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ABSTRACT: Reactive oxygen species (ROS) play key roles in
driving biogeochemical processes. Recent studies have revealed
nonphotochemical electron transfer from redox-active substances
(e.g., iron minerals) to oxygen as a new route for ROS production.
Yet, naturally occurring iron minerals mainly exist in thermody-
namically stable forms, restraining their potential for driving ROS
production. Here, we report that tide-induced redox oscillations
can activate thermodynamically stable iron minerals for enhanced
ROS production. •OH production in intertidal soils (15.8 ± 0.5
μmol/m2) was found to be 5.9-fold more efficient than those in
supratidal soils. Moreover, incubation of supratidal soils under tidal
redox fluctuations dramatically enhanced •OH production by 4.3-
fold. The tidal hydrology triggered redox alternation between biotic reduction and abiotic oxidation and could accelerate the
production of reactive ferrous ions and amorphous ferric oxyhydroxides, making thermodynamically stable iron minerals into redox-
active metastable iron phases (RAMPs) with reduced crystallinity and promoting surface electrochemical activities. Those RAMPs
displayed enhanced redox activity for ROS production. Investigations of nationwide coastal soils verified that tide-induced redox
oscillations could ubiquitously activate soils for enhanced ROS production. Our study demonstrates the effective formation of
RAMPs from redox oscillations by hydrological perturbations, which provides new insights into natural ROS sources.
KEYWORDS: Reactive oxygen species (ROS), Redox oscillation, Hydrological perturbation, Iron minerals,
Redox-active metastable phases (RAMPs)

■ INTRODUCTION
Reactive oxygen species (ROS) play key roles in the Earth’s
surface biogeochemical processes and pollutant dynamics.1

Photochemical processes were historically considered to be the
primary drivers of ROS production on the Earth’s surface.2

Recent studies have revealed electron transfer from reduced
substances to oxygen as a new route of ROS formation,2−4

supplementing the classical photochemical path.5,6 For
instance, poorly crystalline iron-bearing minerals exhibit
lower thermodynamic stabilities (and higher solubilities7)
than their corresponding highly crystalline phases with long-
range ordering. These poorly crystalline reduced minerals can
efficiently activate oxygen to form a series of ROS including
hydroxyl radicals (•OH), superoxide radicals (O2

•‑), and
hydrogen peroxide (H2O2) in the assistance of microbes.
Those ROS are suggested to play key roles in mediating carbon
cycling8,9 and pollutant transformation (e.g., cadmium,
tetracycline) in soils.10,11 Nevertheless, iron minerals in natural
environments mainly exist as highly crystalline forms,12,13

which are thermodynamically stable with lower rates and
extent of electron acceptance and donation.14,15 The capability
of thermodynamically stable iron minerals for ROS production

and potential paths as well as the role of microbes remains
largely unknown.
Recent advances suggest that thermodynamically stable iron

minerals can be activated under fluctuating redox condi-
tions,16,17 forming redox-active metastable phases (RAMPs).12

Iron minerals as RAMPs are intermediate substances (in terms
of redox state, structure, crystallinity) before ripening to
thermodynamic equilibrium states with higher stability.12,18

Therefore, iron minerals as RAMPs can act as biogeobatteries
by efficiently accepting and donating electrons.12,19 In aquatic
ecosystems, hydrological fluctuations can trigger redox
oscillations and activate ripened iron minerals into
RAMPs.12,19,20 The redox-active metastable iron minerals
may significantly contribute to biogeochemical processes
such as inhibiting methanogenesis from wetlands due to
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their high electron accepting capacity.12,21 Yet, a link between
iron mineral activation and ROS production is not established.
Coastal wetlands such as intertidal mangroves, mud flats,

and salt marshes represent hot spots of fluctuating redox
conditions on the Earth’s surface22,23 and are important global
carbon24 and pollutants sinks (e.g., polycyclic aromatic
hydrocarbons25). The tidal hydrological perturbations induce
1−2 cycles of switching between oxidizing and reducing
conditions per day.22,26 Our recent study has revealed efficient
ROS production in coastal soils under tidal conditions.27 This
is surprising given that iron minerals in coastal soils are
typically from river-borne clays or marine sediments that are
thermodynamically stable.28 Therefore, we were interested in
whether tide-induced fluctuating redox conditions can activate
thermodynamically stable iron minerals in coastal soils into
RAMPs for enhanced ROS production, which, if the case, will
accelerate carbon mineralization and pollutant transformation
in coastal ecosystems.
The goal of this study was to investigate the production of

RAMPs and ROS from highly crystalline iron minerals under
hydrological perturbations. Specifically, we aim to (i) explore
enhanced ROS production under tidal conditions, (ii)
investigate the redox variation of iron minerals using
electrochemical analyses, and (iii) establish a link among
tidal hydrology, iron mineral RAMP formations, and ROS
production. Further, we examine the generality of tide-
activated iron minerals for enhanced ROS production in
multiple coastal ecosystems. As a model system to achieve our
goal, we chose pyrite and goethite to investigate the redox-
cycling activation of iron minerals because they are widely
distributed in coastal soils and represent thermodynamically
stable iron minerals. Our results help to build a biogeochem-
ical-hydrological framework including the activation of iron
minerals under fluctuating redox conditions for enhanced ROS
production, which provides new insights into element cycles
and pollutant dynamics in regions of frequent hydrological
perturbations and redox oscillations.

■ MATERIALS AND METHODS
Soil Preparation and Tide-Induced Redox Fluctua-

tions. Fresh soils from intertidal wetlands in the Yellow River
Delta (119°18′E, 37°48′N) were placed into a custom-made
polyethylene pipe (diameter 10 cm), followed by addition of 2
L of oxygen-free seawater containing Shewanella oneidensis
strain MR-1 (∼3.0 × 108 cells/mL). Seawater was prepared by
dissolving sea salt (Sigma S9883) into ultrapure water,
sterilized by autoclave sterilization, and bubbled with N2 for
1 h to remove dissolved oxygen. Shewanella oneidensis strain
MR-1 is a Fe(III)-reducing bacterium widely distributed in
marine sediments.19,29 The soils were sealed with a plastic film
and incubated in the dark at room temperature for 14 days.
Afterward, the overlying water was drained, and soils were
incubated under air for 2 days to finish soil preincubation. We
conducted the preincubation to reconstitute microbial activity
and establish equilibrium conditions. The tide-induced redox
fluctuations were conducted by periodically adding and
draining overlying seawater to simulate high tide (12 h) and
low tide (12 h), respectively. At designed time points, aliquots
(500 μL) were collected from the soil-water interface and
immediately mixed with methanol (500 μL), followed by
filtration through a 0.22 μm membrane for •OH measurement.
Iron minerals in coastal soils partially originate from river clay
input. And river-borne clay minerals will undergo tidal

activation after they enter intertidal zones. For activation of
supratidal soils, river-borne clay minerals collected from the
Yellow River in the supratidal zone (119°40′E, 37°47′N) were
added to the surface of intertidal soils (thickness 2 cm) in the
polyethylene pipes (Figures S1 and S2). The oxygen content at
the soil-water interface was measured using a planar optode
(thickness 10 μm, dimension= 3 cm × 4 cm) that was
summarized in the Supporting Information.

Redox Oscillation Activation of Pyrite and Goethite.
To test the ROS-producing capacity of tide-activated goethite
and pyrite, microsized highly crystalline pyrite and goethite
(>1 μm) were chosen and incubated under redox cycles of
microbial reduction and oxidation by oxygen for 1 week.
Specifically, 40 mg of pyrite or goethite was added into 36 mL
of Shewanella oneidensis strain MR-1 solutions (2.5 × 108 cells/
mL) containing 20 mM acetate and 50 mM tris-HCl buffer
(pH 7.0). The pH of water was set to 7.0, lower than the
typical pH of seawater, because coastal water near estuaries is
typically mixed with terrestrial fresh water. The solution was
incubated anoxically at a higher temperature of 30 °C to
enhance microbial activity for 5 days to reach equilibrium. And
the incubated temperature was consistent with the field
temperature (Table S1). After the preincubation, 4 mL of
dipotassium terephthalate (TPA) was injected into the mixture
to initiate redox alternating reactions with the final TPA
concentration of 1 mM. For the redox cycles of goethite and
pyrite, the mixture was oxidized under air for 24 h at 30 °C.
Subsequently, the pyrite and goethite suspensions containing
Shewanella oneidensis strain MR-1 were deoxygenated and
incubated under N2 conditions for another 24 h at 30 °C to
complete one redox cycle. The above redox cycle was
performed for 7 days. Aliquots (500 μL) were collected and
filtrated through a 0.45 μm membrane at selected time points
for Fe analyses. After a 7-d incubation, activated iron minerals
were washed by ultrapure water and lyophilized for further
physicochemical analysis. For the control group at low tide or
high tide, the iron suspension was continuously exposed to air
or N2, respectively.

Goethite and Pyrite Characterization. Scanning elec-
tron microscopy (SEM) images were taken using a Hitachi SU-
8010 microscope equipped with an energy dispersive
spectrometer (EDS). High resolution transmission electron
microscope (HRTEM) images were taken using a TecnaiG2
microscope after the pyrite was embedded in the epoxy resin
and sliced using a microtome. X-ray diffraction (XRD)
measurements were performed on a Bruker D8 Advance X-
ray diffractometer with Cu Kα radiation (λ = 1.5406 Å)
operated at 40 kV and 40 mA.

ROS Quantitation. TPA was used as a chemical probe to
quantify hydroxyl radical (•OH) production.30 Excessive TPA
(1 mM) was added to the reaction systems, and •OH
production was quantified by determining the product of 2-
hydroxyl terephthalate (hTPA) via •OH-mediated hydrox-
ylation of TPA. At designed time points, aliquots (500 μL)
were collected from the reaction systems and immediately
mixed with methanol (500 μL), followed by filtration through
a 0.22 μm membrane to protect the HPLC column. The
concentration of hTPA in filtrate was quantified by an Agilent
1260 Infinity II high-performance liquid chromatograph
(HPLC) equipped with a fluorescence detector (excitation/
emission wavelengths were 250/410 nm). The cumulative
concentration of •OH was assessed with a hTPA formation
yield of 0.35 upon the hydroxylation of TPA by reacting with
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•OH.6 We note that the yield of hTPA might vary depending
on solution conditions, yet it could not affect the major
conclusion of this study. The calibration curve of hTPA in
seawater and fresh water has no significant difference (Figure
S3).

Quantification of Dissolved and Surface Bound Iron.
Aliquots (1 mL) were collected at designed intervals from iron
mineral suspensions and filtered through a 0.45 μm membrane
in an anoxic glovebox (O2 < 0.1 ppm; Mikrouna, Shanghai
Company Ltd., China) to separate dissolved iron from the
suspension liquid, followed by the addition of 0.1 mL of HCl
(1 M) to the obtained filtrate (0.9 mL) to stabilize iron redox
speciation in the solution. Subsequently, the mixture was
transferred into a tube containing acetate buffer and 1,10-
phenanthroline for dissolved iron analyses.31 For analysis of
ferrous ion adsorbed on the surface of goethite, aliquots (0.9
mL) were sampled at designed intervals and mixed with 0.1
mL of HCl (1 M) for 10 min on a vortex mixer. All adsorbed
ferrous ions were assumed to desorb from the solid particles
into the acid solution and filtered through a 0.45 μm
membrane. Afterward, the filtrate was transferred into a tube
containing acetate buffer and 1,10-phenanthroline for total
ferrous ion analyses. The characteristic orange-red complex
was formed by the reaction of ferrous ion with 1,10-
phenanthroline. Surface-bound ferrous ion content was
calculated as the difference between total ferrous iron and
dissolved ferrous iron.32

Electrochemical Analysis. Redox states of pyrite,
goethite, and soils were analyzed by electrochemical analysis.
All electrochemical measurements were conducted in an anoxic
N2-containing glovebox (O2 < 0.1 ppm; Mikrouna, Shanghai
Company Ltd., China).
Cyclic Voltammetry (CV). CV spectra were collected using a

standard three-electrode configuration, with Ag/AgCl/KCl as
the reference electrode, a platinum net as the counter
electrode, activator-coated glassy carbon as the working
electrode, and a 100 mM Na2SO4 solution as the electrolyte.
The working electrode was prepared by ultrasonicating the
iron precipitates (5 mg), acetonitrile (1 mL), and the nafion
perfluorinated resin solution (2 μL) for 30 min. The iron
mineral suspension (10 μL) was drop-casted onto a glassy
carbon electrode. The electrode was then dried at room
temperature. The above procedure was repeated three times.
CV characterization was conducted on an electrochemical
workstation (CHI760E, Chenhua, China).
Mediated Electrochemical Analysis. A 9 mL glassy carbon

beaker (Sigradur G, HTW, Germany) served as both the
working electrode and the electrochemical reaction vessel. The
counter electrode was a platinum wire filled with an electrolyte
compartment by a porous glass frit. The reference electrode
was Ag/AgCl/KCl. First, the electrolyte buffer (5 mL) with
KCl (10 mM) and PBS (10 mM, pH 7) was added into the
working electrode and equilibrated to the desired redox
potential. Subsequently, 100 μL of stock solutions (10 mM) of
zwitterionic viologen 4,4′-bipyridinium-1,1′-bis(2-ethylsulfo-
nate) (ZiV) or 2,2′-azino-bis (3-ethylbenzothiazoline-6-
sulfonic acid) (ABTS) as electron transfer mediators were
added to the working electrode, resulting in reductive and
oxidative current peaks, respectively. After constant back-
ground currents were rebalanced, 100 μL samples were
injected into the working electrode. The number of electrons
transferred to and from postreaction samples were quantified
by integration of reductive and oxidative current responses in

mediated electrochemical reduction (MER) and oxidation
(MEO).

■ RESULTS AND DISCUSSION
Redox Oscillations Activate Soil Substances for

Enhanced ROS Production. We first investigated whether
tidal hydrological perturbations-induced redox oscillations
could activate soil substances for enhanced ROS production.
We chose •OH as a representative ROS species, given it is the
most powerful ROS in the environment (standard reduction
potential: 2.8 V/SHE33)4 and its key roles in accelerating the
carbon cycle and other earth surface processes. In addition,
•OH is produced through reactions of O2

•− and H2O2, and
production of •OH also indicates the formation of H2O2 and
O2

•−.2 We expected that intertidal soils with frequent redox
oscillations and supratidal soils with no redox oscillations
might exhibit a distinctive different activity for ROS
production. The results confirmed our expectations: produc-
tion of •OH (a highly reactive and biogeochemically important
ROS species34) in both intertidal and supratidal soils exhibited
rhythmic fluctuations under alternating tidal conditions
(Figures 1a and S4), while the •OH production in intertidal
soils (15.8 ± 0.5 μmol/m2 at low tide) was 5.9-fold higher than
that in supratidal soils (2.7 ± 0.5 μmol/m2 at low tide).
To verify the impacts of tidal-induced redox oscillations on

enhanced ROS-production capability of coastal soils, we
incubated the supratidal soils under alternating tidal conditions
and examined the activity change. Dissolved oxygen content
and redox potential displayed distinct variations with switching
between high-tide and low-tide conditions (Figure 1b-c),

Figure 1. Redox oscillations activate coastal soils for enhanced ROS
production. (a) Comparison of ROS production in intertidal and
supratidal soils under alternating tidal conditions after normalization
because the volume of overlying water was different. After each high
tide and low tide cycle, we added new overlying water containing TPA
to start the next tidal cycle. The loss of hTPA (e.g., by sorption or
radical-mediated processes) was negligible within 24 h.27 (b-c)
Rhythmic oscillations of the oxygen profile and redox potential at the
supratidal soil-water interface incubated under alternating tidal
conditions. (d) Enhanced ROS production in tide-activated supratidal
soils.
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demonstrating the successful buildup of redox oscillations.
Microbial respiration depleted dissolved oxygen at the soil-
water interface after the rising seawater isolated surface soils
from air, leading to the decline in oxygen content at high tide.
Upon shifting to low tide, atmospheric oxygen penetrated into
the soil, leading to the increase of soil oxygen and redox
potential. After a 21-day tidal activation, the •OH production
from supratidal soils increased from 0.03 ± 0.01 μM to 0.13 ±
0.02 μM (Figure 1d). This is strong evidence that tide-induced
redox oscillations activated soil substances for enhanced ROS
production. We preliminarily speculated the frequent redox
cycling might induce the transformation of iron minerology in
supratidal soils for enhanced ROS production because iron
minerals have been identified to be the main contributor for
ROS production from soils oxygenation (Figure S5).4,35,36

Activation of Reduced Iron Minerals for Enhanced
ROS Production. We first examined the production of
RAMPs and ROS from reduced iron minerals triggered by tidal
hydrology. We chose pyrite, a highly crystalline and reduced
iron mineral which is widespread in marine sediments,34,37 as a
representative and environmentally relevant mineral. SEM
images showed that pyrite exists as ball-like architecture with
diameters of ∼1 μm. Energy-dispersive EDS showed that Fe
and S were uniformly distributed on pyrite particles (Figure
S6). Pyrite appeared highly crystalline, as evidenced by the
uniform and ordered diffraction pattern obtained by selected
area electron diffraction (SEAD). XRD signals were located at
28.5, 33.0, 37.1, and 59.0 two theta values, corresponding to
the (111), (200), (210), and (222) crystal facets,38

respectively, consistent with the high crystallinity of pyrite
(JCPDS No. 99-0087).
Fluctuating redox conditions could enhance ROS produc-

tion from thermodynamically stable pyrite. Exposure of pyrite
at high tide led to negligible •OH production (Figure 2a). At
low tide, exposure of pyrite to air resulted in •OH production
up to 1.46 ± 0.06 μM. Interestingly, the •OH production from
pyrite incubated under alternating tidal conditions was
significantly enhanced to 2.4 ± 0.1 μM, suggesting an
increased redox activity of pyrite. Pyrite produced less •OH
at alternating tide than that at low tide before 96 h because of
less oxidation reaction time and insufficient activation of pyrite.
The production of •OH by Shewanella oneidensis strain MR-1
and sodium acetate without iron minerals was provided in
Figure S7. There was no significant change in the production
of •OH from Shewanella oneidensis strain MR-1 and sodium
acetate under anaerobic and aerobic conditions without iron
minerals, demonstrating that the ROS production was mainly
driven by abiotic Fe-mediated processes. We note that organic
matter and bacteria could assist the RAMPs and ROS
production by shutting and donating electrons in soils.
Production of H2O2 from air-exposure of pyrite and the
accompanying change in crystallinity of pyrite were given in
Figure S8. Hydrogen peroxide could also be generated from
pyrite during tidal processes, which accelerated the formation
of amorphous metastable iron minerals (e.g., ferrihydrite from
the oxidation of pyrite by H2O2) from crystalline pyrite. We
further incubated the pyrite without Shewanella oneidensis
strain MR-1 to investigate the role of microorganisms in the

Figure 2. Redox oscillation activation of high-crystalline pyrite for enhanced formation of redox-active metastable phases (RAMPs) and ROS. (a)
•OH production by pyrite incubated under high tide, low tide, and alternating tidal conditions. (b) Schematic illustration of the pyrite crystallinity
and redox activity variations under tidal activation. (c) Production of Fe2+ and Fe3+ from pyrite. (d-e) Crystallinity of pyrite under various tidal
conditions by X-ray diffraction (XRD) and high-resolution transmission electron microscopy (HRTEM) analyses.
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activation of pyrite. The production of •OH under an
alternating tide was much reduced and lower than that of
low tide without Shewanella oneidensis strain MR-1 (Figure
S9), indicating microorganisms played a vital role in increasing
the redox activity of pyrite.
Redox oscillations could activate thermodynamically stable

pyrite to produce RAMPs. Given that the crystallinity of iron
mineral controls the redox activity following the order of
adsorbed Fe > amorphous Fe > crystalline Fe,39 the above
results suggest that redox fluctuations likely promote the
production of reactive Fe(II) and amorphous Fe on the surface
of pyrite.40 Specifically, the abiotic oxidation of pyrite by air
and hydrogen peroxide could produce metastable secondary

ferric oxyhydroxides coated on the surface of native pyrite at
low tide.40 Afterward, the amorphous ferric precipitates were
readily reduced into dissolved ferrous ions by microbial
anaerobic respiration at high tide. The dissolved ferrous ions
could be reoxidized into metastable ferric oxyhydroxides
precipitates upon shifting to low tide. Iteratively, tide-induced
frequent redox cycles of abiotic oxidation and microbial
reduction gradually weathered highly crystalline pyrite into
RAMPs in coastal surface soils (Figure 2b). Compared to
pyrite incubated under low-tide conditions, pyrite incubated
under alternating tidal conditions showed a 3.6-fold increase in
Fe(II) concentration (Figure 2c). XRD results suggest the
formation of RAMPs under tidal fluctuations, with pyrite

Figure 3. Electrochemical analyses of iron minerals. (a) Current−potential curve (potential was reported versus the standard hydrogen electrode
(SHE)), (b) mediated electrochemical oxidation (MEO), mediated electrochemical reduction (MER), and (c) electron exchange capacity (EEC)
analyses of pyrite under various tidal conditions.

Figure 4. Activation of high-crystalline goethite for enhanced formation of RAMPs and ROS by redox oscillations. (a) Production of •OH by
goethite incubated under high tide, low tide, and alternating tidal conditions. (b-c) Production of surface-bound Fe(II) and aqueous Fe(II) from
goethite incubated under various tidal conditions. (d-f) Current−potential curve (potential is reported versus the standard hydrogen electrode
(SHE)), mediated electrochemical oxidation (MEO), mediated electrochemical reduction (MER), and electron exchange capacity (EEC) analyses
of goethite incubated under various tidal conditions.
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crystallinity much decreased coupled to the formation of
poorly crystalline lepidocrocite (Figure 2d).41 HRTEM images
showed the least ordered diffraction pattern for pyrite
incubated under alternating tidal conditions, further demon-
strating its decreased crystalline and the most production of
RAMPs (Figures 2e and S10).
The tidal stimulation of the formation of RAMPs was further

demonstrated by electrochemical analyses. The current−
potential curves show an elevated current for pyrite under
alternating tide compared to those obtained under continuous
high tide or low tide (Figure 3a).42 The enhanced pyrite redox
activity was further evidenced by the improved currents in
MEO and MER after incubation under alternating tide
(Figures 3b and S11). While integrating the current over
time, the electron exchange capacity (EEC) of pyrite at
alternating tide was 3.0 mmol e−/g, i.e. 1.3- and 3.1-fold higher
than those of pyrites at continuous low tide and high tide,
respectively (Figure 3c). These results suggest that the tide-
induced rapid redox turnover activates the redox-inert
crystalline mineral pyrite into redox-active RAMPs that are
efficient in mediating electron transfer for ROS production.

Activation of Oxidized Iron Minerals for Enhanced
ROS Production. In addition to the reduced iron mineral
pyrite, we further examined tide-enhanced production of
RAMPs and ROS from an oxidized iron mineral. Goethite
(alpha-FeOOH), a ubiquitous and high-crystalline oxidized
iron mineral,43,44 was chosen as an example. Goethite displays
a needle-like structure with high crystallinity (Figure S12).
Similar to pyrite, negligible •OH production was observed for
goethite at high tide (Figure 4a). At low tide, exposure of
goethite to air resulted in •OH production up to 0.25 μM. The
slight •OH produced by goethite at low tide came from the
oxidation of produced Fe(II) during the preincubation. In
stark contrast, the •OH production from goethite incubated
under alternating tidal conditions was significantly enhanced to
0.55 μM. The production of •OH from goethite incubated
under alternating tidal conditions was much reduced in the
absence of Shewanella oneidensis strain MR-1 (Figure S13), and
there was no Fe(II) generation without Shewanella oneidensis
strain MR-1, suggesting microbial reduction of goethite was
the key to iron mineral activation during tidal alternation
(Figure S14). The enhanced •OH production is attributed to
activation of the high-crystalline goethite into RAMPs by the
alternation of anaerobic reduction and aerobic oxidation that
exhibit the elevated capability to transfer electrons to oxygen.45

The RAMPs were mainly formed by dissolved ferrous ions,
surface-bound ferrous ions, and amorphous ferric oxyhydr-
oxides derived from goethite. Specifically, microbial anaerobic
respiration released electrons to goethite to produce dissolved
ferrous ions and surface-bound ferrous ions at high tide.21,32

Upon shifting to low tide, air penetrated into the mixed-valent
iron minerals, leading to the “discharge” of dissolved ferrous
ions and surface-bound ferrous ions to oxygen resulting in the
formation of amorphous ferric oxyhydroxide precipitates.
Recurrently, tide-induced redox oscillations gradually eroded
high-crystalline goethite to produce reactive secondary iron
minerals that substantially decreased thermodynamic stability
of goethite.45

Analyses of surface-bound and aqueous Fe(II) confirmed
that tidal fluctuations enhanced Fe(II) formation from
goethite. The origin ferrous ions produced from goethite
during anaerobic preincubation were rapidly oxidized to
amorphous ferric oxyhydroxides after exposure to oxygen at

low tide. Afterward, the produced secondary ferric oxy-
hydroxides would be more readily reduced to ferrous ions
than crystalline goethite, resulting in progressively increased
Fe(II) formation at alternating tide (Figure 4b-c). Further
evidence for the tidal activation of goethite came from
electrochemical analyses. The current−potential curves
showed an increased current peak of iron in goethite after
one-week tidal cycles compared to those incubated at
continuous high tide or low tide (Figure 4d).42 The enhanced
goethite redox activity was further evidenced by improved
currents in MEO and MER after incubation under alternating
tides (Figures 4e and S15).46 The EEC value of goethite under
alternating tidal conditions was 25 mmol e−/g, i.e. 1.5- and 1.2-
fold higher than that of goethite at continuous low tide and
high tide, respectively (Figure 4f). The above results suggest
that both reduced and oxidized redox-inert iron minerals could
be activated for enhanced production of RAMPs and ROS
under redox oscillations (Figure 5). The disparate capacity to
generate RAMPs between pyrite and goethite was primarily
attributed to their distinct redox states and corresponding
activation requirements.

Tide-Induced Redox Oscillations Ubiquitously Acti-
vate Soils for Enhanced ROS Production. We further
tested whether tidal fluctuations could ubiquitously activate
redox-inert iron-bearing minerals for enhanced ROS produc-
tion in coastal soils. Coastal soils were collected at six sampling
sites along the coast of China (Figure S16). The six sites were
chosen based on the varying biogeochemical and climatic
conditions27 and iron minerology properties (Table S2). The
diverse coastal soils were redox-deactivated by partially
removing the reactive iron through HCl-extraction, leaving
highly crystalline iron-bearing minerals in soils that is typically
assumed to be less reactive.47 The •OH production from
partially deactivated soils obviously decreased compared to
that of original soils (showing site 2 as an example). We then
reactivated the less reactive crystalline iron-bearing minerals in
coastal soils by incubation under alternating tidal conditions
for 21 days because partially deactivated soils were more
difficult to activate than standard iron minerals. After tidal
reactivation, the •OH production from all coastal soil samples
was dramatically enhanced (1.5−4.9-fold), with cumulative

Figure 5. Tidal hydrology interrupted the mineral ripening process
and enhanced the formation of RAMPs and ROS from iron minerals.
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•OH over the course of a semidiurnal tide ranging from 0.13 ±
0.01 μM to 0.72 ± 0.03 μM (Figure 6a). The difference in the
enhanced amount of •OH production among different sites
was mainly due to the diversity in the species and content of
iron minerals in soils (Table S2). This enhanced ROS
production was linked to improved redox activity of soils, as
indicated by higher currents in MEO and MER after tidal
incubation (Figure 6b). The tide-induced reactivation of soils
was further evidenced by the increased amount of reactive iron
derived from the activation of highly crystalline iron in partially
deactivated soils (Figure 6c). In addition, the specific surface
area of partially deactivated soils increased from 9.3 m2/g to
17.1 m2/g after tidal activation, suggesting partial dissolution
and reconfiguration of iron minerals in soils probably
contributed to the enhanced ROS production (Figure S17).
Overall, these results demonstrate that tide-induced redox
oscillations could ubiquitously transform and thus activate
redox-inert iron minerals into RAMPs coupled with enhanced
ROS production capabilities of soils.

■ ENVIRONMENTAL IMPLICATIONS
This study demonstrates that hydrological perturbation-
induced redox oscillations can activate both reduced and
oxidized high-crystalline iron minerals in soils into RAMPs for
enhanced ROS production capability. Notably, the frequency
of 1−2 cycles of redox fluctuations per day induced by tidal
hydrology is of great importance interrupting the ripening
processes and controlling the activation efficiency. In this
regard, zones with high frequency redox fluctuations (e.g.,
intertidal surface soils,48 rhizosphere soils,49 hyporheic and
riparian soil-water interfaces,50 surface soils of rain forests51)
could act as hot spots for RAMP formation that can induce
massive ROS production, which can accelerate carbon
mineralization and pollutant transformation at these localized
soil interfaces where oxygen fluctuates.
Our results also established a link between tidal hydrology

and RAMP formation. The enhanced redox activity for
activated iron minerals could also induce other biogeochemical
processes in addition to enhanced ROS production. For
instance, iron mineral-organic matter association is pivotal for
carbon persistence in soils and sediments,52 and iron mineral

Figure 6. Ubiquitous tidal activation of coastal soils for enhanced production of ROS and RAMPs. (a) Time series of •OH production at sites 1−6
and the enhancement of •OH production in tidal reactivated soils compared to those in partially deactivated soils and original soils (showing site 2
as an example). (b) Mediated electrochemical oxidation (MEO) and mediated electrochemical reduction (MER) of coastal soils (showing site 2 as
an example). (c) Reactive iron in coastal soils (showing site 2 as an example). Reactive iron is defined as the fraction of Fe which readily partakes in
geochemical reactions in soils or sediments.
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activation into RAMPs may promote microbial mineralization
of organic carbon through enhanced electron transfer.53

Moreover, RAMP formation under hydrological perturbations
could result in promoted release of combined pollutants (e.g.,
arsenic)54,55 and jeopardize soil/groundwater qualities. Finally,
we expect that the interfacial electron transfer and structural/
chemical changes are key determinants inducing iron mineral
activation under fluctuating redox conditions, yet insights into
these processes demand development of in situ nanoscale
imaging techniques, which are being conducted in ongoing
work.
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