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ABSTRACT: We report an unrecognized, tidal source of reactive
oxygen species (ROS). Using a newly developed ROS-trapping gel
film, we observed hot spots for ROS generation within ∼2.5 mm of
coastal surface soil. Kinetic analyses showed rapid production of
hydroxyl radicals (•OH), superoxide (O2•−), and hydrogen
peroxide (H2O2) upon a shift from high tide to low tide. The
ROS production exhibited a distinct rhythmic fluctuation. The
oscillations of the redox potential and dissolved oxygen
concentration followed the same pattern as the •OH production,
suggesting the alternating oxic−anoxic conditions as the main
geochemical drive for ROS production. Nationwide coastal field
investigations confirmed the widespread and sustainable produc-
tion of ROS via tidal processes (22.1−117.4 μmol/m2/day), which was 5- to 36-fold more efficient than those via classical
photochemical routes (1.5−7.6 μmol/m2/day). Analyses of soil physicochemical properties demonstrated that soil redox-metastable
components such as redox-active iron minerals and organic matter played a key role in storing electrons at high tide and shuttling
electrons to infiltrated oxygen at low tide for ROS production. Our work sheds light on a ubiquitous but previously overlooked tidal
source of ROS, which may accelerate carbon and metal cycles as well as pollutant degradation in coastal soils.
KEYWORDS: reactive oxygen species (ROS), coast, tide, soil biogeochemistry, redox fluctuations

■ INTRODUCTION
Reactive oxygen species (ROS) are ubiquitous on the earth’s
surface and profoundly influence element cycles1,2 and
pollutant dynamics.3,4 Historically, the ROS productions on
the earth’s surface are suggested to be dominated by
photochemical processes exerted by the sun,5 leaving the
role of ROS in soil biogeochemical processes overlooked due
to limited sunlight penetration depth (<0.5 mm).6,7 Recent
studies reveal a dark production of ROS through exposure of
extracellular electrons produced by anaerobic microbial
respiration to oxygen during an intermittent redox turnover
(e.g., seasonal mixing in stratified lakes).8−10 Moreover,
reduced geomaterials (e.g., Fe and S minerals and organic
matter) can activate oxygen to produce ROS.11−13 For
instance, water table fluctuation in inland shallow aquifers
regulated the redox conditions of geomaterials and produced
ROS.14 In natural systems, those small-scale biogeochemical
processes could be triggered by large-scale hydrological
fluctuations.15 Yet, a link between biogeochemical and
hydrological processes for ROS productions remains largely
unestablished.
Coastal ecosystems such as intertidal mangroves and

saltmarshes are widespread hot spots for biogeochemical−
hydrological interactions16 and play an outsized role as global
carbon17 and pollutants (e.g., crude oil,18 pesticides, etc.).19

The tidal fluctuations could induce frequent redox oscillations
in coastal soils.20,21 Such redox oscillations could lead to the
contact of infiltrated oxygen and reduced substance that are
abundant in coastal soils (e.g., ferrous minerals, sulfide, and
organic matter), creating the prerequisite for ROS productions
(Figure 1a).5,22 Therefore, we were interested in whether tide-
induced redox fluctuations indeed trigger ROS productions,
which, if the case, will greatly impact element and pollutant
redox cycles in coastal ecosystems.
The goal of this study was to investigate whether tide can

fuel ROS productions in coastal soils. Specifically, we aim to
(i) detect tide-triggered ROS production in coastal soils with a
spatial and temporal resolution, (ii) explore the ROS
production sustainability and rhythm under alternating tidal
conditions, (iii) examine whether the tide-triggered ROS
production was ubiquitous in natural systems with varying
biogeochemical and climatic conditions, and (iv) reveal the
role of soil electron-storing geobattery materials (e.g., Fe and S
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minerals and organic matter, also termed as “geobattery”)15 in
tidal ROS production. Moreover, we compared the tidal ROS
production efficiency with those via a classical photochemical
route. Our results highlight tidal hydrological processes as a
ubiquitous but previously overlooked source of ROS, which
provides new insights into biogeochemical processes and
pollutant dynamics in coastal soils.

■ MATERIALS AND METHODS
Fabrication of a ROS-Trapping Gel Film. The ROS-

trapping gel film was fabricated using a custom-made plastic
binding plate. The mixture of agar gel prepared with
phosphate-buffered saline (PBS) buffer (10 mM; pH 7.0)
and 100 μM 2′,7′-dichlorodihydrofluorescein diacetate
(H2DCFDA, a fluorescent ROS probe)

23 was filled into the
plate. After solidification for 2 h at 4 °C in the dark, the plate
was covered with a poly(vinylidene fluoride) (PVDF) filter

membrane (Whatman, 0.45 μm pore size). ROS production
was semiquantitatively assessed by measuring the formation of
a fluorescent product 2′,7′-dichlorofluorescein (DCF) through
ROS-mediated oxidation of H2DCFD.

23,24 The fluorescence of
DCF was recorded by a confocal laser scanning microscope
(Nikon Eclipse Ti2, Inc.) at an excitation wavelength of 488
nm and an emission wavelength of 525 nm. The application of
the ROS-trapping gel film for ROS detection was validated
using H2O2 as a representative ROS, where H2O2 exposure of
films led to distinct green fluorescence formation and this
fluorescence signal increased with increasing H2O2 concen-
trations (Figure S1). We further investigated the influence of
PBS buffer on ROS measurement by comparing the
fluorescence intensity assessed in PBS and borate buffer. The
results showed that the buffer could affect ROS detection, yet
to a minor extent (Figure S2). Because, in this study, we only
applied the ROS-trapping gel film for assessing ROS spatial

Figure 1. Tide-triggered ROS production in coastal soils. (a) Schematic illustration of ROS production in coastal soils upon a shift from high tide
to low tide. The contact of infiltrated oxygen at low tide with reduced substances could lead to ROS production. (b) Production of O2•− and •OH
confirmed by 5,5-dimethylpyrroline-N-oxide (DMPO)-trapped electron paramagnetic resonance (EPR) spectra. The fingerprint of six peaks and
the four peaks are characteristic for O2•− and •OH adducts, respectively. (c, d) Preparation and application of a ROS-trapping gel film for
visualizing ROS production in coastal soils. The fluorescence imaging fully displayed the hot spots of ROS generation within ∼2.5 mm below the
soil−water interface. (e) Oxygen profile in coastal soils. The penetration depth of oxygen at the soil−water interface is about ∼2.5 mm upon a shift
from high tide to low tide. (f−h) Time series of ROS production: O2•− and •OH were the cumulative concentrations, and H2O2 was the real-time
concentration.
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distribution instead of quantitative analysis, the influence of
buffer did not affect the ROS distribution result.
Lab-Simulated Tidal ROS Production. Fresh soils

collected from the coastal wetland in the Yellow River Delta
(37°42′N, 119°20′E) were placed into a custom-made
polyethylene pipe (diameter = 10 cm), followed by addition
of 2 L oxygen-free seawater (prepared using sea salts, salinity =
3.0%) and Shewanella oneidensis strain MR-1 (∼3.0 × 108 cell/
mL) (Section S1). Coastal soils were covered with a plastic
film and incubated in the dark at room temperature for 21
days. Afterward, the overlying water was drained and soil ROS
productions were qualitatively assessed by in situ electron
paramagnetic resonance (EPR), quantitatively assessed with
chemical probes, and visualized by the ROS-trapping gel film.
To determine the rhythmic production of ROS, coastal soils
were intermittently incubated at high tide (covered with 25 cm
seawater) and low tide (covered with 1 cm seawater). The
ROS productions were assessed with chemical probes.
ROS Detection. We applied three methods to qualitatively

and quantitatively probe ROS productions in coastal soils with
spatial and temporal resolutions.
Spatial Distribution of ROS by the Gel Film. The spatial

distribution of ROS at the soil−water interface was detected
using the as-prepared ROS-trapping gel film coupled with a
confocal microscope (Nikon Eclipse Ti2, Inc.). The ROS-
trapping gel film was perpendicularly inserted into the anoxic
soil−water interface. After ROS capture, the ROS-trapping gel
film was placed on a confocal microscope to visualize the
spatial distribution of overall ROS, including O2•−, H2O2, and
•OH. The fluorescence of the H2DCFDA reaction product
with ROS was detected at an excitation of 488 nm and an
emission of 525 nm. The overlying water in the control group
was not drained to avoid air oxidation.
Qualification of ROS by In Situ Electron Paramagnetic

Resonance (EPR). EPR analyses were applied for in situ and
qualitative detection of ROS production. Next, 10 mL of 5,5-
dimethylpyrroline-N-oxide (DMPO) solution (100 mM) was
added to the reduced coastal soils for •OH analysis.25,26

Control samples were prepared under a N2 atmosphere to
prevent soil oxidation. For O2•− analysis, 5.0 g of reduced
coastal soils was mixed with 10 mL of dimethyl sulfoxide
(DMSO), followed by addition of 10 mL of DMPO (200 mM)
prepared in DMSO as O2•− trap.6 DMSO is widely applied as
the solvent for EPR analyses of O2•− 27,28 because the O2•−

adduct is more stabilized in polar aprotic solvents.29 The
samples were then analyzed using a Bruker-ESRA300 electron
spin resonance spectrometer.
Temporal Production of ROS by Chemical Probes.

Dipotassium terephthalate (TPA) was applied as a chemical
probe to quantitatively detect •OH production.30 An excessive
amount of TPA probe (1 mM) was added into the reduced
coastal soils, and •OH production was assessed by measuring
the formation of hydroxyterephthalate (hTPA) through •OH-
mediated hydroxylation of TPA. Adsorption control shows
minor adsorption of hTPA (<10%) on soils (Figure S3). Thus,
the TPA probe can be applied to measure •OH in soils.10,31 To
ensure that the TPA probe was evenly distributed at the soil−
water surface, we used a needle to gently stir the overlying
TPA solution before sampling. At designed time points,
aliquots (500 μL) were collected from the soil−water interface
and immediately filtered through a 0.22 μm membrane for
hTPA measurement. The fluorescence of hTPA was measured
by an Agilent 1260 Infinity II high-performance liquid

chromatograph (HPLC) equipped with a fluorescence detector
(FLR, excitation wavelength = 250 nm, emission wavelength =
410 nm). The cumulative concentration of •OH was
determined with a hTPA formation yield of 0.35 upon the
hydroxylation of TPA by reacting with •OH.32 Ampliflu Red
was used to probe the H2O2 generation by the formation of
resorufin in the presence of horseradish peroxidase.33 A 2,3-
bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-car-
boxanilide (XTT) probe was used to measure the O2•−

production.34 •OH and O2•− were the cumulative concen-
trations, and H2O2 was the real-time concentration. The
detailed operating steps on the determination of H2O2 and
O2•− are summarized in Section S2.
Field Investigations on Tidal ROS Production. ROS

productions at six sampling sites were assessed along the coast
of China. Site 1 (39°2′31″N, 117°48′33″E) was along the
Bohai Sea; sites 2 (37°7′53″N, 122°27′10″E) and 3
(35°55′16″N, 120°7′58″E) were along the Yellow Sea; sites
4 (30°51′37″N, 121°54′57″E) and 5 (24°33′51″N,
118°3′44″E) were along the East China Sea; and site 6
(22°31′27″N, 113°57′43″E) was along the South China Sea.
We designed an “enclosure experiment” via drilling two
chambers using a poly(vinyl chloride) pipe without disturbing
the soil−water interface at an intertidal zone (Figure S4). Fifty
milliliters of potassium terephthalic acid probe solution (1
mM) was immediately injected, and the chamber was covered
with aluminum foil to avoid photochemical ROS productions.
Aliquots (900 μL) were collected from the supernatant at
designed time points and immediately mixed with methanol
(100 μL) to scavenge •OH production in subsequent
processes.35 Samples were stored in a heat-insulated box filled
with an ice chest and analyzed within 48 h.
Characterizations of Redox-Active Substances in

Coastal Soils. Reactive iron in coastal soils was extracted
with HCl and analyzed following the 1,10-phenanthroline
method.20,36 Reactive Fe(II) and total reactive Fe were
determined by measuring the absorbance of ferrous and
phenanthroline complexes before and after adding hydroxyl-
amine hydrochloride as a Fe(III) reductant. Reactive Fe(III)
was calculated as the difference between total reactive Fe and
Fe(II). Acid volatile sulfide (AVS) represents reactive-reduced
inorganic sulfur in coastal soils and was analyzed following a
sequential extraction method.37 Humic acid was isolated from
coastal soils following the International Humic Substances
Society (IHSS) procedure (Section S3).38 EPR spectra of
organic matter at high tide or low tide were measured in quartz
glass tubes closed with plastic caps and parafilm (EMX 10/12,
Bruker, Germany).39 The chemical structure of organic matter
extracted from coastal soils was analyzed using a solid-state 13C
nuclear magnetic resonance spectrometer (13C NMR, Burker
Avance III HD 400 WB) and a Fourier-transform infrared
(FTIR) spectrometer (Nicolet iS10, Thermo).6

■ RESULTS AND DISCUSSION
Tide-Triggered ROS Production in Coastal Soils. We

set out to detect tide-triggered ROS production in coastal soils
with a spatial and temporal resolution under lab incubation.
Coastal soils were first incubated with seawater at high tide,
and then, the overlying seawater was drained at low tide to
expose the reduced coastal soils to air. In situ EPR analysis
indicated no ROS production at high tide. In comparison, tide
receding resulted in distinctive formation of O2•− and •OH, as
indicated by the fingerprint of six peaks and the four peaks that
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are characteristic for both the O2•− and •OH adducts,40

respectively (Figure 1b).
To visualize the spatial distribution of ROS in coastal soils,

we developed a ROS-trapping gel film by immobilizing a ROS
fluorescent probe in an agarose gel, which was perpendicularly
placed in soils for in situ ROS probing (Figure 1c). ROS
production in soils at low tide was confirmed by distinct
fluorescence signals in the ROS-trapping gel film. The
fluorescence imaging fully displayed the hot spots of ROS
generation within ∼2.5 mm below the soil−water interface
(Figure 1d). The gradient ROS distribution resembled those of
oxygen with a penetration depth of ∼2.5 mm (Figure 1e),
suggesting that the oxygen permeation at low tide is the direct
drive for ROS production (Section S4). Accordingly, with
inhibited oxygen permeation at high tide (Figure 1e), no ROS
formation was observed (Figure 1d). We note that the classical
photochemical production of ROS was temporally constrained
to daytime and spatially constrained to the top 0.1−0.4 mm of
the soils because of limited sunlight penetration depth.6,7

Therefore, the tide-triggered dark pathway for ROS formation
substantially broadens the spatial−temporal productions of
ROS in coastal soils.
Further kinetic analysis showed rapid productions of O2•−,

H2O2, and •OH upon the shift from high tide to low tide
(Figure 1f−h), suggesting the existence of electron-storing
geobattery materials that can readily accumulate electrons at
high tide and transfer electrons to infiltrated oxygen at low tide
for ROS production. One-electron transfer from the reduced
geobattery materials to molecular oxygen could lead to the
rapid formation of O2•− (Figure 1f). Those O2•− radicals were

metastable and transformed into H2O2 via dismutation and
hydrolysis (Figure 1g),31 which could undergo further
reactions (e.g., Fenton’s reaction, H2O2 + Fe(II) → •OH +
Fe(III) + OH−) to produce •OH (Figure 1h).5 The Fenton
reaction consumption of H2O2 with coastal soil-abundant iron
minerals was confirmed by the drop in steady-state H2O2
concentration after ∼8 h (Figure 1g). The electrons in
geobattery materials were likely consumed after 5−10 h, as
indicated by the obtained plateau of ROS production (Figure
1f−h). In comparison, minor production of ROS was observed
in soils at high tide. Sterilized (inactivated) controls (treated
with 1% HgCl2) showed no significant change in •OH
production (Figure S5), indicating that ROS production was
mainly driven by abiotic processes.
Rhythmic Fluctuation of Tide-Triggered ROS Produc-

tion. The stark contrast of ROS production under high tide
and low tide conditions begs an important question: Is the
tide-triggered ROS production rhythmic and sustainable? To
address this question, we chose the •OH radical, a potent ROS
species in the environment41 and a key player for element
cycles42 as a representative ROS, and monitored its production
over four tidal cycles under lab incubations (Figures 2 and S6).
Notably, •OH is produced through reactions of O2•− and
H2O2, and productions of •OH also indicate the formations of
H2O2 and O2•−.5 The soil •OH production exhibited a distinct
rhythmic fluctuation, with the production as high as 25 μmol/
m2 at low tide and <5 μmol/m2 at high tide (Figure 2a). The
small •OH production at high tide is likely caused by the
reaction of residual oxygen with a reduced geobattery material
(Figure 2b). In addition, the •OH production was sustainable

Figure 2. Rhythmic production of ROS and changes in geochemical conditions. (a) Rhythmic production of •OH. (b, c) Rhythmic changes in
redox potential and oxygen content. (d) Schematic illustration of the tide-triggered rhythmic production of ROS.
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with no obvious decline in the production amount over several
tidal cycles, demonstrating that soil electron-storing geobattery
materials in coastal soils are regenerable. Such rechargeability
may be affected by degradation of redox-active moieties (e.g.,
phenolic moieties),39 formation of phenolic/quinone moi-
eties,43 and activation of Fe minerals.44 Notably, the charging
degree of the geobattery material is affected by multiple factors
such as microbial activity and charging time, where the 12-h
charging period applied based on natural conditions is unlikely
to achieve full charging. Compared to redox-stable ecosystems
(e.g, lake sediments) and ecosystems with redox fluctuations
yet at low frequency (e.g., 1−3 cycles per year in rice paddy),
the coastal soils with tide-induced frequent redox fluctuations
(i.e., 1−2 cycles per day) represent unique sites for the
sustainable and rhythmic generation of ROS.
The oscillations on the redox potential and dissolved oxygen

concentration followed the same pattern as the •OH
production, confirming the alternating oxic−anoxic conditions
as the main geochemical drive for ROS production (Figure
2b,c). A shift from low tide to high tide condition leads to a
decrease of redox potential from 300 to 150 mV (Figure 2b),
coupled with dissolved oxygen content decreasing from 100%
air saturation to <20% air saturation in coastal soils (Figure
2c). Notably, ROS productions in coastal soils and inland
unconfined aquifers show an opposite dependence on water
table fluctuations. For inland aquifers, rising water brought
dissolved oxygen to react with reduced species in anoxic soils
for ROS production in the rainy season.11 In stark contrast, in
coastal soils, the rising seawater isolates surface soils from air,
leading to the decline in oxygen content. We speculated that at

high tide with deficient oxygen, microbe anaerobic respiration
could release electrons to the electron-storing materials,45,46

inducing soil geobattery “charging”. Upon shifting to low tide,
atmospheric oxygen penetrated into the soil, leading to the
increase of soil redox potential. In the meantime, the
“discharge” of soil geobattery materials to oxygen resulted in
the formation of ROS in coastal soils (Figure 2d).
In Situ Characterization of Tide-Triggered ROS

Production along the Coast of China. We then in situ
tested whether the tidal fluctuations could ubiquitously trigger
ROS production in the natural field under varying
biogeochemical and climatic conditions (Table S1 and Figure
S7). Field assessments of ROS production were conducted at
six sampling sites along the coast of China (Figure 3a). The in
situ analyses confirmed •OH production in coastal soils at all
investigated sites. ROS production at low tide followed the
same pattern as the lab simulations, with cumulative •OH
productions ranging from 1.1 to 5.9 μM after one complete
semidiurnal tide (Figure 3b). Accordingly, the daily flux of
•OH production at six sampling sites was calculated to be
22.1−117.4 μmol/m2/day (Figure 3a). Moreover, ROS
production in coastal soils by natural tides also exhibited
sustainable and rhythmic patterns, as indicated by the cyclical
•OH production over consecutive tides (Figures 3c and S8).
To compare the tide-triggered •OH productions with those

via classical photochemical routes, we further assessed the
photochemical production of ROS on the soil surface under 1
sun irradiation condition (100 mW/cm2, AM 1.5G; Figure S9)
under lab incubation. The cumulative productions of •OH via

Figure 3. In situ characterization of tide-triggered ROS production along the coast of China. (a) Field site map showing area-normalized •OH
production. The circle size represents the •OH production flux. (b) Time series of •OH production at sites 1−6. (c) Rhythmic production of •OH
(showing site 5 as an example).
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photochemical routes ranged from 0.08 to 0.38 μM over the
course of a semidiurnal tide. The daily flux of •OH production
at six sampling sites was calculated to be 1.5−7.6 μmol/m2/
day (Figure 3a). The tide-triggered •OH production was 5- to
36-fold more efficient than those via classical photochemical
routes over the course of a semidiurnal tide. We note that the
tidal ROS production efficiency is dependent on hydrological
conditions, microbial activity, and soil properties. In the
meantime, the incident sunlight intensity may profoundly vary
depending on numerous factors (e.g., cloud cover, atmospheric
gases, and particles), which can affect photochemical ROS
productions.30 Therefore, the relative importance of tidal and
photochemical ROS productions in coastal biogeochemical
processes may vary depending on environmental conditions.

Tidal ROS Regulated by Soil Redox-Active Compo-
nents. Physicochemical property analyses on coastal soils
showed that the •OH productions were positively related to
the abundance of soil electron-storing geobattery materials,
such as reactive Fe(II) and acid volatile sulfide (Figure 4a−c).
For instance, clay soils contain more electron-storing materials
than sandy soils. Accordingly, higher •OH productions at site 6
(clay = 9%, sand = 30%) were observed than those at site 4
(clay = 2%, sand = 60%) (Figure S10 and Table S1). To
illustrate the role of interactions between tidal hydrology and
soil biogeochemistry on ROS production, we analyzed the
dynamics of redox-active substances under lab incubation. A
shift from high tide to low tide condition leads to a decrease of
reactive Fe(II) from 7 to 2.5 mg/g (Figure 4d), coupled with

Figure 4. Tidal production of ROS regulated by soil redox-active components. Relationship between •OH production and abundance of redox-
active geobattery materials in field coastal soils, including (a) reactive Fe(II), (b) acid volatile sulfide (AVS), (c) organic matter shown as total
organic carbon (TOC). Coastal soils collected from the field were incubated under anoxic conditions for 21 days before the experiment. (d, e)
Reactive ferrous iron (Fe II) and ferric iron (Fe III) in coastal soils at high tide and low tide. (f) Acid volatile sulfide (AVS) in coastal soils at high
tide and low tide. (g) Electron paramagnetic resonance spectra of humic acid extracted from coastal soils. Correlation of ROS production with the
oxidation of (h) Fe(II) and (i) AVS.
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an increase of reactive Fe(III) from 0.5 to 4.5 mg/g (Figure
4e). Similarly, AVS decreased from 1.2 mg/g at high tide to 0.1
mg/g at low tide (Figure 4f), indicating the oxidation of labile
metal sulfides to sulfate and metal oxides.47 In stark contrast,
control samples incubated under continuous high tide showed
minor changes in Fe(II), Fe(III), and AVS contents. In
addition, EPR spectra of organic matter extracted from coastal
soils indicate the existence of semiquinone radicals (Figure
4g).39 The semiquinone intensity decreased upon shifting from
high tide to low tide. The 13C NMR and FTIR spectra further
confirmed the existence of redox-active components such as
quinone and phenolic moieties in coastal organic matter
(Figure S11).48−51 The above results support our hypothesis
that reactive Fe and S minerals and organic carbon abundant in
coastal soils can serve as geobatteries for electron storage, and
their charging states were regulated by tidal hydrological
conditions. More importantly, the tide-induced turnovers on
the redox states of soil electron-storing geobattery materials
were consistent with the tidal ROS production (Figure 4h,i),
demonstrating the key roles of soil redox-active components in
regulating tidal ROS productions.

■ ENVIRONMENTAL IMPLICATIONS
Our study constructed a biogeochemical−hydrological frame-
work for ROS production in surface coastal soils. The tidal
fluctuations triggered redox oscillations of soil electron-storing
geobattery materials, leading to widespread and rhythmic
productions of ROS. Such a dark redox pathway for ROS
formation, as proven to be more efficient than ROS production
via classical photochemical routes, substantially broadens the
spatial−temporal productions of ROS in coastal soils.
The sustainable production of ROS in coastal soils at a high

frequency could lead to profound impacts on biogeochemical
processes such as organic carbon decomposition. Carbon
sequestration in coastal soils has been suggested as a key
natural climate solution,52 yet improved predictions of carbon
storage demand better integration of key biogeochemical
mechanisms controlling organic carbon decomposition. Here,
due to the rapid reaction of •OH with organic carbon (108
M−1 s−1),53 direct oxidation of organic matter by •OH alone
could mineralize organic carbon to CO2 at a rate of 22.1−
117.4 μmol/m2/day, with yields of 0.30 mol CO2 per mol
•OH.10 Moreover, •OH and other ROS species could
accelerate coastal soil carbon mineralization by degrading the
recalcitrant carbon (e.g., lignin) to more microbially available
forms such as low-molecular-weight fatty acids.54 Furthermore,
the oxidation of soil organic carbon will enhance the
bioavailability of buried nutrients (e.g., phosphate)51,55 and
promote the release of trace metals (e.g., mercury).56 In
addition, given that coastal soils are among the major natural
sinks for environmental pollutants (e.g., crude oil, pesticides,
and microplastics), tidal ROS could play a key role in the
natural purification of polluted soils.
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(46) Klüpfel, L.; Piepenbrock, A.; Kappler, A.; Sander, M. Humic
substances as fully regenerable electron acceptors in recurrently
anoxic environments. Nat. Geosci. 2014, 7, 195−200.
(47) Zhao, G.; Sheng, Y.; Jiang, M.; Yin, X. Redox-dependent
phosphorus burial and regeneration in an offshore sulfidic sediment
core in North Yellow Sea, China. Mar. Pollut. Bull. 2019, 149,
No. 110582.
(48) Aeschbacher, M.; Graf, C.; Schwarzenbach, R. P.; Sander, M.
Antioxidant Properties of Humic Substances. Environ. Sci. Technol.
2012, 46, 4916−4925.
(49) Li, C.; Zhang, B.; Ertunc, T.; Schaeffer, A.; Ji, R. Birnessite-
Induced Binding of Phenolic Monomers to Soil Humic Substances
and Nature of the Bound Residues. Environ. Sci. Technol. 2012, 46,
8843−8850.
(50) Wang, X.; Guo, X.; Yang, Y.; Tao, S.; Xing, B. Sorption
Mechanisms of Phenanthrene, Lindane, and Atrazine with Various
Humic Acid Fractions from a Single Soil Sample. Environ. Sci. Technol.
2011, 45, 2124−2130.
(51) Zhao, G.; Sheng, Y.; Li, C.; Liu, Q.; Hu, N. Restraint of
enzymolysis and photolysis of organic phosphorus and pyrophosphate
using synthetic zeolite with humic acid and lanthanum. Chem. Eng. J.
2020, 386, No. 123791.
(52) Sala, E.; Mayorga, J.; Bradley, D.; Cabral, R. B.; Atwood, T. B.;
Auber, A.; Cheung, W.; Costello, C.; Ferretti, F.; Friedlander, A. M.;
Gaines, S. D.; Garilao, C.; Goodell, W.; Halpern, B. S.; Hinson, A.;
Kaschner, K.; Kesner-Reyes, K.; Leprieur, F.; McGowan, J.; Morgan,
L. E.; Mouillot, D.; Palacios-Abrantes, J.; Possingham, H. P.;
Rechberger, K. D.; Worm, B.; Lubchenco, J. Protecting the global
ocean for biodiversity, food and climate. Nature 2021, 592, 397−402.
(53) Westerhoff, P.; Mezyk, S. P.; Cooper, W. J.; Minakata, D.
Electron pulse radiolysis determination of hydroxyl radical rate
constants with Suwannee River fulvic acid and other dissolved organic
matter isolates. Environ. Sci. Technol. 2007, 41, 4640−4646.
(54) Patzner, M. S.; Mueller, C. W.; Malusova, M.; Baur, M.;
Nikeleit, V.; Scholten, T.; Hoeschen, C.; Byrne, J. M.; Borch, T.;
Kappler, A.; Bryce, C. Iron mineral dissolution releases iron and
associated organic carbon during permafrost thaw. Nat. Commun.
2020, 11, No. 6329.
(55) Duhamel, S.; Diaz, J. M.; Adams, J. C.; Djaoudi, K.; Steck, V.;
Waggoner, E. M. Phosphorus as an integral component of global
marine biogeochemistry. Nat. Geosci. 2021, 14, 359−368.
(56) Tian, L.; Guan, W.; Ji, Y.; He, X.; Chen, W.; Alvarez, P. J. J.;
Zhang, T. Microbial methylation potential of mercury sulfide particles
dictated by surface structure. Nat. Geosci. 2021, 14, 409−416.

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.2c03142
Environ. Sci. Technol. 2022, 56, 11888−11896

11896

 Recommended by ACS

Water Table Fluctuations Regulate Hydrogen Peroxide
Production and Distribution in Unconfined Aquifers
Na Zhang, Li Lin, et al.
MARCH 23, 2020
ENVIRONMENTAL SCIENCE & TECHNOLOGY READ 

Particulate and Dissolved Organic Matter in
Stormwater Runoff Influences Oxygen Demand in
Urbanized Headwater Catchments
Kelly M. McCabe, Claudia R. Benitez-Nelson, et al.
JANUARY 06, 2021
ENVIRONMENTAL SCIENCE & TECHNOLOGY READ 

Role of in Situ Natural Organic Matter in Mobilizing As
during Microbial Reduction of FeIII-Mineral-Bearing
Aquifer Sediments from Hanoi (Vietnam)
M. Glodowska, A. Kappler, et al.
MARCH 11, 2020
ENVIRONMENTAL SCIENCE & TECHNOLOGY READ 

Improved Modeling of Sediment Oxygen Kinetics and
Fluxes in Lakes and Reservoirs
Xiamei Man, John C. Little, et al.
JANUARY 23, 2020
ENVIRONMENTAL SCIENCE & TECHNOLOGY READ 

Get More Suggestions >

https://doi.org/10.1021/cr500310b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.1c08927?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.1c08927?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.1c08927?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.6b05709?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.6b05709?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.6b05709?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.9b06220?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.9b06220?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.9b06220?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/ngeo2084
https://doi.org/10.1038/ngeo2084
https://doi.org/10.1038/ngeo2084
https://doi.org/10.1016/j.marpolbul.2019.110582
https://doi.org/10.1016/j.marpolbul.2019.110582
https://doi.org/10.1016/j.marpolbul.2019.110582
https://doi.org/10.1021/es300039h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es3018732?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es3018732?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es3018732?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es102468z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es102468z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es102468z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cej.2019.123791
https://doi.org/10.1016/j.cej.2019.123791
https://doi.org/10.1016/j.cej.2019.123791
https://doi.org/10.1038/s41586-021-03371-z
https://doi.org/10.1038/s41586-021-03371-z
https://doi.org/10.1021/es062529n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es062529n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es062529n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-020-20102-6
https://doi.org/10.1038/s41467-020-20102-6
https://doi.org/10.1038/s41561-021-00755-8
https://doi.org/10.1038/s41561-021-00755-8
https://doi.org/10.1038/s41561-021-00735-y
https://doi.org/10.1038/s41561-021-00735-y
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.2c03142?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/doi/10.1021/acs.est.0c00487?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1660635318&referrer_DOI=10.1021%2Facs.est.2c03142
http://pubs.acs.org/doi/10.1021/acs.est.0c00487?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1660635318&referrer_DOI=10.1021%2Facs.est.2c03142
http://pubs.acs.org/doi/10.1021/acs.est.0c00487?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1660635318&referrer_DOI=10.1021%2Facs.est.2c03142
http://pubs.acs.org/doi/10.1021/acs.est.0c00487?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1660635318&referrer_DOI=10.1021%2Facs.est.2c03142
http://pubs.acs.org/doi/10.1021/acs.est.0c04502?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1660635318&referrer_DOI=10.1021%2Facs.est.2c03142
http://pubs.acs.org/doi/10.1021/acs.est.0c04502?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1660635318&referrer_DOI=10.1021%2Facs.est.2c03142
http://pubs.acs.org/doi/10.1021/acs.est.0c04502?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1660635318&referrer_DOI=10.1021%2Facs.est.2c03142
http://pubs.acs.org/doi/10.1021/acs.est.0c04502?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1660635318&referrer_DOI=10.1021%2Facs.est.2c03142
http://pubs.acs.org/doi/10.1021/acs.est.0c04502?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1660635318&referrer_DOI=10.1021%2Facs.est.2c03142
http://pubs.acs.org/doi/10.1021/acs.est.9b07183?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1660635318&referrer_DOI=10.1021%2Facs.est.2c03142
http://pubs.acs.org/doi/10.1021/acs.est.9b07183?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1660635318&referrer_DOI=10.1021%2Facs.est.2c03142
http://pubs.acs.org/doi/10.1021/acs.est.9b07183?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1660635318&referrer_DOI=10.1021%2Facs.est.2c03142
http://pubs.acs.org/doi/10.1021/acs.est.9b07183?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1660635318&referrer_DOI=10.1021%2Facs.est.2c03142
http://pubs.acs.org/doi/10.1021/acs.est.9b07183?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1660635318&referrer_DOI=10.1021%2Facs.est.2c03142
http://pubs.acs.org/doi/10.1021/acs.est.9b07183?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1660635318&referrer_DOI=10.1021%2Facs.est.2c03142
http://pubs.acs.org/doi/10.1021/acs.est.9b07183?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1660635318&referrer_DOI=10.1021%2Facs.est.2c03142
http://pubs.acs.org/doi/10.1021/acs.est.9b04831?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1660635318&referrer_DOI=10.1021%2Facs.est.2c03142
http://pubs.acs.org/doi/10.1021/acs.est.9b04831?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1660635318&referrer_DOI=10.1021%2Facs.est.2c03142
http://pubs.acs.org/doi/10.1021/acs.est.9b04831?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1660635318&referrer_DOI=10.1021%2Facs.est.2c03142
http://pubs.acs.org/doi/10.1021/acs.est.9b04831?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1660635318&referrer_DOI=10.1021%2Facs.est.2c03142
https://preferences.acs.org/ai_alert?follow=1

