils/sediments, where substance oxidation is initially dominated by *OH oxidation, followed by a stabilization period and finally by
aerobic microbial oxidation. (b) Influence of environmental factors on the direct and indirect impacts of *OH.

biogeochemical cycling (Dong et al., 2023; Sheng et al., 2023).

4.4. Redox-Sensitive Substance Oxidation by ROS and Aerobic Microbes
in the Subsurface

As discussed above, both aerobic biological oxidation and *OH-
mediated oxidation contribute to redox-sensitive substance trans-
formation in the subsurface (Ehrlich and Newman, 2008; Tong et al.,
2016). Aerobic biological oxidation, which requires a high abundance of
aerobic bacteria, typically occurs in oxic surface environments (Fig. 3a).
In contrast, *OH oxidation, which occurs during the oxygenation of
reduced species including Fe(II) and reduced NOM,, is prevalent at oxic-
anoxic interface (Fig. 3a). When the reduced species are consumed, the
redox conditions of soils and sediments change from anoxic to oxic, thus
stimulating the growth of aerobic and facultative bacteria and triggering
aerobic biological oxidation (Fig. 3a). A recent study conducted by Li
et al. (2024) reported a three-stage oxidation pattern of contaminants
during oxygenation of sediments, with a first stage of *OH oxidation
followed by a long stabilization stage and finally an aerobic biological
oxidation stage. The stabilization stage temporally separates *OH
oxidation from microbial oxidation, thereby diminishing the inhibitory
effect of *OH on aerobic microbes and creating favorable conditions for
the enrichment of aerobic microbes. The duration of the stabilization
stage was shown to be highly dependent on the properties of soils and
sediments (Li et al., 2024). Soils and sediments rich in aerobic and
facultative microbes, particularly those capable of degrading the target
substance and those with abundant nutritional conditions, typically
experience a shorter stabilization stage.

4.5. Guidelines for evaluating the significance of ROS in the Subsurface

The guidelines for evaluating the significance of ROS in the subsur-
face can be summarized as follows (Fig. 3b). The direct impact of ROS in
substance transformation is mainly controlled by the concentrations and
types of ROS produced, the concentrations of background competitors
for ROS, the reactivity of the redox-sensitive substance to ROS, and
water flow velocity. First, the concentration of in situ generated *OH
plays a dominant role as *OH is the most important ROS for direct
substance transformation. *OH production can be evaluated by the
theoretical and empirical guidelines mentioned above. Second, the
background competitors for ROS determine the utilization fraction of
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*OH for the target substance transformation, which can be estimated by
the equation for quenching efficiency (eq. 14). Third, the rate constants
of substance (i.e., contaminants and organic matters) oxidation by *OH
also have an important influence, which has been considered in the
quenching efficiency. Finally, water flow determines the reaction time
between ROS and target substance, and also transport the relatively
long-lived ROS (particularly Hy05) from the production zone to some
distance away for additional *OH production. The transport distance can
be estimated by reactive transport modeling. The relative importance of
ROS in substance transformation can be evaluated by kinetic modeling
in soil/sediment systems or by reactive transport modeling in ground-
water systems, as discussed later. For example, the addition of ligands
can effectively promote *OH production during sediment oxygenation,
thereby enhancing contaminant degradation (Xie et al., 2021). How-
ever, this enhancement is strongly influenced by both ligand type and
concentration. Although *OH yield during sediment oxygenation is
higher with the addition of EDTA than TPP, TCE degradation shows the
opposite pattern (Xie et al., 2021). This has been attributed to the ability
of EDTA, relative to TPP, to compete more strongly with TCE for the
generated *OH. In addition, while higher concentrations of EDTA can
lead to increased *OH production, the overall contaminant degradation
efficiency decreases.

In contrast to the direct impact of ROS, the indirect impact arises
from the stress induced by ROS on microbial activity and the subsequent
reduction in ability of microbes to drive the biogeochemical trans-
formation of substances present in the subsurface. As such, the relative
importance of the indirect impact is mainly governed by the concen-
trations of ROS produced outside and inside of the microbial cells, the
coexisting species scavenging ROS, the biogeochemical functions of
microbes, and also water flow velocity. The concentrations of ROS
produced outside and inside of microbial cells, particularly the latter,
largely influence the metabolic activity and function of microbes. Both
extra- and intracellular ROS can be scavenged by coexisting reduced
species present in external environment and the enzymes that are
capable of scavenging ROS inside the cells. The steady-state concen-
tration of ROS, particularly inside cells, is the main determinant of the
impact of ROS on microbial activity and function. It is difficult at present
to estimate the relative importance of the indirect ROS-induced trans-
formation of contaminants because the quantitative dose-effect rela-
tionship between ROS and the biogeochemical transformation of
particular substances is not clear.
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Table 3
A simplified reaction network for kinetic modeling of ROS production from a
pulsed event of soil/sediment oxygenation.

No. Reactions Rate constant References
ROS production from Fe(II) oxidation
1 Fg(ll) + 0y — Fe(lID + 0.01-2.6 M Ls1? (Zhang et al., 2023a)
2
Fe(II *0; — Fe(IIL
2 He(O) 0z~ FellD+ g s mtst (Chen et al., 2021a)
202
3 ge}(ll,l);rq)HS%ZH_) Fe(ttn) + 3.9-5x 10°M 1s1?  (Zhang et al., 2023a)
1
. 8 8
4 g(;—([m  "OH ~ Fe(lID + ;/[X1 1501 ;\5 10 (Zhang et al., 2023a)
Rose and Waite
5 Fe(lll) + O3 — Fe(ID + 0, 6.5 x 10 2M 1! (Rose and Waite,
2005)
Fe(III) + Hy045 — Fe(IID) + 2 11 (Kwan and Voelker,
1 x 1 M
6 0, + Hy0 3.1x10 s 2002)

ROS production from NOM, 4 oxidation

7 HyQ + 0z —» Q + Hy0, 0.8 M ts7! (Yu et al., 2022)
HyQ+ Hy0, — *SQ + OH™
8 ZQJE. 202 ~"SQ + 31 M Ls?! (Yu et al., 2022)
+ @2 *OH
. H H-
9 S? +H0, > Q+OH + 4x10°M tst (Zhang et al., 2022b)
@2 *OH
ki=1x10"
(Song and Buettner,
10 HyQ +Q e« 2°SQ M1ls Lk =2x ) ;
2 108 MLt 2010; Yu et al., 2022)
NOM + *OH —
11 0.18LMWOAs + 0.3CO, 3.8 x10"M“ ls? (Yu et al., 2022)
+ 0.52X¢
12 EIZ)Q +Fe(ll) = *SQ +Fe o 0oyt (Yuan et al., 2017)
13 *SQ + Fe(Il) > Q + Fe(I) 9 x 10° M~ 157! (Yuan et al., 2017)
14 SQ + Fe(D) — HoQ + Fe 1x10°M Ls? (Yuan et al., 2017)

I

2 The rate constants of ki, k3 and k4 were set 0.1, 10 and 3 x 108 M LsH,
respectively. Details are shown in Section S1.

b The value of ¢; was reported to be 0-5.3 %. For the sake of simplification,
the value of ¢, was set at 4.1 %.

¢ X represents the partially oxidized NOM by *OH.

5. Quantifying the Rate and Flux of ROS Production and
significance in the Subsurface

To evaluate the importance of ROS in the subsurface, it is necessary
to quantify their rate of production. The redox-dynamic subsurface can
be separated into two scenarios with these scenarios defined by the in-
tensity of water flow. One scenario is the soil/sediment system with
minimal water flow, and the other is the groundwater system with sig-
nificant flow. For these two scenarios, different modeling tools are
required to quantify the rate of ROS production and the resultant
transport (or flux).

5.1. Rate of ROS Production in Soil/Sediment Systems

Given the challenge of measuring ROS in the field, monitoring the
flux of ROS production in the shallow soil/sediment system is a difficult
task. An ideal approach to estimate ROS in this system is solute reactive
transport modeling in unsaturated zones, which is complicated by the
multi-species (e.g., Oz and Fe(II)) in the solid-gas-water multi-phase
system. As an alternative simpler approach, we can approximately es-
timate the rate of ROS production through kinetic modeling by assuming
soils/sediments as static systems. The conventional kinetic models, such
as pseudo-first/s-order kinetic models, are simplistic for modeling soil/
sediment systems. Instead, numerical kinetic models, based on a
comprehensive reaction network encompassing ROS production and
consumption, can be useful. The numerical kinetic models have been
developed to describe ROS production from the oxidation of specific
reduced species (i.e., Fe(II) and reduced NOM) by Oz and H302 (Chen
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et al., 2023; Miller et al., 2016; Zhang et al., 2022b). However, simu-
lating *OH production proves challenging due to the nonstoichiometric
decomposition of HoO5 to *OH by Fe(II) and NOM (Remucal and Sedlak,
2011; Zhang et al., 2022b). For instance, the *OH production yield from
H,0; decomposition by inorganic dissolved Fe(II) is near 100 % at pH 3
but drops to ~0 % at pH 7 (Remucal and Sedlak, 2011); and the exact
mechanism of *OH production from Hy05 decomposition by NOM re-
mains unclear. The approaches addressing this issue involve the addition
of side reactions that cannot produce *OH or can decompose *OH (Miller
et al., 2013), the inclusion of more reactive intermediates like ferryl
(Guo et al., 2021; Hug and Leupin, 2003), and the setting of experi-
mentally measured *OH production yield (Zhang and Yuan, 2017; Zhang
et al., 2022b). Consideration of side reactions or more reactive in-
termediates increases modeling complexity and uncertainty, as the
mechanism of *OH production from Hy0, decomposition is not well
understood (Remucal and Sedlak, 2011). Experimental measurement of
*OH yield is simple but may deviate from the real case because reaction
rates vary with the temporal variation of conditions like Fe(II) and NOM
speciation.

Another challenge for modeling is the diversity of reduced species
with different reactivity. For Fe(II) in soils/sediments, we can categorize
all the Fe(I) species into ion exchangeable, surface-adsorbed and min-
eral structural Fe(II) based on sequential chemical extractions (Chen
et al., 2021a). This approach can describe *OH production during the
oxygenation of Fe(Il) in soils and sediments (Zhang et al., 2023a). For
NOM, it could be feasible to use electron-donating capacity (EDC) and
electron-accepting capacity (EAC) as proxies for the reduced and
oxidized groups in NOM, respectively (Yu et al., 2022). To estimate ROS
flux in soil/sediment systems, we have developed a numerical kinetic
model with a simplified set of reactions (Table 3, Section S1). The
modeled *OH values were approximately consistent with the measured
values in literature (R? = 0.73, Fig. 4). The average rates of *OH and
H20; production within 24 h were estimated to be 0.003-0.049 and
0.09-2.52 mmol/(kg-h), respectively (Fig. 4). Notably, the rate of HyO5
production surpasses that of *OH by 1-2 orders of magnitude (Fig. 4),
which is in line with the low transformation yield from Hy0, to *OH
(Table 3). The lower oxidizing ability of HoO, facilitates its relatively
long persistence in soils and sediments, enabling it to transport and react
with reduced species (e.g., Fe(II)-bearing clay minerals) to produce *OH
(Dong et al., 2018; Wang et al., 2017a; Yu et al., 2025). However, it is
important to note that soil/sediment oxygenation often occurs as pulsed
events, with short periods of oxygenation followed by long periods of
anoxia. Hence, the estimated *OH and H;0; production rates represent
these ROS production during a pulsed oxygenation event.

The environmental impact of ROS can be also estimated by the ki-
netic model described above. Given that the yield of CO, from the
decomposition of NOM by °*OH is ~0.3 mol of COz/mol of *OH
(Goldstone et al., 2002), the rate of CO5 production is estimated to be 4
x 107°-6.5 x 10* g CO,/kg/h soils/sediments during a pulsed
oxygenation event (24 h) (Section S2). For the 1-day oxygenation of a
sediment with the thickness of 0.5 m and the density of 2.65 x 10° kg/
m?3, the rate of CO, emission induced by *OH oxidation is further esti-
mated to be 0.05-0.86 g COy/h/m? during a pulsed oxygenation event
(24 h) (Section S2), which is comparable to that produced from soil
respiration (Dorrepaal et al., 2009). While a model-based estimation
approach provides a fundamental framework for ROS-driven organic
matter transformation, its application to actual subsurface environments
remains challenging. Therefore, combining modeling and experimental
measurements to quantify how and to what extent ROS contributes to
CO; production helps us to better understand ROS-driven carbon dy-
namics. Carbon isotope analysis has shown considerable potential in
quantifying CO2 production by *OH oxidation (Zheng et al., 2025).

5.2. Flux of ROS Production in Groundwater Systems

To quantify ROS flux in groundwater systems with flow, reactive

13

Earth-Science Reviews 270 (2025) 105230

transport modeling is a suitable approach. As previous studies in this
regard are limited, we outlined the modeling procedure. The reactive
transport model can be described by the classical advection-dispersion-
reaction equation (eq. 15) (Carrera et al., 2022). However, three key
challenges must be addressed when developing a reactive transport
model for ROS production in groundwater systems: (1) accurately
modeling ROS production from abiotic O, reduction, (2) incorporating
other related intricate redox reactions occurring in the systems, and (3)
determining the ROS-related reaction rate constants at the macroscale.
These challenges are closely associated with the setting of r;.

C;
a

- V-(qG:) - V-(DVC;) — br; (15)
where C; is concentration of species i in groundwater, q is Darcy velocity
vector, D is the dispersion tensor, the reaction rate r; embeds all con-
tributions of reactions associated with species i.

Unlike kinetic models, the increase in the complexity of chemical
reactions in reactive transport models may lead to an exponential in-
crease in computational demands. Hence, it is impractical to include all
the related reactions of ROS production from abiotic O, reduction by
different reduced species in the reactive transport models. As ROS pro-
duction fundamentally involves electron transfer from reduced species
to O, a viable simplification is to use EDC and EAC to represent the
quantities of reactive reduced and oxidized species, respectively.
Consequently, ROS production from abiotic Oy reduction can be
expressed as eqgs. 16-19. Considering the notable differences in physi-
cochemical properties of dissolved and solid species, EDC and EAC
should be divided into two phases (For details, see Table S1).

EDC + 0,—EAC+ 05~ (16)
EDC+ 0, +2H"—>EAC+H,0, a7)
EDC + H,0, + H* >EAC + ¢OH + H,0 18)
EDC 4+ OH—EAC + OH~ 19)

For the second challenge, besides the abiotic oxidation of reduced
species by O, microbial aerobic respiration and the redox cycling of
elements such as carbon, nitrogen, iron and sulfur may also occur (Boye
et al., 2017; Buessecker et al., 2022; Gootman et al., 2020). These re-
actions (such as microbial Fe(III) reduction), either directly or indi-
rectly, influence the spatiotemporal dynamics of ROS. The third
challenge arises from the influence of scaling effects and the pronounced
spatiotemporal heterogeneity of reactants, which often prevents reac-
tive transport models from directly incorporating the parameters
derived from lab experiments (Carrera et al., 2022). Instead, statistical
methods are essential to integrate field data and laboratory results to
establish these parameters. Furthermore, the timescales of elementary
reactions related to ROS span from milliseconds to days (Hofmann et al.,
2008; Prommer et al., 2019; Roelandt et al., 2010), while solute trans-
port in groundwater systems typically spans from days to months (Li
et al., 2017). This characteristic bestows upon the reactive transport
model, which couples solute transport with kinetic reactions, a strong
numerical stiffness (Geiger et al., 2012; Wu et al., 2012; Yeh et al.,
2009). This stiffness largely amplifies the computational demands,
rendering macroscale simulations nearly infeasible (Kinsela et al., 2016;
Krautle and Knabner, 2007). As ROS reactions are mostly irreversible,
conventional methods such as local equilibrium assumption fail to
remove the numerical stiffness (Crincoli et al., 2020; Wu et al., 2012).
Temporal scale analytical techniques such as the computational singular
perturbation (CSP) method provide a solution to simplify the reaction
mechanisms in the model, thus eliminating stiffness (Lam, 1993; Lam
and Goussis, 1994). In addition, due to scarcity of ROS data for
groundwater systems, the verification and calibration of models often
rely on the datasets of other related redox-active species (i.e., Oz, Fe(I)).
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As O3 in groundwater systems is generally limited, the time and space
windows for ROS production are heavily dependent on the transport of
O, (Zhang et al., 2020a).

To estimate ROS production flux in groundwater systems, we
assumed a small-size riparian aquifer (Fig. 5a) and developed an illus-
trative 2D reactive transport model to demonstrate the dynamics of *O3,
H,0, and *OH generation and decay in one hydrological year (Section
S3). The flux ranges for *O3, H204 and *OH within a typical riparian
aquifer profile are 20.28-153.22, 1.33-132.67 and 0.03-3.29 mmol/
(m2day), respectively (Fig. 5b, ¢). The hotspot of *OH production is
mainly distributed in the redox transition zones (Fig. 5d), which aligns
with distribution pattern of HyO5 in riparian zones reported previously
(Zhang et al., 2020a). Assuming a complete reaction of produced *OH
with NOM, the estimated amount of CO; production ranges from
0.00026 to 0.0456 g C02/(m2-day), which was much lower than the CO,
yield during a pulsed oxygenation event (0.05-0.86 g CO5/h/m?). This
discrepancy may be partially attributed to the differences in Oy supply
between the two scenarios.

The illustrative model developed in this study provides a founda-
tional framework for estimating ROS production and its environmental
effects. Our findings suggest that the potential environmental conse-
quences of high ROS concentrations warrant considerable attention,
highlighting the broader significance of reactive transport models in
advancing research in this field. It is important to emphasize that this
model serves primarily as a proof of concept, intending to illustrate the
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potential of reactive transport models in estimating ROS production
flux.

6. Perspectives

From the ROS research status described above, we conclude that a
general framework for understanding ROS behavior in the subsurface
has been formed (Figs. 1-3), whereas an in-depth understanding of the
production and impact of ROS still requires advancement of both
methodologies and fundamental theory. To guide future studies in this
rapidly evolving area, we propose the following six areas of particular
research needs.

6.1. Fundamental Mechanisms of ROS Production

The primary mechanism of abiotic ROS production in the subsurface
has been ascribed to the activation of Oy by reduced species. Key open
questions remain however regarding the fundamental mechanisms of
ROS production with particularly important knowledge gaps in the
following areas.

(1) What’s the principles and mechanisms controlling the yields of
*03, Hy0, and *OH from Oy reduction by different types of
reduced species. The molecular scale reactions of O, and the re-
action of its intermediates (*O2 and H05) with reduced species
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should be resolved so that quantum chemical calculations and
well-controlled experiments can be performed to gain further
insight into these mechanisms. It is also unknown why some
reduced species can reduce Oz sequentially to *OH but others
cannot. For instance, the reduction of O, by ion exchange Fe(II)
does not result in the production of *OH, whereas complexed and

mineral structural Fe(II) do produce *OH (Xie et al., 2020).

How abiotic and biotic mechanisms co-contribute to the pro-

duction of different ROS, and how the interplay between abiotic

and biotic mechanisms can be quantified. It has been established
that abiotic and biotic mechanisms predominantly contribute to

ROS production under anoxic-oxic dynamic conditions and oxic

conditions, respectively (Chen et al., 2021a; Tong et al., 2016;

Zhang et al., 2024a). When redox conditions change, both abiotic

and biotic mechanisms may co-contribute to ROS production.

However, the interplay between abiotic and biotic mechanisms,

and how these potentially intercoupled processes proceed,

remain unclear.

(3) Whether and how the electrons in separate subsurface zones can
be transferred to O for ROS production. In the subsurface, most
reduced species exist in the form of particles, aggregates, and
low-permeability lenses, interlayers or aquitards. However, the
outer layer of these solid forms can interact with O,, and the
dominant inner space is physically separated from Oy present in
the flowing groundwater. As such, the question of whether and to
what extent the reduced species in the inner space can donate
electrons to O3 in the porewaters requires resolution.

(2)

6.2. ROS Detection Method

After nearly half a century of development, environmental analysis
techniques for ROS have reached the point of meeting basic qualitative
and quantitative analysis needs. However, advances in time- and space-
resolved detection, which are critically needed for ROS detection in
subsurface environments, have been limited. This is attributed to the
difficulty in capturing transient processes of ultrashort-lived ROS in the
subsurface with current technologies (Yu et al., 2025). In addition, the
high degree of soil/sediment heterogeneity makes microscale in situ
ROS imaging difficult, and destructive sampling or macroscopic moni-
toring makes it hard to accurately identify the hotspots of ROS pro-
duction in the subsurface (Wang et al., 2024; Yu et al., 2025). Therefore,
it is essential that there be breakthroughs in time-resolved online anal-
ysis and spatially resolved in situ imaging technologies for ROS. This
would allow us to clarify the dynamic evolution and effects of envi-
ronmental ROS and to improve our understanding of significant sub-
surface processes mediated by ROS, such as nutrient transformation,
pollutant fates, and even global elemental cycling. Future research on
ROS analysis technology could focus on the following areas.

(1) High temporal-resolution ROS analysis technology and associ-
ated online recording. Currently, only the online monitoring of
*O; and Hy0; has been achieved, and the range of ROS species
that can be analyzed online needs to be expanded further. In
terms of time resolution, the current seconds-level time resolu-
tion should be pushed further towards ultra-high time resolution
in the range of microseconds to nanoseconds and even femto-
seconds, laying the foundation for analyzing the dynamic evo-
lution of environmental ROS. Ultra-high temporal resolution
techniques in the range of fs-ps can also provide important evi-
dence for elucidating ROS reaction processes and mechanisms.

High spatial-resolution in situ imaging technology for ROS. At
present, in situ imaging of ROS can only detect total ROS; there is
an urgent need to develop highly selective in situ imaging tech-
nologies for a range of ROS. Additionally, the exploration of ultra-
high spatial resolution in situ imaging technologies in the nm-pm
scale for ROS and the development of nano-sensors to visualize

2

—
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and target ROS hotspots are required to provide methods for
studying non-homogeneous ROS processes at important subsur-
face interfaces.

Portable field analysis equipment for ROS. Currently, most
environmental ROS research is based on laboratory simulations,
with very little field research conducted. The main reason for this
is the lack of field ROS analysis equipment. Therefore, there is an
urgent need to develop portable field analysis equipment for ROS
based on the development of laboratory methodologies to
establish a foundation for field ROS research.

3

—

6.3. ROS Footprint Tracing Methods

One important method that needs to be developed is the capability to
identify whether and to what extent ROS are involved in specific pro-
cesses or scenarios. For example, the well-recognized Haber-Weiss
mechanism suggests that O, is sequentially reduced to *O3, H202, *OH
and finally Hy0, implying a 100 % flux of ROS for Oz reduction to H2O in
the subsurface. In reality, this mechanism has never been quantitatively
evaluated because we do not have available methods to trace the step-
wise production of ROS. Besides, many previous studies claimed that
*OH production could largely contribute to CO5 emission and contami-
nant transformation in the subsurface but we do not have methods to
directly quantify the involvement of *OH. It is critical that quantitative
methods be developed to trace the footprints of ROS production and
consumption in the environment. Isotope labeling and fractionation (i.
e., triple O and ROS-target elements) could be a potential method to
trace the involvement of ROS. O-isotope labelling could be a potential
method to trace the source and fate of ROS in well-controlled experi-
mental system. The premise of using isotope methods is that the specific
isotope (i.e., O) can be preserved in the target substance (e.g., an O-
containing organic) and does not exchange with background substances
(particularly Hy0). Another challenge is the high-precision measure-
ment of O isotope in a specific low-concentration substance such as an
organic micropollutant.

6.4. Models for quantifying ROS contribution to substance transformation

In addition to the above tracing method, we also need models to
quantitatively estimate the contribution of ROS to the transformation
and production of a specific substance in the subsurface. There are two
types of models which could fulfill this need. One is the kinetic model for
static systems, and the other is reactive transport models for flowing
systems.

(1) For kinetic modeling of static systems, efforts are required to
clarify the elementary reactions involved and to specify the
associated reaction rate constants so that the reaction set can be
established. This could be difficult for *OH production because
the associated mechanism is not fully understood. Kinetic models
are presently constrained to specific reaction systems, and gen-
eral models which are applicable to different systems are
required.

(2) The challenges faced by reactive transport modeling of flowing
systems are more complex and diverse. The goal of the ROS
reactive transport model is to achieve assessment of ROS yield
and its environmental effects at the field and larger scales,
identify the conditions that favor ROS environmental function,
and quantitatively describe the role of ROS in the substance-
energy cycle of the subsurface environment. To achieve this
goal, two main issues must be addressed. First, it is a considerable
challenge to incorporate so many ROS-related reactions into the
advection-diffusion equation. In particular, the time scales of the
reaction terms range from seconds to days, greatly increasing
computational costs or even make the calculation infeasible.
Special effort is required to simplify the reaction terms without
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significantly sacrificing model accuracy. Second, the ROS reac-
tion network, as part of the molecular oxygen reduction process,
is highly correlated and interacts with the redox biogeochemical
processes of carbon, nitrogen, phosphorus, sulfur, and various
redox-active metals. Therefore, ROS reactive transport simula-
tion should focus on effective coupling with traditional biogeo-
chemical models.

6.5. Utilization of ROS for Subsurface Remediation

One of the important goals of learning from nature is to serve nature
through what have become known as, “Nature-based Solutions”. From
this perspective, ROS that are produced in the surface may be utilized for
in situ surface remediation. For remediation purposes, there is a need to
maximize the production of *OH in the subsurface and facilitate selective
reaction with the target contaminants.

(1) To maximize *OH production, two main barriers must be
resolved. The first hurdle is the supply of O2 into the subsurface
because its saturation concentration in water is very low. It is not
possible to supply large quantities of O2 at one time; instead, it is
optimal to supply small quantities of O2 continuously or peri-
odically during the remediation process. The second hurdle re-
lates to the efficiency of *OH production from O2 reduction by the
reduced species in the subsurface. Most of the reduced species
likely to be present can reduce O2 to *O2— and H202, but only a
small subset of these species can efficiently reduce H202 to *OH.
As such, a large number of electrons in various reduced species
can, potentially, be utilized for *OH production, but a large in-
crease in the electron utilization efficiency is required. It is likely
that a chemical which has a high electron utilization efficiency
for *OH production and can collect and shuttle the electrons from
various reduced species to the *OH production pathway will be
required. In this regard, iron-binding ligands such as tripoly-
phosphate could be a good alternative as it can assist in main-
taining Fe(IIl), a key electron shuttle, in solution (Xie et al.,
2021).

To maximize contaminant degradation, there is a need to
improve the selectivity of *OH for the target contaminants. As
*OH can react non-selectively with all the oxidizable species
including the reduced species that induce O, reduction, the in situ
generated *OH can be consumed by both the target contaminants
and other oxidizable species. It is therefore of great importance to
increase the reaction selectivity in the subsurface, particularly for
contaminants that are present at concentrations lower than that
of non-target oxidizable species. Future work could be directed to
the construction of localized conditions which are favorable for
the reaction between *OH and target contaminants. It is also
important that the *OH production zone is close to the contami-
nant’s location given the extremely short half-life of *OH. In this
regard, further consideration should be given to alternate oxi-
dants such as sulfate radicals and peroxymonocarbonate in view
of their lower reactivity and longer half-life.

(2

Currently, HyO5- and peroxydisulfate-based processes represent in
situ chemical oxidation technologies utilizing ROS (Yu and Kuzyakov,
2021). However, the structural and redox heterogeneity of aquifers can
lead to additional agent consumption and discourage the contact of ROS
with contaminants (Aeppli et al., 2022; Wang et al., 2024). Enhancing
remediation efficacy hinges upon increasing the activation efficiency,
shortening transport distances, and prolonging reaction durations
(Wang et al., 2023; Wang et al., 2024).
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