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A B S T R A C T   

The interactions between surface water-groundwater (hyporheic) exchange and sediment lithology influence 
oxidation–reduction (redox) conditions near river-aquifer interfaces. Redox dynamics have implications for 
subsurface nutrient transformations, but are difficult to assess spatially and temporally using traditional 
geochemical observations. This study applied continuous, three-dimensional monitoring of redox potential in a 
shallow riparian aquifer to assess the geochemical response to sediment lithology and hydrogeologic variables. 
We mapped a series of cross-sectional redox contour plots from throughout the aquifer over a storm event, which 
captured the dynamics of redox conditions during stage-driven mixing. Results show that redox potential 
increased by over 400 mV at some locations following river water infiltration during the storm, while persistent 
zones of high potential endured along preferential, high-conductivity flow paths. Conditions within high- 
conductivity (>1 cm/s) sediments took longer to recover (up to 30 days) following storms than those within 
finer, low-conductivity (6.9 × 10 5 cm/s) sediments (days to hours), however, attributed to less organic matter 
driving nutrient transformations. Dynamic surface water-groundwater interactions intermittently perturb redox 
conditions, but the underlying sediment lithology ultimately governs the spatial and temporal dynamics of 
aquifer redox conditions. These novel observations provide fundamental insights into hyporheic exchange and 
riparian geochemical dynamics broadly applicable to hydrogeology and biogeochemistry.   

1. Introduction 

Groundwater quality and the associated geochemical state of sub
surface systems are becoming increasingly important as global popula
tion expands, land-use changes, and contaminants of emerging concern 
become more ecologically abundant. A number of physical, chemical, 
and biological processes affect the evolution of aquifer geochemistry 
(see review papers by Hubbard et al., 2018; Li et al., 2017 summarizing 
these coupled and complex processes), but perhaps most important are 
the spatial distributions of hydraulic conductivity (K) and organic 
matter related to sediment heterogeneity. As hydraulically connected 
high-K facies (three-dimensional (3D) bodies of sediment (e.g., Sol
tanian and Ritzi, 2014; Liu et al., 2020)) act as preferential pathways for 
groundwater flow and nutrient transport under varying flow regimes 
driven by the local hydraulic gradient, sediment organic matter fuels 
transformative microbial reactions (e.g., Duff and Triska, 1990; Wallace 
et al., 2020a). As a result, discrete biogeochemical hot spots (i.e., zones 
of enhanced reaction rates) may develop throughout the subsurface 
where conditions favor nutrient transformations (Krause et al., 2017; 

McClain et al., 2003). Most often these conditions reflect a balance be
tween nutrient availability, flow path residence times, and reaction rates 
(Bardini et al., 2012; Marzadri et al., 2012; Sawyer, 2015; Wallace et al., 
2020b). In aquifers adjacent to rivers, surface water-groundwater 
(hyporheic) exchange drives the flux of water and solutes across the 
sediment–water interface and through the subsurface. As channel water 
from rivers and streams is diverted along deeper hyporheic flow paths 
and into the adjacent riparian aquifer, it mixes with groundwater and is 
exposed to geochemically and microbially active sediment surfaces 
where nutrient transformations may take place (Boano et al., 2010; 
Cardenas et al., 2015; Harvey et al., 2013; Xu et al., 2017). The hypo
rheic zone thus serves as an important transition zone for lotic system 
function, where biogeochemical activity can be locally elevated due in- 
part to surface water-groundwater mixing. 

Due to the high spatial and temporal variability of subsurface flow 
and solute transport patterns, a fundamental understanding of aquifer 
geochemical dynamics requires high-resolution information about 
chemical fluxes and the associated groundwater chemistry. Conven
tional methods (e.g., core drilling, groundwater sampling) provide 
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insight about discrete locations within the aquifer (e.g., Harms and 
Grimm, 2008; Peterjohn and Correll, 1984), but the difficulty of col
lecting such samples at high spatial or temporal resolution and the 
related costs can inhibit observations of dynamic reaction rates and 
chemical fluxes. Alternatively, oxidation–reduction (redox) potential 
can be continuously monitored using relatively inexpensive in-situ 
sensors. Redox potential (EH) indicates the energetic favorability of a 
given reaction, and has been used to describe the potential for degra
dation of anthropogenic contaminants in aquifers (Lensing et al., 1994; 
McMahon and Chapelle, 2008; Wallace et al., 2018). When monitored 
continuously, redox data can be a powerful tool for studying the effects 
of dynamic conditions on metal availability (Vorenhout et al., 2004), 
nitrogen transformation (Sawyer et al., 2014; Wallace et al., 2018), 
degradation of organic compounds (Klüpfel et al., 2014; LaRowe and 
Cappellen, 2011), and other riparian buffer processes (Briggs et al., 
2013, 2015; Snyder et al., 2004). Redox potential is related to the 
concentration of oxidants and reductants in the pore water (e.g., Hinkle 
et al., 2001; Hsu et al., 2010) and is known to vary with sediment li
thology (Carlyle and Hill, 2001; Hill and Cardaci, 2004; King et al., 
2019), but heretofore has only been sparsely monitored in one or two 
dimensions. Further, only a handful of studies have focused on redox 
monitoring during hyporheic mixing (e.g., Briggs et al., 2015; Sawyer 
et al., 2014; Wallace et al., 2018), which limits its utility for under
standing the controlling influence of sediment heterogeneity and its 
spatial variability on geochemical dynamics during hyporheic exchange. 

The main objective of this study is to demonstrate the capability of 
fully-continuous, 3D redox data for the first time to quantitatively assess 

aquifer redox response to static (i.e., sediment heterogeneity) and dy
namic (e.g., storms, seasons) forcings. The study site (described in detail 
below) was specifically instrumented to improve predictive un
derstandings of riparian aquifer dynamics and response to perturba
tions, and the aquifer is representative of other heterogeneous 
environments in the surface and near-surface environment termed the 
Critical Zone. Results could thus be helpful to other studies related to 
hydrology-driven biogeochemical behavior, such as those in the East 
River Watershed (Dwivedi et al., 2017; Hubbardet al., 2018), Critical 
Zone Observatories (Anderson et al., 2008; Brantley et al., 2007; White 
et al., 2015), the Worldwide Hydrobiogeochemistry Observation 
Network for Dynamic River Systems (WHONDRS, Stegen et al., 2018), or 
coastal aquifers (Heiss et al., 2020, 2017; Kreyns et al., 2020; Michael 
et al., 2005). The novel aspects of this study are as follows: 1) it is 
conducted at high spatial and temporal resolution in three dimensions 
across a relatively large spatial scale (hundreds of meters in scale); and 
2) it provides fundamental insights into the distribution, size, and 
persistence of high- and low-EH zones as well as their expansion and 
contraction during and after hydrologic perturbations. Further, funda
mental insights developed through this study should be 
widely-transferrable because it is conducted in a buried-valley aquifer, 
representing aquifers widespread across North America. 

2. Study site 

The study site (39.23755◦N, 84.71252◦W) is part of the Theis Envi
ronmental Monitoring and Modeling Site (TEMMS), located along a 

Fig. 1. (a) Map showing the distribution of glacial aquifers across the northern United States, with the (b) location of the Great Miami Watershed outlined in red. (c) 
The TEMMS is located along a meander of the Great Miami River, and the red star shows the location of a nearby USGS gauge. (d) Instrumentation at the site consists 
of three pairs of monitoring wells (blue triangles) and a series of 23 redox probes (red circles). Transects for redox analysis (discussed below) are labeled AA’, BB’, 
CC’, and DD’. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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section of the Great Miami River near Cincinnati, Ohio, USA roughly 20 
km northwest of downtown Cincinnati (Fig. 1). The Great Miami River 
is ~150 m wide and ~1.5 m deep at the study site, and flow averages 
110 m3 s 1. The channel is generally incised and contains gravelly 
compound and point bars which represent a larger scale of sedimentary 
architecture, within which planar and trough cross-bedded sand and 
gravel are common (Ritzi et al., 2002). The river at the study site is 
generally losing, and regional groundwater flow through the aquifer is 
away from the river. 

The study aquifer extends roughly 100 m into the southern bank of 
the Great Miami River, approximately 28 km upstream of its confluence 
with the Ohio River. The depth to bedrock averages 33 m, and the 
average water table depth is 5 m below the land surface (Watkins and 
Spieker, 1971). Aquifer transmissivity is estimated between 1200 and 
3700 m2 d 1, with storativity of 0.2 (Spieker, 1968). Sediment lithology 
at the TEMMS is quite complex, consisting primarily of poorly-sorted, 
subrounded sediments ranging from cobbles to medium sand with 
interbedded open-framework gravel (OFG) facies, overlain by ~1 m 
thick, organic-rich silt and clay deposits (Wallace and Soltanian, 2021). 
The three dominant facies types at the site are fine-grained silt and clay, 
coarse sand, and gravel. 

3. Methods 

3.1. Hydrologic and geochemical monitoring 

A series of observation wells were installed in 2017 to monitor 
groundwater levels and basic water quality parameters (Fig. 1). Wells 
were installed at three locations, and were constructed of 11.5 cm o.d. 
PVC with 3 m screens. All wells were sealed with granular bentonite and 
positioned in waterproof concrete pads to prevent preferential flowpaths 
related to installation. Multiparameter sensors (YSI 600LS) deployed 
inside each well monitor hydraulic head, temperature, and specific 
conductance at 15-min intervals. A central pylon houses a weather 
station (WeatherFlow SKY) to collect data on ambient atmospheric 
conditions, and a telecommunications link that transmits data from the 
site every 15 min. River stage is monitored at a nearby USGS gauge 
(#03274615) located roughly 3 km downstream of the study site. 
Measurements were extracted to correspond to the on-site data collec
tion period (described below). 

Over 90 m of continuous cores (30 m at each of three locations) were 
collected from the site during well installation to determine sediment 
properties and constrain floodplain sediment heterogeneity. Wallace 
and Soltanian (2021) visually described the cores for mineral composi
tion, color, and grain size at 5 cm resolution. Based on visual de
scriptions, they analyzed grain size for 10 representative samples from 
each core (30 samples total) within the range of 0.037–8 mm using a 
Gilson SS-15 Sieve Shaker. All of the samples but one had sediments >8 
mm, which were further classified to grains sized less than 80 mm. 

Redox probes were installed throughout the riparian floodplain on a 
roughly 10-m grid to capture redox variations influenced by sediment 
heterogeneity and a range of water table fluctuations (Fig. 1). Final 
probe locations were subject to accessibility (i.e., trees, foliage) and 
local sediment properties (i.e., coarse gravel preventing installation). 
Each of the 23 probes consisted of a 150-cm fiberglass-epoxy tube 
embedded with an array of 4 platinum electrodes spaced 45 cm apart 
(Paleo Terra, Amsterdam, Netherlands). Platinum electrode redox 
probes do not require calibration, and have been successfully used in 
variably-saturated systems to describe hydrogeochemical changes in the 
near-stream environment (e.g., Sawyer et al., 2014; Wallace et al., 
2018). All probes were connected to one of two Ag/AgCl reference 
electrodes installed below the water table in wells P2 and P3. To mini
mize agitation of the soil layer, we augured to varying depths at each 
location and then manually inserted the probes an additional 150 cm 
into undisturbed sediments and backfilled with soil. All sensors were 
connected to CR800 control modules and AM416 multiplexers 

(Campbell Scientific, Logan, UT) and programmed to collect readings 
every 15 min. All parameters (i.e., EH, water table elevation, tempera
ture, specific conductance) were monitored continuously from January 
29, 2020 through July 15, 2020. 

3.2. Aquifer-Scale redox interpolation 

The spatial distribution of EH throughout the aquifer was calculated 
using radial basis function interpolation of the redox point measure
ments (1.7 mV accuracy), which has been shown to provide high-order 
accurate interpolants of large datasets (Schaback, 1995). A series of 
unique functions (ϕi), each of which possess radial symmetry about one 
of the sample points, were developed for point readings obtained from 
the redox probes. A continuous function f, which represents the sum of 
the individual functions, was then employed to approximate values 
between the sample points: 

f (x, y, z) =
∑n

i=1
cie (εr)2

(1)  

where ci is a fitting coefficient applied to the inverse multiquadratic 
function ϕi, n is the number of observed points, and ε is a shape 
parameter. Coefficients are determined by constraining f to match 
samples values at the sensor locations. The distance from the central 
point of each function (r) is defined as: 

r =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(xi xj)
2
+ (yi yj)

2
+ (zi zj)

2
√

(2)  

where (xi, yi, zi) denotes the center of the function (i.e., the sample point) 
and (xj, yj, zj) denotes a field point. Vertical anisotropy often associated 
with buried-valley sediment stratigraphy was incorporated by scaling z- 
coordinates by a factor of 0.1, which accounted for the difference be
tween points in the vertical direction when computing r. The resulting 
interpolation is often spectrally accurate, and stable for large numbers of 
data points (Buhmann and Dyn, 1993). Based on our field installation, 
92 individual redox readings were collected at each time point. Redox 
data were interpolated to a grid 51 m long, 68 m wide, and 3.75 m deep 
to represent our study portion of the shallow floodplain aquifer, with the 
top boundary elevation corresponding to the floodplain topography. The 
grid was uniformly discretized with 0.15 m horizontal and vertical 
resolution (3.85 × 106 grid cells). 

The performance of radial basis function interpolation is often 
dependent on both the type of radial basis functions employed and the 
associated value of ε for those functions (Rippa, 1999). Not only should 
the function suit the application for spatial interpolation, but ε should be 
optimized for the dataset to increase accuracy while maintaining nu
merical stability. Here, we employ the inverse multiquadratic (IMQ) 
radial basis function (RHS of Eq. (1)), which has a high-order rate of 
convergence and has been shown to perform well in groundwater 
modeling applications (e.g., Amaziane et al., 2004; Li et al., 2003; Yao 
et al., 2016). The optimal shape parameter for IMQ functions generally 
depends on the density and distribution of the observed points, and the 
interpolated function values at the points (Fasshauer and Zhang, 2007; 
Huang et al., 2007). We optimized ε by minimizing the root mean 
squared error (RMSE) of the interpolated dataset relative to the observed 
redox point measurements (Fig. S1). Using ε = 0.03, the error was 
reduced to 1.7 mV (less than 0.2% of our range of redox observations). 

3.3. Time-Series analysis 

The continuous wavelet transform (CWT) was used to characterize 
the frequency content of time-series data, and to resolve temporal var
iations in energy at a given frequency related to hydrologic events. 
Further, the correlation between CWT signals can be used to identify 
relationships between different time series and provide information 
about relative signal lag. The Morlet wavelet was used for the CWT 
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because it is well-localized in space and time, and is thus appropriate for 
feature extraction (Farge, 1992; Grinsted et al., 2004): 

ψ0(η) = π 1/4eiω0ηe η2/2 (3)  

where ω0 is dimensionless frequency (ω0 = 6) and η is dimensionless 
time. The CWT of a time-series x(t) with uniform time steps is then 
defined as: 

Wx;ψ (τ, s) =
∫ ∞

∞
x(t)

1
̅̅
s

√ ψ*
(t τ

s

)
dt (4)  

where s is the scale of the transformed time-series Wx;ψ(τ,s) at position τ 
in the time domain, and ψ* is the complex conjugate of the wavelet 
function. Edge effects cause errors at the beginning and end of the 
wavelet power spectrum, as indicated by the shaded regions in CWT 
images. Wavelet analysis reveals when particular frequencies in a time- 
series are stronger or weaker, and can be used to resolve the effects of 
hydrologic perturbations across temporal scales (e.g., Wallace et al., 
2018). For example, if a storm affects redox conditions over one week, 
the CWT plot shows higher power at the one-week frequency during that 
time. 

Following CWT analysis of the hydrologic and redox time-series, 
cross-spectrum analyses (i.e., comparison between the CWT of two sig
nals) of redox with stage and precipitation were used to identify vari
ability within the floodplain. The coherence between CWT signals is a 
measure of their time-varying correlation, and can be conceptualized as 
a localized correlation coefficient in time–frequency space. The wavelet 
coherence of two time series, X and Y, is defined as (Torrence and 
Webster, 1999) 

R2
n(s) =

|S(s 1wXY (τ, s)|2

S(s 1|WX(τ, s) |2)∙S(s 1|WY(τ, s) |2)
(5)  

where Wi(s) is the wavelet transform of time series i, and S is a 
smoothing operator represented here by a weighted running average in 
both the time and scale directions. The interested reader is referred to 
Torrence and Webster (1999) and Grinsted et al. (2004) for more details 
about computing the wavelet coherence. The coherence varies between 
0 and 1, with higher values indicating when the two signals are more 
strongly correlated, and phase arrows in correlated regions are used to 
compute the relative lag time between the two signals (Zhang et al., 
2019). For example, high wavelet correlation between river stage and 
the redox signal during a storm event would result in high coherence 
over periods of days to weeks (depending on the size of the storm). Shifts 
in the dominant period(s) over which there is high coherence can also 
indicate fluctuations across different timescales, and can reveal when 
the signal is influenced by more than one hydrologic variable (i.e., stage 
and precipitation). The lag time (Δt) between the signals is calculated as: 

Δt =
φ

360∙f
(6)  

where φ is the phase angle in degrees and f is the signal frequency (y-axis 
on cross-spectrum plots). Phase arrows on the cross-spectrum plots point 
to the right (φ = 0◦) when the two signals are in-phase, and to the left (φ 
= 180◦) when the two signals are out-of-phase. To ensure robust ana
lyses, signal lag was only evaluated when wavelet coherence was ≥0.85. 
Here, we focus the analyses on redox measurements taken within two 
predominantly high-EH (EH > 700 mV) and low-EH (EH < 300 mV) re
gions of the aquifer. These definitions of high- and low-EH were based on 
typical redox zonation in groundwater, where potentials above ~700 
mV correspond to aerobic conditions and potentials below ~300 mV 
represent moderately reducing conditions (e.g., Klüpfel et al., 2014; 
Wallace et al., 2018). Though the redox response within such regions 
will vary spatially and temporally across the floodplain depending upon 
the adjacent heterogeneity structure and proximity to the river, these 
analyses provide insight into how the relative influence of each 

hydrologic parameter varies with sediment heterogeneity. 

4. Results and interpretation 

4.1. Geohydrologic measurements 

Stage changes propagated through the aquifer within a matter of 
hours, and average amplitudes of water table fluctuations were 59.5%, 
64.8%, and 45.1% of the river stage amplitude at locations P1, P2, and 
P3, respectively (Fig. 2). Sediment core analyses reflect prior reports of 
interbedded sand and gravel facies overlain by low-K silts and clays 
(Fig. 3). The hydraulic conductivity of the sediments estimated using 
Hazen’s equation (Hazen, 1892) varied by orders of magnitude, 
increasing from 6.9 × 10 5 cm/s in the overlying silt facies, to 0.16 cm/s 
in sand-dominated facies, to just over 1 cm/s in sandy gravel facies 
(Fig. 3). Grain size analysis was not performed on OFG sediments 
because some cobbles exceeded 150 mm in diameter and the distribu
tion curve would not have been well-constrained. However, previous 
work to determine the K of OFG facies measured values as high as 4 cm/s 
(e.g., Ferriera et al., 2010). Based on Darcy’s law, the instantaneous flow 
rate between the river and groundwater ranged from 4.22 to 1.70 m/d. 
In general, pore water velocities were greater through the shallow 
aquifer where the hydraulic gradient was steeper across the bank 
seepage face. Though near the riverbank (i.e., at locations P1 and P2) the 
volumes of water infiltrating and exfiltrating were approximately equal, 
further into the aquifer at location P3 only about 27% of the total Darcy 
flux during the study period was towards the river. 

The immediate aquifer response to stage changes likely indicates 
preferential flow along connected high-K facies. Specific conductance 
measurements in wells revealed that during high-stage or flood events, 
surface water penetrated as far as 100 m laterally into the aquifer. For 
example, during a significant flood event that occurred from March 
19–23, 2020, specific conductance values in wells P1 (~35 m from the 
stream bank) and P3 (~100 m from the stream bank) both dropped by 
over 50% in less than 1 h concurrent with a 49% drop in groundwater 
temperature, suggesting rapid infiltration of relatively fresh surface 
water along connected groundwater flowpaths (Fig. 4). The water table 
profiles at both locations also showed very similar responses to the in
crease in river stage, indicating a high degree of hydraulic connectivity 
across the aquifer likely caused by spatially connected high-K facies (e. 
g., gravel, OFG) (Fig. 3). 

Fig. 2. Boxplot of stage and water table data over the study period showing the 
range in water level fluctuations in response to storm events. The largest am
plitudes are seen in the stage data, and the signal decays moving further into 
the floodplain. 
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4.2. Redox potential and redox dynamics 

Continuous redox measurements reflect the implicit findings of the 
basic hydrologic measurements. We first quantified the contributions of 
changing water temperature on redox measurements. Groundwater 
temperatures fluctuated between 8.6 and 17.7 ◦C at location P2 and 
between 6.7 and 13.8 ◦C at location P3, where reference electrodes were 
installed. The effects of changing temperature on the groundwater redox 
state were calculated following Sawyer et al. (1995): 

C = 199 1.01 × (T 25) (7)  

where T is the temperature of the groundwater and C is the potential 
correction used to adjust the raw measured redox potential at each 
electrode. The temperatures observed near the river at location P2 
(available in the metadata) were more variable (coefficient of variation 
(Cv) = 0.27 ◦C) over the study period than those further inland at 
location P3 (Cv = 0.18 ◦C), suggesting enhanced hyporheic mixing near 
the river bank. Redox potentials have not been corrected for pH. Redox 

Fig. 3. Sediment cores at locations P1, P2, and P3 show lithologic variation at the depth of redox analysis. Depth increases moving down the columns. The top 
roughly 1 m of each column consists of silts and clays, underlain by interbedded sands and gravels. Grain size analyses of (1) sand, (2) gravel, and silt (not shown) 
facies show K variability across orders of magnitude, and with some OFG cobbles exceeding 150 mm in diameter. 

Fig. 4. The response of the specific conductance signal at wells P1 and P3 during a major storm event from March 19–23, 2020 indicate rapid infiltration of surface 
water. The similar behavior of both the specific conductance signal and water table fluctuations reveal a high degree of hydraulic connectivity across the aquifer. 
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measurements can also be affected by the saturation state of the aquifer 
(e.g., Jennings, 2007; Smith and van Huyssteen, 2011), but water table 
measurements in this study and previous studies at the TEMMS (e.g., 
Wallace and Soltanian, 2021) indicate rapid head changes which 
propagate throughout the aquifer in a matter of hours. Thus, because our 
redox electrodes are all positioned at nearly the same elevation and 
within the same soil horizons, we interpret EH changes equally at all 
locations. 

The time-series of redox potentials captures the dynamics of hypo
rheic mixing, revealing how infiltrating surface water influences sub
surface redox conditions. Generally, EH values throughout the aquifer 
increased immediately following stage rise, corresponding with changes 
in water table elevation that indicate surface water infiltration. Some 
centrally-located probes (e.g., probes 12 and 13) showed a higher degree 
of variability, however, with conditions fluctuating by up to 16% during 
storms (data available in the metadata). These changes are associated 
with electrodes positioned within highly conductive facies that quickly 
convey infiltrating river water. Transects of the subsurface redox po
tential, two roughly parallel (AA’ and BB’) and two roughly perpen
dicular (CC’ and DD’) to the direction of river flow, clearly show 

variation in redox conditions. 
Redox conditions varied spatially throughout the study period. Here 

we focus our analysis around a major storm event that occurred from 
March 18–21, 2020 as an example of a hydrologic perturbation that 
induced a significant aquifer redox response (Fig. 5). The first set of 
contour plots are from March 17, roughly one day before the onset of 
heavy precipitation. The fourth set of contour plots are from March 21 
when the stage was at its peak. The remaining sets of contour plots show 
the redox profiles on the rising (times 2 and 3) and falling (times 5, 6, 
and 7) limbs of the hydrograph. The contour plots show increasing EH 
throughout the aquifer as stage increased and river water infiltrated, 
associated with preferential flow pathways formed by hydraulically- 
connected, high-K facies types as indicated by Fig. 4. A deep high-EH 
zone on the west side of transect AA’ expanded vertically and horizon
tally with the dynamic river stage, while shallow and deep high-EH 
zones became vertically connected near the center of transect CC’. The 
extent of these high-EH zones increased through contour plots 1–4, and 
contracted afterward. Within a few hours of the maximum stage, the 
total volume of high-EH sediments within the aquifer increased by 
almost 300% from ~ 130 m3 to ~ 383 m3 (Fig. 6). 

Fig. 5. River stage, precipitation, and redox contour plots over a major storm event. The number labels on the stage curve correspond to the numbered contour plots 
at transects roughly parallel (AA’ and BB’) and perpendicular (CC’ and DD’) to the direction of river flow. Black dashed lines on the contour plots indicate the water 
table elevation. The water table was below the indicated depth at times 1, 2, and 7, and was above the land surface when the site was flooded at time 4. The 
persistent, high-EH (>700 mV) zones 1 and 2 are indicated by the black arrows. 
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Comparing the redox contour plots also shows notable changes in the 
extent of low-EH conditions (Fig. 5). As river stage increased between 
times 1–4, EH decreased significantly on the west side of transect BB’, 
even as a large high-EH zone developed towards the center of the tran
sect. Simultaneously, EH decreased farther from the river at roughly the 
same depth (~2 m) on the south sides of both transects CC’ and DD’ 
perpendicular to the direction of river flow. This suggests that infil
trating river water also displaces relatively low-EH groundwater and 
drives redox changes further inland, but further field investigations are 
needed to substantiate this idea. Such dynamic low-EH conditions 
occurred only near dynamic high-EH regions, however, while other low- 
EH regions persisted throughout the aquifer even during the hydrologic 
perturbation (Fig. 6). 

4.3. Redox zonation related to lithology 

The redox contour plots show that consistently high-EH conditions 
(>700 mV) persisted throughout the study period within two distinct 
regions of the aquifer, a large region near the center roughly 1 m below 
the ground (near the intersection of BB’ and DD’) termed Zone 1, and a 
smaller region on the western side located roughly 2.5 m below the 
ground (seen near the center of transect CC’) termed Zone 2 (Fig. 5). 
Though both show consistently high-EH conditions, their size and shape 
evolved independently through time and they responded differently to 
changes in stage and precipitation (Fig. 6). Sediment cores from loca
tions P1 and P3 (Fig. 3) combined with ongoing field observations (i.e., 
Fig. 4) indicate the presence of high-K and gravel-dominated facies in 
the shallow aquifer, and cross-comparison with these redox trends 
suggests that these facies bisect the aquifer at these locations. Bivariate 
correlation analyses (i.e., the linear correlation between variables, 
wherein a value of + 1 shows total positive correlation and 0 no cor
relation) reveal that while both regions were influenced by stage fluc
tuations (ρ = 0.69 and 0.59 for Zones 1 and 2, respectively), 
precipitation moderately influenced Zone 1 but not Zone 2 (ρ = 0.19 and 

0.07, respectively). The p-values for all analyses were <0.001. This 
trend was observed throughout the monitoring period: stage primarily 
drove elevated EH conditions, with negligible influence of precipitation 
except during major storm events which resulted in site flooding. 

The distribution of observed changes in redox potential calculated 
over the study period highlights areas of increased microbial activity 
and dynamic fluid mixing. The range of redox fluctuations was calcu
lated as the difference between the absolute maximum and minimum EH 

potential at each point in space over the entire study period (Fig. 7). 
Redox potential fluctuated throughout the aquifer, with the locations of 
greatest change often co-located with persistent, high-EH Zones 1 and 2. 
For example, the most dynamic conditions were located in a shallow 
zone near the intersection of transects BB’ and DD’, which also repre
sents the persistent, shallow high-EH zone discussed above. Co-location 
of dynamic yet persistent high-EH conditions suggests preferential flow 
paths of higher-K and gravel-dominated facies types. This region was 
underlain by a broad area where changes in redox potential were small 
or noticeably absent, however, which corresponds to the deeper, narrow 
high-EH zone seen along transect DD’ (Fig. 5). This is also interpreted as 
a preferential flow path, and may even represent a gravel dominated 
cross-strata (e.g., OFG). Such facies often exhibit unimodal grain size 
distributions (d50 > 2 mm) with high K due to a lack of sediment 
blocking pore spaces between gravel grains (Ferreira et al., 2010; Lunt 
and Bridge, 2004). Not only does this create rapid and localized 
dispersion of solutes through the aquifer, but the relative absence of fine, 
organic-rich sediments may limit the sustained supply of DOC, thereby 
reducing microbial reaction rates (e.g., Hunter et al., 1998) and limiting 
reaction extents as DOC sourced from infiltrated river water is rapidly 
consumed (Wallace et al., 2020b). Further, the reduced surface area of 
large-grained, high-K sediments relative to fine-grained sediments limits 
the contact time between nutrients and bioreactive surfaces, further 
reducing the potential for nutrient transformation. As a result, high-EH 
conditions persisted with little change in the redox state caused by mi
crobial activity. Redox conditions were also highly dynamic in the 
shallow aquifer near the stream bank along transect DD’ (Figs. 5, 7), 
where redox potential fluctuated by roughly 200 mV (21.8% of the total 
observed range in EH across the floodplain). This represents a transition 
zone, where river water and groundwater mix. Other regions with 
nominal redox fluctuation and consistently low EH are interpreted as 
mostly hosting anoxic groundwater with little to no mixing (Fig. 6). 

Redox data from probes immediately adjacent to wells (i.e., P1, P2, 
P3) were compared with core data at each location to further evaluate 
the influence of sediment lithology on redox dynamics (Fig. 7c). The 
mean facies length of high-K sand or gravel facies in buried-valley 
aquifers is on the order of meters with a coefficient of variation in 
length of 1 m (e.g., Ritzi et al., 2002; Dai et al., 2004), thus the lithology 
observed in cores from P1, P2, and P3 should be representative of the 
sediment structure associated with redox data collected at probes 21 
(2.3 m from P1), 23 (4.1 m from P2), and 3 (2.7 m from P3). In general, 
redox potential fluctuated most within or near the transition to high-K 

Fig. 6. Time-series of the response of persistent, high-EH (>700 mV) and low-EH (<300 mV) volumes to changes in stage and precipitation. The shallow high-EH zone 
(Zone 1) was more influenced by precipitation, as seen by its expansion during the storm on May 19–20. Both high-EH zones expanded following stage rise in response 
to the storm, increasing the total aquifer high-EH volume by nearly 300%, while the low-EH zone showed negligible response to either variable. 
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facies (Fig. 7c). At P1, redox potential fluctuated by nearly 100 mV over 
the study period at roughly 1 m depth, corresponding with a ~ 10 cm 
interval of gravel interbedded between silt facies. Similarly, a dynamic 
region roughly 1.5 m deep at P2 is correlated with a ~50 cm thick gravel 
facies. Location P3 also showed some variability despite its distance 
from the channel, with redox potential fluctuations of up to 60 mV 
located near the transitions between low-K and high-K facies. 

4.4. Temporal dynamics 

Cross-wavelet analysis shows that river stage had the greatest in
fluence on redox conditions throughout the aquifer during storm events, 
but its influence was tempered in low-EH regions located within lower-K 
sediments (Fig. 8). The first sizeable storm event on March 18 raised the 
water table ~ 5.8 m and flooded the site, which considerably changed 
the aquifer redox state (Figs. 4, 5). A subsequent storm on May 18 raised 
the water table ~ 5.4 m and also flooded the site, but induced a smaller 
redox response, which indicates the absence of preferential vertical 
infiltration from the overlying flood waters into the shallow aquifer 
which may alter the geochemistry. In general, EH conditions showed a 
strong response (i.e., high coherence) to significant stage changes 
caused by storm events. Redox conditions responded differently in low- 
and high-EH regions of the aquifer, however. At sensor 4, consistently 
low-EH conditions (located in the low-EH zone in Fig. 6, µ = 267 ± 50 
mV) showed minimal response to stage changes (including the flood 
event in March) over short time periods, and phase arrows indicate that 
redox lagged stage by 24 days over longer periods (Fig. 8c). At sensor 14 
located just 26 m away, EH was consistently high (located within Zone 2, 
µ = 682 ± 40 mV) and showed a strong response to stage fluctuations, 
with redox conditions responding to stage changes in roughly 12 h 
(Fig. 8a). Though precipitation did not consistently influence either 

signal, during the large storm event in March redox conditions at sensor 
14 lagged the precipitation signal by 3.4 days over a period of 8 days 
(Fig. 8b). Precipitation negligibly influenced redox conditions in the 
low-EH region at sensor 4 over the monitoring period (Fig. 8d). High 
wavelet coherence over short periods (≤0.125 days) on the precipitation 
plots for both zones is likely associated with the spurious correlation of 
noise characteristic of climatic signals (e.g., Maraun and Kurths, 2004), 
while high coherence on all plots over periods > 32 days (often asso
ciated with seasonal changes) must be interpreted with caution given 
the length of our datasets. 

Our cross-wavelet analyses highlight the significance of interpreting 
redox variations through the lens of frequency content because they 
reveal the influence of hydrologic perturbations, which is often con
cealed by general time series analyses (i.e., Fig. 4). For example, despite 
the consistently low EH at sensor 4, the potential still fluctuated by up to 
75 mV throughout the study period. Cross-wavelet analysis of these data 
showed that these changes did not occur on the same time-scale as 
changes in stage or precipitation (as would be expected along connected 
high-K pathways), however, and so conditions were relatively unper
turbed by such hydrologic forcings. 

5. Discussion 

Subsurface redox conditions are influenced by an assemblage of 
hydrologic and lithologic variables, including stage fluctuations, pre
cipitation, and sediment heterogeneity. Our results reveal that while 
redox conditions are intermittently perturbed by temporally-variable 
environmental changes (i.e., storm surge), the underlying sediment 
heterogeneity ultimately governs the formation and persistence of high- 
and low-EH zones. Given that fine sediments (i.e., clays, silts) typically 
have a higher organic matter content than their high-K counterparts (i. 

Fig. 7. (a) Site map showing relative locations of redox probes (red circles), core locations (blue stars), and analysis transects. (b) Range in redox potentials over the 
study period, calculated as the difference between the absolute maximum and minimum potential at each point in space. Dynamic regions of greatest change are 
often co-located with persistent, high-EH Zones 1 and 2. (c) Comparison of redox range (left columns) and sediment lithology (right columns) at P1 (redox probe 21), 
P2 (redox probe 23), and P3 (redox probe 3) reveal the greatest EH change at or near the transition between low- and high-K sediment layers. (For interpretation of 
the references to color in this figure legend, the reader is referred to the web version of this article.) 
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e., sandy gravel and OFG), reaction hotspots are more likely to form 
within such impermeable facies than along preferential flow pathways 
(Newcomer et al., 2018). Our high-resolution observations of subsurface 
redox zonation likely represent an end-member example given the 
complex sediment heterogeneity inherent to glacial aquifers, but similar 
redox patterns have been observed in other heterogeneous coastal (e.g., 
Seybold et al., 2002, Wallace et al., 2018) and non-coastal (e.g., King 
et al., 2019) environments. The geochemical state of subsurface systems, 
and the associated efficiency of subsurface nutrient cycling, are thus tied 
to sediment lithology, and their complexity is not well-represented by 
two-dimensional monitoring. 

Despite the vast growth in observational data documenting riparian 
processes, many observations represent discrete measurements which 
are difficult to interpret through time. Also, these observations are not 
usually made during storm events (hydrologic perturbations). This 
represents a deficiency for vulnerable regions where continuous moni
toring could elucidate controls on groundwater quality, especially those 

related to large research community networks such as the Critical Zone 
Observatories, USGS Hydrologic Benchmark Network, and the Great 
Lake Ecological Observatory Network. The utility of continuous, 3D 
redox monitoring for assessing hydrology-driven aquifer dynamics thus 
stems from a lack of understanding about how biogeochemical condi
tions vary spatially and temporally. Here, across the floodplain EH 
consistently showed greater fluctuations along high-K facies and a 
dampened response to hydrologic perturbations within low-K facies 
(Figs. 5, 6, 7). Though the glacial aquifer in this study is highly het
erogeneous with extremely high K due to the presence of gravel- 
dominated facies types such as OFG, redox zonation and EH variability 
are observed to follow similar trends in other systems with lower con
trasts in K and less hydraulic connectivity (e.g., Wallace et al., 2018). 
Coupling redox monitoring with the extensive observational infra
structure available at many sites (e.g., Carnevali et al., 2020; Dwivedi 
et al., 2018b) would help characterize spatial variability, and signifi
cantly improve predictive understandings of biogeochemical processes 

Fig. 8. Cross-spectrum plots of redox signal within high-EH (top) and low-EH (bottom) zones at sensors 14 and 4 within the TEMMS floodplain, respectively. Redox 
signal was compared to river stage (a, c) and precipitation (b, d). Regions of high coherence are shown in red, and phase arrows indicate the lag between redox and 
water level signals. Stage (left) and precipitation (right) time-series are shown above wavelet plots for comparison. (For interpretation of the references to color in 
this figure legend, the reader is referred to the web version of this article.) 
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and their response to perturbations. 
Hydrodynamics such as stage fluctuations exerted an important 

control on subsurface redox conditions, and the duration and lag time of 
perturbations revealed the interplay between transport and kinetic (re
action) controls on the geochemistry. In high-K, high-EH regions of the 
aquifer, redox conditions responded quickly to changes in river stage, 
similar to observations within other heterogeneous aquifers (e.g., Lahiri 
and Davidson, 2020; Su et al., 2018). Though water and nutrients were 
delivered efficiently along high-K flowpaths, the absence of fine, 
organic-rich sediments likely inhibited microbial respiration and 
nutrient transformation. As a result, it took longer (on the order of 
weeks) for equilibrium to be reestablished (Fig. 8). Further, rapid tem
perature fluctuations associated with river water infiltration would 
presumably play an important role in nutrient transformation as reac
tion kinetics (and redox conditions) adjusted accordingly (Massmann 
et al., 2006; Munz et al., 2019; Seybold et al., 2002). Conversely, low-EH 
conditions showed a delayed response to changes in river stage as local, 
low-K and high organic matter sediments (in our case silt, clay, and silty- 
sand) created barriers to flow and nutrient delivery. However, because 
the high organic carbon content of the sediments bolstered respiration 
rates, the redox signal typically recovered within a matter of days. These 
findings are consistent with other studies discussing the importance of 
lithology on subsurface redox conditions (e.g., King et al., 2019; Sawyer 
et al., 2014; Wallace et al., 2018), but our results further demonstrate 
and quantify the importance of small-scale spatial differences in 
geochemistry caused by local changes in sediment properties. When 
coupled with chemical data, these analyses may also help constrain re
action kinetics and reveal implications for groundwater nutrient and 
contaminant remediation and transformation, especially during dy
namic hydrologic perturbations that bolster flow and solute delivery 
throughout the subsurface. 

The dynamics of subsurface redox zonation indicate where and when 
conditions are most favorable for redox-driven solute transformations, 
but information about the groundwater chemistry is needed for further 
assessment. Our goal to assess the lithologic and hydrologic controls on 
subsurface redox conditions did not require analysis of groundwater 
chemistry, but such data in combination with redox monitoring repre
sents a powerful tool for identifying and quantifying reaction specific 
biogeochemical hotspots. Future work at the TEMMS will therefore 
involve not only spatially-distributed groundwater sampling, but 16S 
rRNA gene sequencing and quantification of sediment organic matter 
content to evaluate subsurface nutrient cycling and contaminant 
transformation. 

A few other techniques allow for assessment of geochemical condi
tions related to sediment lithology. An increasingly popular approach is 
the use of time-lapse electrical resistivity tomography (ERT) and 
induced polarization (IP), which have been applied both in coastal and 
non-coastal environments (e.g., Cardenas and Markowski, 2010; Kes
souri et al., 2019; Ntarlagiannis et al., 2005; Nyquist et al., 2008). 
However, such geophysical methods are often costly, and their accuracy 
depends strongly on the inversion method used to process the data. 
Further, their efficacy may be limited depending on the specific degra
dation processes involved, which could underestimate the degree of 
subsurface redox shifts. We presented only an example application of 3D 
in-situ redox monitoring, but this technique can be used to spatially 
assess subsurface redox conditions across a broad range of timescales. 
Not only are the sensors relatively inexpensive and straightforward to 
use (McMahon and Chapelle, 2008), but platinum redox electrodes are 
rather durable, often functioning reliably for long periods in both oxic 
and anoxic conditions (Shoemaker et al., 2013; Swerhone et al., 1999). 

6. Conclusions 

We have shown that redox conditions in floodplain sediments are 
strongly perturbed by dynamic stage-driven mixing events that intensify 
hyporheic exchange and solute transport, but the influence of such 

hydrologic perturbations is ultimately controlled by the underlying 
sediment lithology. Redox conditions are highly dynamic along high-K 
facies which act as preferential flowpaths during river water infiltration, 
while low-K facies temper redox dynamics by limiting flow and the 
exchange of complimentary solutes. Redox monitoring allows for 
geochemical investigation when consistent sampling is difficult, or 
where sites are inaccessible during large storms, and the regular sam
pling interval permits frequency analysis to parse out the relative in
fluence of storms or other hydrologic forcings. By providing a 
continuous and time-lapse record of subsurface conditions, 3D in-situ 
redox measurements can be used to understand the control of sedi
ment heterogeneity on the reactive transport of redox-sensitive solutes 
in hydrodynamic environments. 
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