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ABSTRACT 
As precipitation regimes intensify and engineered recharge expands, the vadose zone faces increasingly dynamic wetting– 
drying cycles that generate redox oscillations and alter geogenic contaminant mobility. Oxygen depletion and microbial res
piration can dissolve Fe and Mn (oxyhydr)oxides, key sorption hosts for arsenic (As), chromium (Cr), uranium (U), and related 
trace elements, producing transient, element-specific, and history-dependent responses. Synthesizing field observations, 
laboratory experiments, and large-scale monitoring datasets, we identify three management-relevant insights. First, contam
inant mobilization under flashy hydrology can occur in short-lived pulses lasting hours to days, faster than typical ground
water-monitoring intervals. Second, single-contaminant frameworks can misrepresent overall geogenic risk because the 
same wetting event may mobilize arsenic through reductive dissolution while attenuating chromium and uranium through 
reduction to less mobile forms. Third, repeated wetting–drying cycles may alter or deplete reactive Fe and Mn mineral 
phases that buffer contaminant release, increasing vulnerability under sustained hydrologic variability. Changing geogenic 
contaminant concentrations in US municipal groundwater over the past three decades indicate that these processes are 
already detectable at network scales. Addressing them requires event-scale, multi-element monitoring and process-based 
models that represent redox hysteresis and mineral transformations from the vadose zone to the aquifer.

KEYWORDS Geogenic contaminants; vadose zone; groundwater quality; arsenic; hydrologic variability

1. Introduction

The vadose zone, the variably saturated region 
between the land surface and the groundwater table, is 
a hydrologically and biogeochemically active zone 
through which recharge and dissolved constituents 
pass before reaching groundwater [1]. Vadose-zone soil 
moisture dynamics are increasingly influenced by both 
climate change and water management [1,2]. 
Hydrologic variability, defined as changes in the fre
quency, magnitude, duration, and sequencing of wet
ting and drying conditions, is increasing globally, with 
more frequent precipitation extremes and longer dry 
periods [3]. These shifts alter soil moisture conditions 
with implications for water storage, plant water avail
ability, and vadose-zone processes [4,5].

Variations in soil moisture directly regulate oxygen 
dynamics in soils and the vadose zone [2,6]. Soil mois
ture controls solute and gas diffusivity, microbial 

respiration, and the availability of terminal electron 
acceptors [7]. During dry periods, lower water content 
increases air-filled pore space and oxygen diffusion, 
promoting more oxidizing conditions and lower micro
bial diversity [7]. In contrast, rainfall, irrigation, or 
recharge events increase soil moisture, reduce gas dif
fusivity, and generate suboxic and anoxic microsites 
within pore networks [7]. In this review, oxic conditions 
refer to environments in which molecular oxygen 
remains available as the dominant terminal electron 
acceptor; suboxic conditions describe transitional envi
ronments in which oxygen is depleted but strongly 
reducing processes are not yet dominant; and anoxic 
conditions refer to environments in which oxygen is 
effectively absent, and microorganisms rely on alterna
tive terminal electron acceptors [8]. These shifts in oxy
gen availability drive sequential changes in terminal 
electron-accepting processes, in which microorganisms 
progressively use electron acceptors such as O2, nitrate, 
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Mn(IV), Fe(III), and sulfate as reduction-oxidation (redox) 
conditions become more reducing, thereby altering 
mineral stability and the aqueous speciation of redox- 
sensitive elements [9]. As wetting-drying cycles inten
sify, redox gradients in the vadose zone become 
increasingly dynamic, with redox potential decreasing 
during wetting and recovering during drainage [6,10]. 
Here, redox potential refers to the tendency of an envi
ronmental system to accept or donate electrons, com
monly represented by Eh or oxidation–reduction 
potential, whereas redox oscillations refer to repeated 
shifts between more oxidizing and more reducing con
ditions during wetting and drying [7]. Soil moisture 
variability therefore acts not only as a hydrologic signal 
but also as a key biogeochemical driver in the vadose 
zone.

In addition to atmospheric hydrologic variability 
(e.g., precipitation and evaporation), human-engineered 
water management practices can further amplify bio
geochemical dynamics in the vadose zone. Irrigation 
acts as a recurring pulse that intermittently saturates 
soils and alters redox conditions in the shallow subsur
face [11]. Reactivity is controlled not only by the total 
volume of water applied, a key driver of vadose-zone 
processes, but also by the frequency and timing of wet
ting cycles [12]. Irrigation often creates alternating wet
ting and drying (AWD) cycles by periodically applying 
water to otherwise dry soils, then allowing them to 
drain before the next water application, producing 
recurring shifts in soil moisture and redox conditions 
that alter oxygen availability in the root zone [11]. 
Managed aquifer recharge (MAR) is the intentional 
replenishment of groundwater with excess water using 
practices such as surface spreading or injection [13]. 
MAR methods that infiltrate water through the land 
surface and vadose zone introduce rapid infiltration 
pulses that fill pore spaces, restrict oxygen transport, 
accelerate oxygen consumption, and generate localized 
reducing environments within the vadose zone 
[14–17,18]. Because this review focuses on vadose-zone 
processes, subsequent references to MAR primarily con
cern surface-based infiltration and flooding practices in 
which recharge water passes through the unsaturated 
zone.

Conversely, groundwater extraction and water table 
fluctuations can enhance vadose-zone aeration and 
produce highly variable redox conditions [19,20]. Across 
both natural and engineered soil systems, increasing 
moisture variability leads to repeated redox fluctuations 
that influence mineral stability, contaminant partition
ing, and aqueous speciation [9]. The vadose zone there
fore functions not as a passive conduit for groundwater 
recharge, but as a reactive domain in which wetting- 
drying cycles regulate geochemical pathways. In many 
unconfined aquifers, the vadose zone represents the 
final reactive boundary before recharge reaches the 
groundwater table, such that changes in vadose-zone 

redox conditions can directly influence contaminant 
mobility and flux to groundwater [21].

Contaminants whose mobility is oxidation-state 
dependent and that occur ubiquitously at trace concen
trations in soils are particularly sensitive to shifts in 
redox conditions. Geogenic contaminants are naturally 
occurring elements or compounds derived from miner
als, rocks, sediments, or associated weathering products 
that can pose risks to human health and ecosystems 
when mobilized and present at elevated concentrations 
[22,23]. Among the most prevalent redox-sensitive geo
genic elements are arsenic (As), chromium (Cr), and 
uranium (U), all of which undergo valence-state trans
formations that strongly influence solubility, sorption 
behavior, and mineral association in the subsurface 
[24–26]. These naturally occurring contaminants repre
sent a widespread and persistent groundwater-quality 
concern globally.

Arsenic contamination alone has exposed hundreds 
of millions of people worldwide to concentrations 
exceeding the World Health Organization (WHO) guide
line of 10 lg L−1, with the majority of affected popula
tions (�94%) located in South and Southeast Asia 
[23,27]. Uranium similarly poses a widespread ground
water quality concern, including the Indo-Gangetic 
Basin (India and Pakistan) and parts of the United 
States (High Plains and Central Valley) [28]. In 
California’s San Joaquin Valley, uranium concentrations 
exceeding the WHO guideline of 30 lg L−1 have been 
reported in a substantial fraction of groundwater wells 
[29,30]. Chromium presents additional challenges, as 
natural and anthropogenic sources are often difficult to 
distinguish; elevated concentrations have been docu
mented globally, with frequent exceedances of drink
ing-water standards, with a WHO guideline of 50 lg 
L−1, primarily in geologically enriched regions 
(Peloponnese, Greece; and Bauru Basin, Brazil) [31].

Importantly, elevated concentrations of geogenic 
contaminants and associated health risks often dispro
portionately affect disadvantaged communities. 
Nationwide geospatial analyses in the United States 
have identified racial and ethnic disparities in geogenic 
contaminant concentrations in public drinking water 
systems [32,33].

Given the widespread occurrence and documented 
health impacts of redox-sensitive geogenic contami
nants such as arsenic, chromium, and uranium, the key 
question is not only where these elements occur, but 
how they are mobilized into groundwater [23,28,31]. 
Fluctuating moisture conditions regulate oxygen avail
ability, microbial metabolism, and mineral stability 
within the vadose zone, thereby governing the mobil
ization of these elements [34,35]. As hydrologic variabil
ity increases, more frequent wetting–drying or longer- 
duration flooding of the vadose zone can amplify redox 
oscillations and mineral transformations [35,36]. These 
transformations can promote contaminant release or 
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remobilization or, conversely, stabilize contaminants in 
less mobile fractions, depending on contaminant speci
ation, soil mineralogy, organic carbon availability, and 
the duration and sequence of wetting and drying 
[37–40]. Consequently, vadose-zone soils are increas
ingly subject to dynamic biogeochemical transitions 
under both climate variability and engineered water 
management [1,36]. This raises a central question: Does 
increasing hydrologic variability alter the mobilization of 
geogenic contaminants in the vadose zone? Does flashier 
hydrology produce flashier contaminants?

The objective of this synthesis is to evaluate how 
increasing hydrologic variability alters the mobility of 
arsenic, chromium, and uranium through redox-driven 
changes in mineral stability, contaminant speciation, 
and transport. By integrating evidence from natural and 
engineered hydrologic systems, this review identifies 
three recurring cross-element response patterns. First, 
the reductive dissolution and oxidative reformation of 
iron (Fe) (oxyhydr)oxides can produce Fe-coupled con
taminant release and retention. Second, differences in 
transient, element-specific redox thresholds and reac
tion rates create asynchronous redox windows during 
wetting–drying transitions. Third, repeated redox oscil
lations can progressively transform mineral phases and 
weaken geochemical buffering capacity, increasing the 
potential for contaminant release over time. Together, 
these patterns demonstrate that hydrologic variability 
does not produce a uniform increase in contaminant 
mobility but instead generates element-specific and his
tory-dependent responses. The following sections 
examine the mineralogical foundations and hydrologic 
controls of these behaviors and identify research prior
ities needed to anticipate vadose-zone biogeochemical 
responses under increasingly nonstationary conditions.

2. Scope and sources of literature

A targeted critical-review approach was used to synthe
size literature on wetting–drying cycles, redox dynam
ics, mineral transformation, and geogenic contaminant 
mobility in vadose-zone soils. Peer-reviewed studies 
were identified through Google Scholar and Scopus 
using combinations of the terms vadose zone, wetting– 
drying, redox oscillations, oxygen dynamics, Fe/Mn (oxy
hydr)oxides, arsenic, chromium, uranium, irrigation, and 
managed aquifer recharge. The search included publica
tions made publicly available since 2020, but some 
topics required slightly older papers. Studies were 
selected based on their relevance to hydrologic forcing, 
redox transitions, mineral stability, contaminant speci
ation, and transport. Evidence was drawn from labora
tory experiments, soil columns, field studies, wetlands, 
agricultural systems, groundwater-level fluctuations, 
and managed aquifer recharge sites. Recent reviews 
were used to establish broad geochemical behavior, 

whereas primary studies were emphasized for transient 
responses and repeated wetting–drying effects. The 
objective was mechanistic synthesis rather than 
exhaustive systematic review or quantitative meta- 
analysis.

3. Mineralogical and geochemical controls

To evaluate whether increasing hydrologic variability 
amplifies contaminant mobilization, it is necessary to 
examine the mineralogical and geochemical controls 
governing redox-sensitive trace elements in soils. In 
vadose-zone environments, the distribution and mobil
ity of these elements are controlled by mineral host 
associations, redox-dependent speciation, and aqueous 
complexation chemistry. Although lithology governs ini
tial element abundance, environmental behavior is pri
marily dictated by secondary phases formed during 
weathering and soil development, particularly Fe and 
Mn (oxyhydr)oxides, clay minerals, and organic matter 
[41–46]. Table 1 summarizes the dominant lithologic 
sources, mineral hosts, and redox controls governing 
the mobility of redox sensitive trace elements.

A defining feature across geogenic contaminants is 
their strong association with Fe and Mn (oxyhydr)ox
ides, including ferrihydrite, goethite, and hematite, 
which provide high surface area sorption sites for oxy
anion-forming species such as arsenate, chromate, and 
uranyl [24,31,66,67]. Because the stability of these min
eral phases is tightly coupled to redox conditions, they 
exert a dominant control on contaminant mobility. 
Under reducing conditions, microbial reduction of Fe(III) 
and Mn(IV) destabilizes these minerals, releasing associ
ated trace elements into porewater [27,68,69]. 
Conversely, re-oxidation during drying promotes min
eral re-precipitation and scavenging of dissolved spe
cies, although reformed phases may differ structurally 
and sorptively from their precursors, introducing hyster
esis in contaminant retention.

Additional sorption environments are provided by 
clay minerals and soil organic matter, which regulate 
contaminant partitioning through surface complexation, 
cation exchange, and structural incorporation [70–72]. 
Organic matter also plays a dual role by complexing 
trace elements and serving as an electron donor that 
accelerates microbial redox transformations [10,73]. 
Despite these multiple retention pathways, the stability 
of Fe and Mn (oxyhydr)oxides often remains the domin
ant control under fluctuating redox conditions, effect
ively linking hydrologic variability to contaminant 
mobility.

Fluctuations in soil moisture and oxygen availability 
drive shifts in redox potential that alter both mineral 
stability and contaminant speciation. As soils become 
increasingly reduced, terminal electron acceptors are 
utilized sequentially, leading to dissolution of Fe and 
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Mn (oxyhydr)oxides and restructuring of mineral 
assemblages [6,9]. These changes drive redox-depend
ent transformations in trace element oxidation state, 
which directly control solubility, sorption affinity, and 
aqueous speciation. Eh–pH stability relationships 
(Figure 1) illustrate that the redox thresholds governing 
these transformations differ across elements, such that 

comparable shifts in redox conditions can mobilize one 
contaminant while immobilizing another. At the circum
neutral pH values (pH 6–8) typical of many soils and 
groundwaters, the three panels show especially diver
gent responses to declining Eh. While these diagrams 
represent equilibrium conditions and do not capture 
kinetic constraints or microscale heterogeneity, they 

Table 1. Geologic origins and redox-controlled biogeochemical behavior of geogenic trace elements in vadose-zone soils, with key recent references 
for further reading on their occurrence, speciation, and mobility in soil and aquatic systems.

Element Geologic origins
Primary mineral 

hosts
Secondary  

hosts in soil

Dominant 
oxidation  

states
Mobility  
control Key references

Arsenic (As) Sulfide-bearing 
crustal 
materials in 
orogenic belts 
and 
sedimentary 
basins

Arsenopyrite, 
orpiment, 
realgar

Fe (oxyhydr)oxides 
(ferrihydrite, 
goethite, 
hematite), Mn 
oxides, Fe- 
bearing clays

As(III)� � As(V) Sorption of arsenate 
(AsO₄3⁻) to Fe(III) 
(oxyhydr)oxides; release 
during reductive 
dissolution of Fe oxides 
and competitive ligand 
exchange with 
phosphate (PO₄3⁻)

[22,23,27,47,48]

Chromium (Cr) Mafic and 
ultramafic rocks 
(ophiolites, 
peridotites, 
serpentinites, 
basalts)

Chromite, Cr- 
bearing spinels, 
pyroxenes, 
olivine

Serpentine, 
amphiboles, Fe/ 
Mn 
(oxyhydr)oxides, 
clays

Cr(III) � Cr(VI)� Oxidation of Cr(III) to 
mobile chromate 
(CrO₄2⁻), often mediated 
by Mn oxides

[31,45,49,50,51]

Uranium (U) Granitic, rhyolitic, 
and phosphate- 
bearing rocks; 
uranium-rich 
sediments, 
breccia pipes

Uraninite, 
pitchblende, 
coffinite, 
autunite

Fe/Mn 
(oxyhydr)oxides, 
clays, organic 
matter

U(IV) � U(VI)� Oxidation of U(IV) to uranyl 
(UO₄2⁺) followed by 
formation of mobile Ca– 
uranyl–carbonate 
complexes; reduction to 
U(IV) promotes 
precipitation and 
uraninite immobilization

[28,41,52,53]

Antimony (Sb) Sulfide-bearing 
ores, 
hydrothermal 
deposits

Stibnite, antimony 
oxides

Fe/Mn 
(oxyhydr)oxides, 
clays, organic 
matter

Sb(III) � Sb(V)� Sorption of antimonate 
(Sb(OH)₆⁻) to Fe/Mn 
(oxyhydr)oxides; 
reduction to Sb(III) 
enhances sorption and 
complexation with soil 
organic matter

[54–57]

Manganese (Mn) Mafic and 
sedimentary 
rocks; widely 
distributed in 
soils and 
sediments 
through 
weathering

Mn(II)-bearing 
silicates and 
carbonates; 
secondary Mn 
oxides 
(birnessite, 
manganite, 
hausmannite)

Mn 
(oxyhydr)oxides, 
Fe 
(oxyhydr)oxides, 
clays, organic 
matter

Mn(II) � Mn(III) 
� Mn(IV)�

Cycling between soluble 
Mn(II) and insoluble 
Mn(III/IV) oxides; 
oxidative precipitation 
under oxic conditions 
and reductive dissolution 
under anoxic conditions; 
Mn oxides act as strong 
oxidants

[58,59]

Molybdenum (Mo) Granitic rocks, 
porphyry 
deposits, 
organic-rich 
shales

Molybdenite Fe/Mn/Al 
(oxyhydr)oxides, 
clays, organic 
matter

Mo(IV) � Mo(VI)� Sorption of molybdate 
(MoO₄2⁻) to Fe/Mn/Al 
(oxyhydr)oxides; release 
during reductive 
dissolution and 
immobilization as 
thiomolybdate species 
under sulfidic conditions

[60,61]

Selenium (Se) Black shales, 
sedimentary 
rocks, volcanic 
deposits

Selenides, sulfide 
minerals

Fe/Al 
(oxyhydr)oxides, 
clays, organic 
matter

Se(0) � Se(IV) � 
Se(VI)�

Reduction of mobile 
selenate (SeO₄2⁻) to 
selenite (SeO₄2⁻) and 
elemental Se(0); sorption 
of selenite to Fe/Al 
(oxyhydr)oxides

[62–64]

Vanadium (V) Mafic and volcanic 
rocks, organic- 
rich shales

Vanadinite, 
patronite, 
titanomagnetite

Fe/Al 
(oxyhydr)oxides, 
clays

V(IV) � V(V)� Sorption of vanadate 
(VO₄3⁻) to Fe/Al 
(oxyhydr)oxides; redox- 
controlled reduction to 
less mobile V(IV)

[24,26,65]

�Indicates the oxidation state that is generally more mobile under circumneutral aqueous conditions.
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provide a useful framework for understanding the 
divergent redox windows that control arsenic (Figure 
1A), chromium (Figure 1B) and uranium (Figure 1C) 
mobility [24,50,66].

Figure 1A shows that As(V) species dominate under 
oxic to mildly reducing conditions, whereas As(III) 
becomes the dominant species under strongly reducing 
conditions (low Eh). This transition can enhance mobil
ity because As(III) generally sorbs less strongly to Fe 
(oxyhydr)oxides than As(V), while reductive dissolution 
of Fe-bearing minerals can simultaneously release previ
ously sorbed arsenic into porewater [27,68]. Figure 1B
illustrates the contrasting behavior of chromium: oxidiz
ing conditions favor mobile Cr(VI), primarily as chro
mate or hydrogen chromate, whereas reducing 
conditions favor less soluble Cr(III) and Cr-bearing solid 
phases. Re-oxidation during drying, particularly in the 
presence of Mn oxides, can therefore remobilize chro
mium by converting Cr(III) to Cr(VI) [45,50]. Figure 1C
shows that oxidizing conditions favor soluble U(VI), 
including uranyl–carbonate complexes at pH 6.5–9, 
whereas sufficiently reducing conditions promote con
version to U(IV) and precipitation as uraninite or related 
sparingly soluble phases [28,66].

Taken together, the Pourbaix diagrams demonstrate 
that a hydrologically induced decline in Eh can produce 
contrasting contaminant responses: reducing conditions 
may mobilize arsenic while promoting the immobiliza
tion of chromium and uranium. Subsequent drainage 
and re-oxidation do not necessarily reverse these 
responses uniformly. Newly formed Fe oxides can 
decrease dissolved arsenic concentrations through 
renewed sorption or co-precipitation [10,43,74]. 
Chromium may remain immobilized through sorption 

or incorporation into reformed Fe phases, but can also 
be remobilized as Cr(VI) where reactive Mn oxides pro
mote Cr(III) oxidation [49,51,75]. Oxidative shifts can 
similarly remobilize U(IV) as soluble U(VI), although the 
net response depends on carbonate chemistry, mineral 
transformation, and the duration and sequence of wet
ting and drying [76,77]. These divergent pathways illus
trate why redox recovery during drying is not simply 
the reverse of wetting and why contaminant responses 
are element-specific and history-dependent.

Mobility reflects the interaction among mineral 
transformations, element-specific redox thresholds, and 
aqueous ligand chemistry, which together determine 
whether elements are released, transformed, or retained 
during wetting–drying cycles. Antimony mobility is 
strongly controlled by sorption to Fe and Mn (oxyhydr)
oxides and organic matter, with reductive mineral dis
solution potentially releasing Sb while Sb(III) formation 
may enhance retention under some conditions [55,57]. 
Manganese cycles between soluble Mn(II) under reduc
ing conditions and less soluble Mn(III/IV) oxide phases 
under oxic conditions; these Mn oxides also act as 
strong oxidants that influence the mobility of other 
trace elements [59,74,78]. Molybdenum, commonly pre
sent as molybdate, may be released during reductive 
dissolution of Fe, Mn, and Al (oxyhydr)oxides but 
immobilized through thiomolybdate formation under 
sulfidic conditions [60,79,80]. Selenium mobility 
depends on reduction of mobile selenate to more 
strongly sorbed or solid Se species and on interactions 
with Fe and Al mineral surfaces [62,81,64]. Vanadium is 
generally more mobile as V(V) under oxidizing condi
tions, whereas reduction to V(IV) and sorption to Fe 
and Al (oxyhydr)oxides decrease mobility [24,26]. These 

Figure 1. Eh–pH stability diagrams (Pourbaix) showing dominant mobile and less mobile species for (A) arsenic, (B) chromium, and (C) uranium. 
Blue regions represent more mobile aqueous species, tan regions represent less mobile, often solid phases. Arrows indicate redox transitions 
between dominant oxidation states in soil. Dashed blue lines denote the stability limits of water (H2/H2O and O2/H2O boundaries). Diagrams 
assume 25 �C, 1 atm pressure, and dissolved species activities of 10−6. Generated using Geochemist’s Workbench.
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element-specific pathways indicate that the redox and 
mineral controls identified for arsenic, chromium, and 
urainum extend more broadly across geogenic trace 
elements.

4. Wetting–drying cycles as a biogeochemical 
forcing mechanism

Wetting–drying cycles act as a primary hydrologic forc
ing mechanism in vadose-zone soils by generating 
redox oscillations that restructure mineral stability and 
trace-element partitioning between solid and aqueous 
phases. During wetting, infiltration fills pore spaces and 
suppresses oxygen diffusion, stimulating microbial res
piration and promoting reducing conditions (Figure 
2A). The significance of Figure 2A is that wetting ini
tiates a redox cascade: within hours to days, Fe and Mn 
(oxyhydr)oxides may dissolve, releasing sorbed ele
ments such as arsenic, while changes in oxidation state 
can simultaneously immobilize other elements, includ
ing chromium and uranium. Thus, saturation does not 
produce a uniform contaminant response but redistrib
utes elements according to their mineral associations 
and redox sensitivity. As soils subsequently drain and 
re-aerate, oxygen diffuses back into the pore network, 
gradually restoring oxidizing conditions (Figure 2B). 
Figure 2B illustrates that drying is not simply the 
reverse of wetting. Re-oxidation promotes the 

precipitation of new Fe and Mn mineral phases that 
may re-sorb dissolved contaminants, but it can also 
remobilize redox-sensitive elements by oxidizing Cr(III) 
to Cr(VI) or U(IV) to U(VI). Because the reformed miner
als and contaminant distributions may differ from their 
initial states, each cycle can leave a geochemical legacy 
that influences subsequent wetting events. These alter
nating states drive repeated cycles of reduction and 
oxidation that control the dissolution and reformation 
of Fe and Mn (oxyhydr)oxide minerals and regulate 
contaminant speciation and mobility [6,9].

Wetting events can rapidly shift vadose-zone redox 
gradients, although the onset, magnitude, and persis
tence of reducing conditions vary substantially among 
systems. During agricultural managed aquifer recharge, 
Ganot and Dahlke [15] estimated that soil O2 declined 
from atmospheric concentrations to 5% over approxi
mately two days across three field sites. Similarly, ana
lysis of high-frequency sensor data from four Central 
Valley MAR experiments indicated median times of 54 h 
to zero O2 and 62 h to minimum Eh, whereas recovery 
to aerobic conditions required a median of approxi
mately 97 h and a mean of approximately 145 h after 
flooding ceased [18]. In AWD rice mesocosms, most 
severely dried paddies did not decline below 0 mV until 
approximately 36 h after reflooding, and substantial evi
dence of Fe-oxide reduction generally developed over 
72–96 h [82]. These observations indicate that 

Figure 2. Wetting–drying cycles as a biogeochemical forcing mechanism in vadose-zone soils. (A) Wetting saturates pore spaces, limiting oxygen 
diffusion and creating anoxic conditions that drive reductive dissolution of Fe and Mn (oxyhydr)oxides and associated shifts in redox-sensitive 
element speciation. (B) As soils drain, oxygen reenters pore spaces, restoring oxic conditions that promote oxidative precipitation of Fe and Mn 
(oxyhydr)oxides and redistribution of trace elements between aqueous and solid phases.
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transitions from oxic to reducing conditions commonly 
occur over tens of hours to several days rather than 
according to a universal threshold. The response 
depends on soil texture, antecedent aeration, tempera
ture, organic carbon availability, flooding duration, and 
water-filled pore connectivity. Indeed, some wet–dry 
column systems remained predominantly oxidizing, 
with leachate Eh ranging from 188 to 329 mV despite 
cyclic hydrologic forcing [83]. Labile organic carbon can 
deepen reducing conditions by supporting microbial 
respiration and electron-acceptor consumption, but its 
effects depend on physical soil properties and hydro
logic residence time [16,73].

These redox oscillations drive repeated transform
ation of Fe and Mn (oxyhydr)oxides, which function as 
both major sorbents and redox-active phases in soils. 
Under reducing conditions, microbial reduction of Fe(III) 
and Mn(IV) destabilizes these minerals, resulting in their 
dissolution and the release of associated trace elements 
into porewater [27,68,69]. Spectroscopic and column 
studies demonstrate that these phases are not simply 
dissolved and reformed in a reversible manner; rather, 
repeated wetting–drying cycles promote restructuring of 
Fe mineral assemblages, with re-precipitated phases dif
fering in composition, crystallinity, and sorption capacity 
from their precursors [44,72,73,84]. This hysteretic behav
ior indicates that mineral transformations accumulate 
over successive cycles, progressively altering the geo
chemical framework that governs contaminant retention.

Element-specific responses to these mineral transfor
mations reflect differences in redox sensitivity and 
aqueous chemistry. Arsenic mobilization is closely 
coupled to Fe reduction, with declines in redox poten
tial during saturation consistently coinciding with 
increases in dissolved Fe and arsenic concentrations 
due to release from Fe (oxyhydr)oxide surfaces 
[73,85,86]. Under sustained reducing conditions, arsenic 
commonly shifts toward the more mobile As(III), further 
enhancing its transport potential. In contrast, chromium 
exhibits an inverse response, with reduction of mobile 
Cr(VI) to less soluble Cr(III) during wet phases promot
ing immobilization, followed by partial re-oxidation to 
Cr(VI) during drying that increases mobility under oxic 
conditions [19,20,75,83]. Note that Chen et al. [83], a 
frequently cited study in this context, used soil artifi
cially amended with chromate rather than soil that was 
geogenically enriched. Zhang et al. [75], who con
ducted research in basalt-derived paddy soils with nat
urally elevated chromium, report qualitatively similar 
redox-driven behavior but at concentrations reflective 
of natural geologic enrichment. Uranium displays a dis
tinct but equally redox-sensitive behavior: reducing 
conditions promote the conversion of soluble U(VI) to 
sparingly soluble U(IV), often near Fe-reduction fronts, 
whereas re-oxidation during drainage can remobilize 
U(VI) [70,87]. However, uranium mobility is also strongly 
influenced by ligand chemistry; in carbonate-rich 

environments, formation of stable Ca–uranyl–carbonate 
complexes can maintain uranium in solution even 
under oxidizing conditions, partially decoupling its 
behavior from Fe cycling [72,88].

Together, these observations demonstrate that 
wetting–drying cycles act as a coupled hydrologic–bio
geochemical forcing mechanism that drives redox oscil
lations, mineral transformation, and element-specific 
mobility responses in the vadose zone. Rather than rep
resenting reversible perturbations, repeated cycles pro
gressively reorganize mineral assemblages and 
geochemical conditions, such that contaminant behav
ior reflects both instantaneous redox state and cumula
tive transformation legacy.

5. Cross-element response patterns under 
increasing hydrologic variability

Repeated wetting–drying cycles do not produce random 
or purely element-specific behavior. Instead, shared min
eral associations and redox dependencies generate recur
ring and predictable cross-element response patterns that 
emerge consistently across environmental systems. Three 
dominant modes can be identified: (1) Fe-coupled mobil
ization at reductive thresholds, (2) asynchronous redox 
windows that redistribute contaminant speciation across 
wet and dry phases, and (3) progressive weakening of 
geochemical buffering capacity under repeated cycling. 
These modes are interconnected rather than independ
ent. Figure 3 demonstrates how increasing hydrologic 
variability drives advancing wetting fronts and redox oscil
lations, which transform Fe and Mn mineral phases and 
redistribute geogenic trace elements between solid and 
aqueous pools. Repeated mineral transformation and con
taminant release may, in turn, reduce sorption capacity 
and redox buffering, increasing the sensitivity of the sys
tem to subsequent hydrologic perturbations. The result
ing feedback produces contaminant responses that are 
element-specific, path-dependent, and potentially ampli
fied over successive wetting–drying cycles.

5.1. Fe-coupled co-mobilization

The most consistent cross-element response to wetting– 
drying forcing arises from the central role of Fe (oxy
hydr)oxides, particularly ferrihydrite, goethite, and hema
tite, as shared mineral hosts for geogenic contaminants. 
These phases possess abundant surface hydroxyl groups 
that promote strong adsorption, co-precipitation, and 
structural incorporation of redox-sensitive trace elements 
[42,46,67,70,90]. Arsenic (As(V)) forms stable surface com
plexes or becomes incorporated during Fe mineral for
mation [46], Cr(III) is readily adsorbed or incorporated 
into (hydr)oxide matrices [42,83], and U(IV) exhibits 
strong affinity for Fe phases, with its behavior closely 
linked to Fe mineral transformations [70].

CRITICAL INSIGHTS IN ENVIRONMENTAL SCIENCE AND TECHNOLOGY 7 



Under saturated conditions, oxygen limitation and 
carbon-fueled microbial respiration drive reductive dis
solution of Fe(III) minerals, destabilizing this shared 
scaffold and releasing associated arsenic, chromium 
and uranium [46,70,74,75,91]. Because multiple contam
inants partition to the same Fe framework, Fe reduction 
can generate synchronized pulses of multi-element spe
ciation transformations [24]. Re-oxidation during drying 
promotes Fe(II) oxidation and precipitation of new Fe 
phases that may temporarily re-sequester contaminants, 
although repeated cycling does not necessarily restore 
equivalent surface area or sorption capacity 
[46,70,75,92].

This Fe-coupled behavior is especially pronounced in 
systems dominated by short-range-order Fe minerals, 
which dissolve rapidly and may recrystallize toward less 
reactive forms under repeated redox shifts [92,93]. 
Under increasingly variable hydrologic regimes, this 
dynamic restructuring can amplify both the frequency 
and the magnitude of co-mobilization events, particu
larly where labile carbon inputs enhance microbial Fe 
reduction. While Mn oxides can function as secondary 
shared sorbents, observations consistently indicate 
stronger association of arsenic and many co-occurring 
trace elements with Fe phases.

5.2. Asynchronous redox windows and ligand 
decoupling

Despite shared mineral associations, redox-sensitive ele
ments do not respond synchronously to hydrologic 

forcing. Wetting–drying cycles instead generate asyn
chronous redox windows in which elemental mobiliza
tion and immobilization occur on distinct 
thermodynamic and kinetic timelines. During saturation, 
Mn reduction precedes Fe reduction, and substantial 
arsenic and uranium transformations typically occur 
only after redox potentials cross the Fe(III)/Fe(II) thresh
old, creating a temporal lag between flooding onset 
and peak release [17,74].

Field and column studies further demonstrate pro
nounced hysteresis: transition to reducing conditions 
may occur within hours to days, whereas oxidative 
recovery can require weeks, extending the residence 
time of reduced species such as Fe(II) and As(III) in 
porewater [12,17,44,87,94]. Similar sequencing governs 
sulfide formation in wetlands and fields, where metals 
partition into sulfide phases according to solubility con
straints, producing staggered immobilization following 
re-flooding [92,95]. Even at the mineral scale, oxidation 
of Fe-bearing clays proceeds in two stages, rapid 
surface oxidation followed by slower structural reorgan
ization, further reinforcing asynchronous redox behavior 
[67].

In parallel, ligand decoupling can shift contaminant 
mobility away from Fe-host control. Under reducing 
conditions, dissolution of Fe (oxyhydr)oxides releases 
associated U, yet rapid complexation with dissolved 
organic matter can stabilize uranium independently of 
the original mineral host [70,91]. Conversely, competi
tive anions such as phosphate and carbonate may dis
place arsenate from ferrihydrite surfaces under oxic 

Figure 3. Conceptual framework linking hydrologic variability to recurring cross-element contaminant responses in the vadose zone. Increasing 
wetting–drying variability generates advancing wetting fronts and redox oscillations that drive Fe and Mn (oxyhydr)oxide dissolution, precipita
tion, and recrystallization. These mineral transformations regulate element-specific contaminant release, retention, oxidation-state transformation, 
and aqueous complexation. Repeated cycling may progressively alter geochemical buffering capacity, increasing the sensitivity of vadose-zone 
soils to subsequent hydrologic perturbations and amplifying future contaminant fluxes. Redox ladder adapted from Valiente et al. [89].
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conditions, triggering mobilization without Fe reduction 
[43,46,96]. Chromium provides an additional pathway: 
association with organic colloids can facilitate transport 
even where bulk redox conditions favor immobilization 
[42,97].

Together, these processes demonstrate that moisture 
variability redistributes contaminant behavior across 
time and space through both redox sequencing and 
ligand-driven decoupling. The result is not uniform 
amplification, but temporally structured and chemically 
redirected transport pathways under increasingly vari
able hydrologic regimes.

5.3. Progressive weakening of buffering capacity

The capacity of soils to buffer redox and pH perturba
tions under repeated wetting–drying is dynamic rather 
than static. Redox buffering arises from the availability 
of electron donors and acceptors that moderate 
changes in redox potential [17,87]. Microbial respiration 
and oxidation of reduced species consume oxygen, 
while Fe and Mn (oxyhydr)oxides provide substantial 
electron-acceptor reserves that can delay large shifts in 
redox conditions [74,98].

During flooding, reductive dissolution disperses 
Fe(III) oxide phases and releases structurally associated 
trace elements; during subsequent drainage, oxidation 
of Fe(II) produces recrystallized Fe(III) phases that may 
re-incorporate contaminants at rates differing from their 
precursors [70,75]. In some systems, initial contaminant 
pulses are followed by partial stabilization as Fe phases 
re-precipitate or sulfides form [88,99]. However, this sta
bilization is conditional. Changes in ligand concentra
tions (e.g., carbonate intrusion) can disrupt mineral- 
contaminant associations, producing large increases in 
porewater concentrations [99]. Similarly, repeated acidic 
inputs can exhaust alkalinity reserves in engineered 
soils, leading to a loss of buffering capacity and subse
quent contaminant release once thresholds are 
exceeded [83,100].

Structural changes further influence buffering cap
acity. Wetting–drying cycles can promote aggregate 
breakdown, microcrack propagation, and permeability, 
allowing solutes to bypass reactive zones during 
repeated cycling [73,75,97,100–102]. In addition, deple
tion of labile organic carbon may reduce the ability to 
reestablish strongly reducing conditions in subsequent 
cycles unless external inputs replenish the system [91]. 
Taken together, buffering capacity under increasing 
hydrologic variability is not infinite. Early cycles may 
exhibit strong resistance to redox and pH perturba
tions, but repeated threshold crossings can restructure 
mineralogy, deplete reactive substrates, and weaken 
geochemical controls. Under increasingly nonstationary 
hydrologic regimes, this progressive erosion of buffer
ing capacity may shift systems from containment 

toward net contaminant flux to groundwater. These 
dynamics highlight a critical need to move beyond 
mechanistic understanding toward predictive frame
works that can capture transient, path-dependent 
behavior under variable hydrologic forcing.

6. Outlook and emerging directions

6.1. From mechanism to prediction under 
nonstationary hydrology

A central implication of the synthesis presented here is 
that redox-driven contaminant mobilization in the 
vadose zone cannot be predicted using frameworks 
that assume equilibrium behavior or steady-state 
hydrologic forcing. Mobilization of arsenic, uranium, 
chromium, and related elements is consistently associ
ated with transient redox perturbations rather than 
static geochemical conditions [24]. Yet the literature 
informing predictive frameworks remains dominated by 
laboratory experiments, short-duration field studies, 
and single-contaminant conditions that cannot fully 
resolve multi-element interactions or cumulative 
responses across repeated hydrologic cycles. As a result, 
many existing frameworks rely on equilibrium assump
tions or simplified redox representations that omit the 
timing, sequence, and legacy of transient biogeochem
ical conditions.

Process-based reactive transport models provide a 
framework for integrating the mechanisms identified in 
this review by coupling water flow and solute transport 
with kinetic biogeochemical reactions and evolving 
mineral properties [103]. For vadose-zone applications, 
this requires coupling variably saturated flow with gas- 
and aqueous-phase oxygen transport, microbial con
sumption of terminal electron acceptors, kinetic dissol
ution and precipitation of Fe and Mn minerals, and 
element-specific reactions controlling sorption, aqueous 
complexation, oxidation state, and secondary-mineral 
formation. Existing applications demonstrate that these 
models can explicitly represent organic-matter degrad
ation, sequential redox reactions, Fe and Mn mineral 
transformations, surface complexation, competitive lig
and effects, and contaminant-specific oxidation-state 
transformations [104–107]. Coupling these reactions 
with multidimensional hydraulic models can further 
resolve spatial transport pathways and quantify con
taminant inventories and fluxes over longer timescales 
[108]. Reactive transport models fundamentally couple 
flow, transport, reaction rates, and evolving porous- 
medium properties, although their parameterization 
remains challenging across spatial scales. In particular, 
uncertainty in reactive surface area, kinetic parameters, 
and mineral-specific sorption properties can strongly 
affect model predictions and often requires site-specific 
experimental data [104].
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Contaminant mobilization is governed not only by 
instantaneous redox state, but also by the sequence, 
duration, and frequency of wetting–drying cycles, 
which collectively impose path dependence and hyster
esis on geochemical behavior. Wetting-driven redox 
transitions can occur rapidly. Turkeltaub et al. [18] 
reported median times of approximately 54 h to zero 
O2 and 62 h to minimum Eh across MAR field sites, 
whereas recovery to aerobic conditions required a 
median of approximately 97 h and a mean of approxi
mately 145 h. These asymmetric dynamics can prolong 
nonequilibrium aqueous conditions and produce transi
ent contaminant pulses that models calibrated to aver
age conditions may not capture. Process-based models 
should therefore retain information about antecedent 
moisture, mineral state, electron-acceptor inventories, 
and information on prior events rather than resetting 
reaction conditions at the beginning of each wetting 
cycle.

Repeated cycling also restructures the mineral sys
tem itself. Fe and Mn (oxyhydr)oxides, which serve as 
dominant sorption hosts and redox-active phases, do 
not necessarily dissolve and reform reversibly. Instead, 
repeated cycling can alter mineral crystallinity, reactive 
surface area, and sorption-site density, often producing 
progressively less reactive phases [70]. This creates leg
acy effects whereby contaminant behavior reflects not 
only current conditions but also the integrated history 
of previous redox oscillations. Most studies remain tem
porally constrained, isolating short-term oscillations 
rather than capturing the progressive effects of 
repeated cycling over longer periods [10,17,73]. 
Predictions based on single-event experiments may 
therefore underestimate the magnitude or persistence 
of contaminant mobilization under increasingly variable 
hydrologic regimes.

Extending process-based models across longer time
scales could reveal whether vadose-zone buffering cap
acity becomes depleted, renewed, or reorganized. 
Reactive minerals, sorption sites, electron acceptors, 
and organic carbon represent finite reservoirs that may 
be consumed, transformed, replenished, or redistrib
uted through repeated hydrologic forcing. Future mod
els should therefore update inventories of reactive 
solids and sorption sites alongside dissolved concentra
tions and account for feedback among mineral dissol
ution, precipitation, porosity, permeability, and 
preferential flow [103,104]. Physically based models 
already demonstrate that fine-textured interlayers can 
retain a substantial fraction of recharge water for years 
after surface flooding, decoupling recharge timing from 
contaminant arrival at the water table [109]. Extending 
such frameworks could test how climatic history, soil 
age, weathering intensity, and parent material create 
regional differences in contaminant vulnerability rather 
than assuming that equivalent hydrologic forcing pro
duces equivalent responses across landscapes.

Data-driven models provide a complementary means 
of extending predictions across spatial scales that 
would be computationally or observationally intensive 
for fully resolved process-based models [110]. Machine- 
learning frameworks can identify nonlinear relationships 
and predict contaminant behavior from soil texture, Fe 
content, organic carbon, hydrologic history, and other 
site properties. For example, Tran et al. [111] predicted 
arsenic remobilization under repeated wetting–drying 
cycles with high accuracy, while Tran et al. [39] demon
strated substantial site-to-site variation in vadose-zone 
arsenic attenuation. However, model performance 
depends on the quality and representativeness of the 
training data, and predictions may generalize poorly 
when observations are sparse, spatially biased, or 
strongly correlated [112]. Purely data-driven models 
may also reproduce correlations without resolving 
whether they arise from hydrologic transport, microbial 
activity, or mineral reactions and, unless conservation 
constraints are explicitly imposed, do not inherently 
conserve water, solute, or elemental mass [113].

Hybrid and physics-informed machine-learning 
approaches offer a path toward combining data-driven 
flexibility with mechanistic accuracy. Li et al. [114], for 
example, trained machine-learning surrogates on out
puts from a mechanistic surface-complexation model of 
uranium sorption, reproducing model predictions at 
substantially lower computational cost. Adhikari et al. 
[113] extended this approach to reactive transport in 
heterogeneous porous media by embedding governing 
flow, transport, and reaction equations directly within a 
physics-informed neural-network framework. Their 
model captured mixing-limited reaction fronts while 
preserving non-negative concentrations, demonstrating 
how governing equations, boundary conditions, reac
tion stoichiometry, and conservation constraints can 
guide predictions in data-scarce subsurface systems 
[113]. In such hybrid frameworks, process-based models 
retain the governing hydrologic and geochemical struc
ture, while machine learning can approximate compu
tationally expensive reaction modules, infer unresolved 
parameters and heterogeneity, assimilate observations, 
and fill data gaps.

The emerging direction, therefore, is not to 
choose between process-based and machine-learning 
approaches, but to develop predictive frameworks that 
combine mechanistic interpretability with computa
tional adaptability. Future models of nonstationary 
vadose-zone systems should be able to conserve water 
and elemental mass, represent evolving mineral and 
redox states, retain the legacy of prior wetting–drying 
cycles, and assimilate observations across event to dec
adal timescales. Achieving this will require multi-cycle, 
multi-element field datasets that coordinate measure
ments of hydrology, oxygen, Eh, mineralogy, microbial 
activity, and dissolved contaminant fluxes. Such integra
tion is essential to move from describing transient 
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contaminant responses to predicting when, where, and 
for how long hydrologic variability will threaten 
groundwater quality.

6.2. Uneven risk, emerging hotspots, and detection 
gaps

While these limitations constrain our ability to predict 
contaminant dynamics, emerging evidence also reveals 
that mobilization risk is not uniformly distributed across 
landscapes. Evidence synthesized across studies indi
cates that redox-driven contaminant mobilization is not 
spatially random, but concentrated within a predictable 
set of hydrogeologic and land-use contexts where 
hydrologic variability intersects with reactive geochem
ical conditions [26,71,72,81]. In agricultural settings, irri
gation, fertilizer inputs, and organic carbon loading 
create conditions conducive to repeated redox cycling, 
promoting Fe reduction and the mobilization of arsenic, 
uranium and selenium [72,115,116]. Pulsed irrigation 
and managed aquifer recharge introduce rapid shifts in 
soil moisture that drive oxygen depletion within days, 
creating conditions in which contaminant mobilization 
is not only possible but recurrent. Vadose zone hetero
geneity adds a further complication: fine-grained inter
layers can retain substantial fractions of recharged 
water for years after a flooding event, creating a struc
tural lag between management action and ground
water quality response that current assessment 
frameworks do not account for [109].

Carbonate-rich systems represent a distinct hotspot 
for uranium, where Ca–uranyl–carbonate complexes 
stabilize U(VI) in solution even under conditions that 
might otherwise favor sorption or reduction, effectively 
decoupling uranium behavior from Fe cycling and sus
taining mobility across a broader range of redox condi
tions [52,66,71]. Manganese oxide-rich, organic-poor 
soils present a contrasting pathway for chromium: per
sistent Mn(III/IV) oxides can oxidize Cr(III) to mobile 
Cr(VI) even under nominally reducing conditions, 
enhancing chromium mobility through an oxidative 
mechanism that is not predicted by bulk redox state 
alone [49,51]. These element-specific pathways high
light that the same hydrologic forcing can produce fun
damentally different contaminant outcomes depending 
on system mineralogy, an important distinction that 
single-contaminant monitoring frameworks will consist
ently miss.

Despite this emerging predictability in hotspot iden
tification, existing groundwater monitoring networks 
are designed for broad, regulatory coverage rather than 
geochemical risk, with spatially distributed, low-fre
quency sampling that prioritizes national representa
tiveness over targeted surveillance of vulnerable 
settings. The United States Geological Survey (USGS) 
national network samples on a decadal rotating basis 

across 89 distributed networks, providing a valuable 
baseline, but is structurally ill suited to capturing the 
episodic, transient concentration pulses that character
ize redox-driven mobilization [25]. Risk-based monitor
ing frameworks that target sampling frequency and site 
selection to geochemical and hydrologic vulnerability 
(e.g., reactive mineral assemblages, organic carbon 
availability, irrigated recharge) would be far better posi
tioned to detect emerging contamination before it 
reaches regulatory thresholds [23,25].

6.3. Microbial controls on redox dynamics

Microbial processes are central to redox-driven contam
inant mobilization yet remain underrepresented in pre
dictive frameworks. Dissimilatory metal-reducing 
microorganisms drive Fe(III), arsenate, sulfate, and uran
ium reduction, linking organic carbon availability to 
contaminant release [22,27,41,73]. However, field data 
complicate the assumption that organic carbon avail
ability is the primary control on redox timing. At four 
Central Valley MAR sites, anoxic conditions developed 
within 2–2.5 days of inundation, governed primarily by 
physical restriction of oxygen diffusion in water-filled 
pores (O2 diffusivity in water is approximately 10,000�
lower than in air) with microbial respiration as a contri
buting rather than sole driver [18]. Clay content and 
soil temperature were the strongest predictors of the 
rate of Eh decline, while dissolved organic carbon 
showed a stronger association with the minimum Eh 
reached during flooding, suggesting that physical oxy
gen supply constraints govern the timing of anoxia 
onset while carbon availability modulates how strongly 
reducing conditions become.

What this means under a flashier climate is poorly 
understood. Projected elevated temperatures can accel
erate microbial metabolism and accelerate reductive 
dissolution, while more frequent and intense wetting 
events promote transient anoxic conditions that favor 
microbial reduction pathways, but the interaction 
between these two forcings is rarely resolved 
[65,84,93,117]. Reactive transport models that param
eterize anoxia onset primarily as a function of microbial 
carbon consumption may therefore misrepresent redox 
dynamics in physically constrained environments. A 
hotter, flashier climate does not simply intensify exist
ing microbial dynamics; it alters their timing, amplitude, 
and recovery trajectory in ways that current models, 
parameterized under stable temperature and moisture 
regimes, are not equipped to represent. The tempera
ture sensitivity of microbially mediated reductive dissol
ution remains particularly poorly constrained, and few 
studies explicitly link microbial kinetics to hydrologic 
variability or climate forcing at field scale. Aerobic 
microbial processes during drying phases, including Mn 
oxidation and arsenic re-oxidation, are equally 
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understudied, despite governing whether contaminants 
released during wet periods are re-immobilized or 
remain in porewater through subsequent cycles [49,51].

6.4. Toward integrated monitoring, modeling, and 
management

Addressing these challenges requires interventions 
across hydrologic, geochemical, and management 
domains. Current monitoring approaches rely on low- 
frequency sampling and bulk water chemistry that fail 
to capture transient redox fluctuations and short-lived 
contaminant pulses. High-frequency, depth-resolved 
measurements of redox potential, dissolved oxygen, 
and contaminant concentrations, as showcased by 
Turkeltaub et al. [18], are needed to resolve episodic 
mobilization events before they reach regulatory 
thresholds. Expanded access to advanced analytical 
tools, including inductively coupled plasma mass spec
trometry (ICP-MS) for trace-element quantification and 
synchrotron-based spectroscopy (e.g., X-ray absorption 
spectroscopy [XAS], extended X-ray absorption fine 
structure [EXAFS]) for oxidation-state and mineral-host 
identification, can further resolve solid-phase transfor
mations during repeated wetting–drying cycles. 
Similarly, existing modeling approaches must move 
beyond equilibrium representations toward coupled 
reactive transport frameworks that explicitly incorporate 
microbial processes, mineral transformation, and hydro
logic variability.

Water management introduces direct tradeoffs 
between water quantity objectives and water quality 
outcomes that current frameworks have not systematic
ally addressed. Soil amendments added to MAR basins 
to enhance denitrification can simultaneously drive 
metal mobilization. Column infiltration experiments 
show average effluent arsenic of 14.7 lg L−1 in carbon- 
amended treatments compared to negligible arsenic in 
unamended controls [16]. This nitrogen–metal tradeoff 
is a real operational constraint, and designing MAR sys
tems that balance competing objectives requires expli
cit consideration of redox dynamics rather than treating 
water quality as a secondary constraint.

In agricultural systems, AWD irrigation consistently 
reduces cumulative porewater arsenic exposure relative 
to continuous flooding, by a factor of 8.2 under current 
(33 �C) conditions and by 15.9-fold under a severe 
warming scenario (38 �C, 850 ppmv CO2), indicating 
that AWD remains an effective management strategy 
under future climate projections [12]. Grain arsenic is 
also reduced by AWD, though more modestly (1.5-fold 
at 33 �C, 1.3-fold at 38 �C). Field trials in temperate pad
dies confirm reductions in grain arsenic alongside 
methane emission reductions of 40–73% under AWD 
[11]. However, both studies document a consistent 
tradeoff: AWD increases cadmium and nickel uptake, 

and in Mn oxide-rich soils, the oxidizing phases of AWD 
cycles may enhance Cr(VI) generation. Mitigation strat
egies must therefore be evaluated not only for their 
effectiveness against target contaminants but also for 
their potential to shift risk to others.

Pre-deployment characterization of vadose zone 
geochemistry (reactive mineral inventories, redox buf
fering capacity, organic carbon availability, and depth- 
resolved texture) should be integrated into standard 
MAR site assessment wherever geogenic arsenic, chro
mium and uranium enrichment is indicated by geo
logical mapping of source rock mineralogy, known 
depositional environments, or background water quality 
monitoring, rather than treated as optional baseline 
data. Without this baseline, neither the magnitude of 
the contaminant mobilization risk nor the timescales 
over which it operates can be anticipated.

7. Conclusion: flashier hydrology, flashier 
contaminants

The evidence synthesized here demonstrates that 
increasing hydrologic variability does not simply per
turb vadose-zone geochemistry but reorganizes it 
through repeated wetting–drying cycles, redox oscilla
tions, and mineral transformation. Across agricultural 
and environmental systems, fluctuations in moisture 
and oxygen availability alter microbial respiration and 
Fe and Mn (oxyhydr)oxide stability, thereby regulating 
the mobility of redox-sensitive geogenic contaminants. 
Although arsenic, chromium, uranium, and related ele
ments exhibit distinct redox thresholds and aqueous 
chemistries, three recurring response patterns emerge: 
Fe-coupled contaminant release and retention, asyn
chronous mobilization and immobilization windows, 
and progressive alteration of geochemical buffering 
capacity. Increasing hydrologic variability therefore 
does not produce a uniform increase in contaminant 
mobility; instead, it produces transient, element-specific, 
and history-dependent responses.

These responses have direct implications for contam
inant fate and environmental exposure. Wetting can 
transform vadose-zone soils from contaminant sinks 
into temporary sources by dissolving reactive minerals 
and releasing previously retained elements into pore
water. Subsequent drying may restore retention for 
some contaminants while remobilizing others favored 
under oxidizing conditions. As a result, the composition 
and concentration of recharge reaching groundwater 
may vary substantially over a single wetting–drying 
cycle. Fine-textured layers and poorly connected pore 
domains may further delay contaminant transport, 
allowing mobilized solutes to persist in the vadose 
zone and reach groundwater after surface conditions 
have returned to normal. In agricultural systems, these 
changes may also alter contaminant availability to 
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crops, meaning that water-management practices that 
reduce exposure to one element may increase exposure 
to another.

Repeated cycling creates an additional long-term 
concern because contaminant attenuation observed 
during an initial event may not persist. Dissolution, 
recrystallization, changes in reactive surface area, and 
depletion of electron donors or acceptors can progres
sively reorganize the soil’s capacity to buffer redox and 
pH changes. Consequently, average concentrations or 
measurements collected between hydrologic events 
may underestimate episodic releases and cumulative 
contaminant flux. Field assessment should therefore 
evaluate both wetting and drainage phases, account 
for multiple contaminants and exposure pathways, and 
consider whether repeated hydrologic forcing alters 
mineral retention over time. Protecting groundwater 
under increasingly nonstationary hydrology will require 
site-specific characterization and monitoring strategies 
that treat the vadose zone as an evolving biogeochem
ical system rather than a passive pathway for recharge.
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