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Abstract In mountainous watersheds, floodplain sediments are typically characterized by gravel bed layers
capped by an overlying soil unit that serves as a hotspot for biogeochemical reactivity. However, the influence
of soil biogeochemistry on gravel bed underflow composition remains unclear, especially during hydrological
transitions that alter the vertical connectivity between overlaying soils and the underlying gravel bed. This study
investigates these dynamics by measuring hydraulic gradients and water compositions over three hydrological
years in a typical mountainous, low-order stream floodplain in the Upper Colorado River Basin. Results indicate
that the timing of hydrological conditions strongly influences the vertical exchanges that control water quality.
Specifically, during flooding events such as beaver ponding, that induce downward flushing of the soil, anoxic
conditions prevalent in the biogeochemically active soil are transferred downstream via gravel bed underflow.
Conversely, snowmelt and drought conditions increase oxic conditions in the gravel bed due to diminished
hydrological connectivity with the overlying soil. To compare water quality response to hydrological transitions
across similar floodplain environments, we propose a conceptual model that quantifies the inundation-induced
flushing of soil porewater to measure solute exchange efficiency with the gravel bed solute convergence
efficiency (SCE). This model provides a framework for quantifying biogeochemical processes in hydrological
underflow systems, which is critical for water and elemental budgets in these globally important mountainous
ecosystems.

Plain Language Summary Mountains are important sources of freshwater for humans and
ecosystems. They are however increasingly impacted by climate change. In this paper, we investigate how
changes in water availability (droughts, snowmelt, inundations) can cascade into changes in water quality
(concentrations of dissolved chemical elements). We show that in mountain valleys, the zone of contact between
the soil and the underlying gravel bed aquifer is important for water quality. Chemical elements from the soil can
be flushed down into the gravel bed aquifer, then transported by groundwater to the stream. Chemical elements
from the soil can also react with chemical elements present in the aquifer. Our research can be used to better
predict the water and elemental budgets in these important mountainous systems.

1. Introduction

Mountainous gravel-bed river floodplains are important ecosystems that moderate groundwater and surface water
exchanges (Hauer et al., 2016; Késer & Hunkeler, 2016; Miller et al., 2016; Rumsey et al., 2015). Gravel-bed river
floodplains develop in the broader sections of mountain valleys filled with unconsolidated, high permeability
alluvial or glacial sediments (Hauer et al., 2016; Stanford & Ward, 1993). Because of their strong connection to
surface waters and relatively fast groundwater flow (10-100 s of cm/day), gravel bed aquifers tend to remain oxic,
especially during snowmelt periods that induce large influx of oxygenated water (Noél et al., 2017; Yabusaki
et al., 2017). In contrast to the underlying gravel bed, overlying riparian soils are intensely biogeochemically
active, often exhibiting anoxia when water saturated (Dewey et al., 2021; Tolar et al., 2020). Soil/gravel bed
contacts commonly span tens of square kilometers at the watershed scale in inter-mountain valleys and thus have
the potential to strongly influence water quality. Yet, to date, no studies have mechanistically linked hydro-
biogeochemical activity in redox-active riparian soils to groundwater dynamics in underlying gravel-cobble
alluvium.
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Gravel-bed floodplains are also increasingly impacted by climate change through snowpack reduction, earlier
snowmelt, and the intensification of droughts (Clow, 2010; Hidalgo et al., 2009; Meixner et al., 2016; Udall &
Overpeck, 2017). Hydrological perturbations that modify biogeochemical cycles can further impact water quality,
putting additional pressure on already threatened water resources (Mishra et al., 2021). The latter can occur when
falling water tables, driven by increasing aridity, enhance chemical weathering and increase metal and sulfate
loading in natural waters during subsequent infiltration events (Manning et al., 2013; Todd et al., 2012). Extreme
rainfall and flooding events, which are also increasing globally, can lead to periods of prolonged saturation and/or
enhanced connectivity between floodplains and surface waters that alter biogeochemical cycles (Ascott
et al., 2016; Scott et al., 2014; Yang et al., 2023).

Hydrological perturbations that change the direction or intensity of groundwater flow may also alter the
biogeochemical reactions. For example, a large influx of dissolved oxygen into anoxic sediments can overcome
their redox buffering capacity and their ability to reduce redox-sensitive contaminants (Pan et al., 2018; Perzan
et al., 2021; Yabusaki et al., 2017). On the one hand, groundwater routing through hydro-biogeochemical in-
terfaces has been identified as a primary control of the mobilization or attenuation of nutrients and contaminants at
the sub-meter scale (for example, Aeppli et al., 2022; Babey et al., 2022; Engel et al., 2021; Janot et al., 2016;
Kumar et al., 2020; Noél et al., 2017). On the other hand, the maintenance of strong biogeochemical gradients is
often contingent on the rate of solute and water exchanges across these interfaces, which may restrict their impact
on overall groundwater composition. Although hyporheic zone studies have highlighted the dynamics of ex-
changes during hydrological transitions (for example, Voltz et al., 2013; Ward et al., 2016), and the importance of
lithologic and geomorphic controls on scaling of these exchanges (for example, Allgeier et al., 2021; Carde-
nas, 2009; Wang et al., 2018), the attendant vertical exchanges between heterogeneous sediment layers typical of
alluvial floodplains have not been examined. However, these exchange flows have the potential to drive impactful
biogeochemical hotspot activity.

In this paper, we monitored water and solute transfers across a soil/gravel bed interface located in the Upper
Colorado River Basin. Over 3 years of measurements, the floodplain was subjected to marked hydrological shifts,
including snowmelt, summer droughts and the periodic filling and draining of an adjacent beaver pond. Our goals
were: (a) to quantify the spatiotemporal variability of soil/gravel bed exchanges across the floodplain and across
hydrological transitions; (b) to identify the main geomorphological, hydrological, and biogeochemical drivers of
this variability; and (c) to assess the contribution of floodplain soil/gravel bed interfacial dynamics to water
quality, ultimately of relevance at watershed scale.

2. Methods
2.1. Site Description

This study was conducted at a riparian floodplain (~3,600 m?, Figure 1) adjacent to the Slate River, immediately
downstream of the confluence of Oh-Be-Joyful (OBJ) Creek and Slate River, in the Upper Colorado River Basin,
USA (38°54'34.59"" N, 107°1'43.40"" W). This OBJ site is located 1.6 km northwest of Crested Butte, CO. The
Slate River watershed is a mountainous, high-elevation catchment (2,700-3,400 masl) where hydrology is
dominated by snowmelt dynamics. Average precipitation over the 2020-2022 period were estimated at 877 mm/y
(34% as snow) with monthly mean temperatures ranging from —14°C (January) to 13°C (July) (Global Historical
Climatology Network (GHCN) and SNOpack TELemetry (SNOTEL) sites of Crested Butte (USC00051959)).
Slate River discharge peaks in late May/early June during snowmelt (~20 m*/s, Figure 2) then recedes over the
summer to reach baseflow by the end of August (~0.2 m?/s). Estimated Strahler stream order is three, corre-
sponding to a drainage area of 73 km?. Geophysical and geological surveys indicate that the OBJ floodplain is
comprised of 1-3 m of soil over approximately 10 m of unconsolidated gravel and cobble alluvium (“gravel bed”
in the following), underlain by Cretaceous to Tertiary sedimentary Mancos Shale bedrock (Gaskill et al., 1967,
Kimball et al., 2010). The riparian soil is heterogeneous and constituted of interspersed sandy, silty and clayey
layers, with occasional thin (<5 cm) layers of medium gravel (Figure S1 in Supporting Information S1).
Floodplain vegetation is dominated by grasses and several willow species (Salix spp.). Peak vegetative greenness
occurs seasonally around the third week of July. The floodplain topography is characterized by an 80-m-long
northern border with a seasonally filling and draining beaver pond, a 150-m-long western and southern border
with coniferous evergreen forest, a 50-m-long eastern border with a deep (1.5 m) beaver-built diversion channel,
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Figure 1. (a): Location and overview map of the Upper Slate River watershed, with watershed boundaries indicated in yellow
(Bembenek, 2014) (b): map of the SLAC-SFA Slate River experimental site derived from airborne LIDAR data and drone
imagery, including well network detail. The extent of the stream and the beaver pond is representative of baseflow
hydrological conditions. Flow in the stream is from top left to top right.

and a network of scattered shallow beaver-built channels across the eastern half. The average down-valley
topographical gradient of the floodplain is 0.8%.

Following the instrumentation of the OBJ site during Summer 2019, this site has experienced significant hy-
drological perturbations due to the unexpected construction in September 2019 of a channel-spanning beaver dam
across the southern braid of the Slate River bordering the northern edge of the floodplain (Figure 1). As of May
2023, the dam has been continuously maintained by beavers and has resisted breaching during spring runoff since
its initial construction. Perturbations from the dam include a sustained rise in water table elevation across the
floodplain during spring runoff, seasonal surface flooding across the eastern portion of the floodplain, rapid
draining of ponded areas as river stage drops, and episodic flooding and draining events. In September 2021,
December 2021 and July—October 2022, the beaver pond was completely dry and void of surface flow (Figure 2).
As precipitation and stream discharge were roughly equivalent over the 2020-2022 period, the draining of the
pond likely resulted from the deposition of a gravel bar upstream of the OBJ site during spring 2021 that
redirected more water to the northernmost braid of the river and away from the beaver pond (Figure 1). Several
years of damming has resulted in substantial large wood deposition and sedimentation along the dam structure and
river channel floor, reaching depths up to 30-50 cm in places.
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Figure 2. (a): Daily precipitations (excluding snow), mean daily stream discharge and surface water elevation in the beaver
pond at the SLAC-SFA OBJ field site over the 2020-2022 period. Slate River stream discharge was measured at the Gunsight
Bridge USGS (United States Geological Survey) gauging station (~300 m downstream of the OBJ site) complemented by a
seasonal regression on measurements from the Baxter Gulch USGS gauging station (~9 km downstream of the OBJ site) for
missing data (January—November 2020 and November 2021-April 2022) (Figure S2 in Supporting Information S1). Pond
stage was measured at well BDWT (Figure 1). (b), (c) and (d): Characteristic spatial extent of the beaver pond for snowmelt,
baseflow, and dry pond hydrological conditions, respectively. The gray and light green numbers correspond to the flooded
surface area (in ha) over the bare gravel riverbed and over the riparian soil, respectively.

2.2. Water Table Monitoring

To monitor water levels throughout the alluvial aquifer system, we installed three types of wells and piezometers
across the floodplain: water table wells, gravel bed piezometers and soil piezometers. Water table wells consist of
4 cm diameter PVC pipe screened from 0.1 m below the surface to the soil-gravel interface (1.6—2.35 m depth,
depending on the location). Each gravel bed piezometer is constructed from 4-cm diameter steel pipe attached to a
shielded piezometer tip with a 15 cm screen length (Solinst Model 615NS). Piezometers completed in the soil
consist of 4-cm diameter PVC pipe attached to a PVC piezometer tip with a 15 cm screen length (Solinst
Model 601).

In total, we installed five water table wells, nine gravel bed piezometers and six soil piezometers across the
floodplain (Figure 1). All gravel bed piezometers were installed at a uniform depth and screened between 3.23 and
3.38 m below the ground surface. To measure the vertical hydraulic gradient within and between each alluvial
unit, we also installed nests of vertically stacked soil piezometers alongside gravel bed piezometers. Two
piezometer nests (OBJ1 and OBJ2) contain two soil piezometers and one gravel bed piezometer, while the third
(OBJ4) contains two soil and two gravel bed piezometers (see Figure S3 in Supporting Information S1 for in-
stallations schematics). Within each nest, each piezometer screen is vertically offset by a minimum of 0.6 m.
Finally, we installed an additional soil piezometer in the sediment underlying the beaver pond (BDWT).
Following installation, well and piezometer elevations were surveyed using a real-time kinematic positioning
system (Topcon Hyper-V RTK-GPS) with ~0.015 cm of vertical accuracy. Two piezometers could not be sur-
veyed with the real-time kinematic system and instead were surveyed by measuring elevation differences between
each piezometer casing and established points using a reflectorless Total station. The elevation error from this
method is estimated at 0.03 m.

All wells and piezometers were instrumented with pressure transducers (Onset HOBO U20L) that recorded
hourly pressure and temperature. Because the top of the piezometer casing for BDWT is submerged beneath the
beaver pond, the pressure recorded by this transducer reflects water levels in the pond. All other transducers
record pressure within the piezometer casing. Water levels were calculated from pressure data by correcting for
variations in barometric pressure, using a combination of atmospheric pressure sensors at different time points
depending on data availability: a meteorological station (Ambient Weather WS-2902) located 6.5 km to the south
(November 2020—May 2021) and a barometric pressure sensor (Campbell Scientific CS100) installed above-
ground at site OBJ2 (all other time points). A comparison between these disparate data sources shows that us-
ing an atmospheric pressure sensor further away from the site introduces <0.015 m error in final computed water
levels. In addition, because this error is constant across all transducers for a given time point, it does not impact
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calculated hydraulic gradients. We validated water level data in each well or piezometer by comparing computed
water levels with 10-12 manual measurements over the course of the study period.

2.3. Groundwater Velocity

Given the expected difference in groundwater velocities between the soil and the gravel bed, different methods
were used to measure flow rates in each unit. Groundwater velocity in the soil was quantified at three locations
using passive flux meters (PFMs) from EnviroFlux (Hatfield et al., 2004). For this study, PFMs were installed in
three piezometers along a 30-m transect perpendicular to the river (Figure 1), with the center of each PFM be-
tween 1.1 and 1.4 m below the ground surface and a minimum of 0.65 m above the soil-gravel interface. PFMs
were deployed over 26 days in August 2021, then removed at the end of deployment and destructively sampled to
quantify tracer elution. Thus, calculated Darcy velocities (specific discharge) from each PFM represent the
average velocity over the screened interval over the length of the 26-day deployment.

Groundwater velocity in the gravel bed was measured by performing point dilution tests using the method of
Perzan and Chapin (2023). First, drive-point piezometers were installed in three locations along a transect parallel
to the river (Figure 1). Each piezometer used a 15-cm screen length with the center of each screened interval
installed 1.1 m below the soil-gravel interface. Inexpensive electrical conductivity sensors known as WellSTICs
(Perzan & Chapin, 2023) were then used to perform two point dilution tests in August 2021. During each test, we
first established a gas-free loop of re-circulating water between each piezometer screen and the surface. We then
injected 30 ml of local groundwater spiked with 1 g NaCl and continued to re-circulate water until electrical
conductivity had returned to pre-injection values, which took 1-5 hr depending on the test. The decay in electrical
conductivity over time was used to compute the magnitude of the average linear groundwater velocity, assuming a
point dilution shape factor of 2.36 (Hoppe, 2013). Complete details of these tests are described by Perzan and
Chapin (2023).

2.4. Groundwater Geochemistry Monitoring

Geochemical measurements were realized monthly on average during snow-free periods (May—September) when
the OBJ site was accessible, with higher sampling frequency (~weekly) during snowmelt (May—June). Porewater
was extracted from fine-grained soil sediments using a network of aluminum rhizon sampling wells (Rhizosphere
Research Products, part no. 19.60.21F, 10 cm porous length, 0.6 pm mesh size, modified by replacing original
plastic tubing with aluminum tubing to minimize redox changes during sampling). Rhizons were installed
vertically at 20 cm intervals spanning the layer of fine-grained sediments to the cobble aquifer interface.
Groundwater was extracted from the gravel bed aquifer using stainless steel drive-point piezometric wells (Solinst
Canada Ltd., Model 615S, 50 mesh cylindrical filter-screen). Piezometers were installed to depths directly below
the cobble interface and up to 2 m into the aquifer. Water intended for in situ measurements of specific
conductance, dissolved oxygen and alkalinity was immediately utilized once sufficient volume was extracted.
Measurements for specific conductance were taken using a Thermo Scientific Orion DuraProbe 4-Electrode
conductivity cell. Dissolved oxygen was measured colorimetrically using a portable V-2000 multi-analyte
photometer and CHEMetrics vacu-vials®, and using either the indigo carmine method (#K-7513, 1-15 ppm)
for piezometer-extracted cobble water or the Rhodamine D™ method (#K-7553, 0—1 ppm) for rhizon-extracted
soil porewater. Alkalinity was measured visually using CHEMetrics Titrets® Kits (#K-9810, 10-100 ppm as
CaCOj; and #K-9815, 50-500 ppm as CaCOs,).

2.5. Calculation of Hydraulic Parameters

Horizontal hydraulic gradients in the gravel bed and in the soil were calculated using a linear interpolation on
triangular planes between all piezometer locations in the gravel bed (GB wells) and in the soil (ET wells)
(Figure 1) (Fetter, 1981). The spatial mean and standard deviation of the gradient direction were calculated using
the circular statistics toolbox CircStat of MATLAB (Berens, 2009). The horizontal hydraulic conductivity was
determined experimentally for the gravel bed and the soil (Section 2.3) and the corresponding horizontal Darcy
flow was then determined by using the Darcy equation.

Vertical hydraulic gradients at the soil-gravel bed interface were calculated at three piezometer nests (OBJ1,
OBIJ2 and OBJ4, Figure 1). For each nest, we used the hydraulic heads measured directly above and below the
interface, with screened depths separated by ~1 m (Text S4 in Supporting Information S1). Vertical Darcy flow
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Flood was then calculated by using the Darcy equation and the value of vertical
hydraulic conductivity for the soil determined by using the analytical model
of Section 2.6. The calculated horizontal and vertical hydraulic conductivities
were then considered as homogeneous across their respective sedimentary

Sail

units in the floodplain. Finally, we calculated the Peclet number Pe = ¢ A/D,,

where g is the vertical Darcy flow, A is the characteristic transport distance
taken equal to 10 cm (i.e., comparable to the vertical distance between

Gravel
4 |bed consecutive sampling points for geochemical measurements), and

dx

D, = 1.0 x 107> cm%s is the effective diffusion coefficient selected from the
literature for similar floodplain environments (Arora et al., 2016; Babey
et al., 2022), which corresponds to half the self-diffusion coefficient of C1™ at

infinite dilution in pure water (Lide, 2004).

2.6. Analytical Solution for Solute Accumulation in the Gravel Bed

We developed 1D reactive transport calculations to evaluate the accumulation
of solutes in the gravel bed resulting from vertical drainage from the soil. The

gravel bed was approximated as a plug-flow reactor undergoing continuous
interfacial mass transfers from the overlaying soil and into the deeper parts of

Figure 3. Schematic illustration of the two-dimensional model defined in the aquifer (Figure 3). This analytical model was obtained by modifying the
Section 2.6 in which downward drainage (¢.) from an overlaying inundation plug-flow reactor model presented by Nazaroff and Alvarez-Cohen (2001) to

leads to the accumulation of soil-originated water and solutes in the gravel
bed as a function of the distance x along the flow path denoted by g,. This
accumulation leads to the increase of solute concentrations in the gravel bed

account for vertical mass transfers driven by advection rather than diffusion.
At steady state, the solute mass balance in the gravel bed is given by:

C from the initial concentration C,, toward the soil concentration C,, and to

the increase of the solute convergence efficiency SCE from O to 1.

g hdy[C(x) — C(x + dx)] + g, dxdy[C; — C(x)] + rhdy dx = 0 (1)

where x is the position along the horizontal flow direction in the gravel bed; C is the solute concentration in the
gravel bed, assumed to be homogeneous over the mixing height ; C; is the solute concentration in the overlaying
soil; g, and g are the horizontal and vertical Darcy flow velocities; and r is the solute reaction rate. Assuming that
the solute undergoes a first-order irreversible degradation in the gravel bed » = —kC, where £ is the degradation
constant, Equation 1 can be re-written as:

dC(x) _ g +hk
dx q.h

k) + %q. )

The concentration gradient in the gravel bed is thus determined by the balance between solute removal rate by
"ﬂl’k C(x), and solute transfer rate from the overlying soil LZChCS. Posing C(x = 0) = C,,

this equation is integrated along the cross-section of the floodplain aquifer in the x direction:

dilution and degradation

4. q, + hk 4.
Clx) = (Cy— C, | X — C,. 3
@ = (o= 0 o[- )+ e ®
In the case of a conservative solute (k = 0), Equation 3 rewrites:
C(x) = (Cy— C,) X exp (—q—zhx) +C, )
9x

where g_x corresponds to the cumulative downward flow from the soil over the travel distance x and g,/ cor-
responds to the cumulative horizontal flow in the gravel bed over the height 4. The exponential term thus cor-
responds to the fraction of soil-originated water accumulated in the gravel bed at a position x along the horizontal
flow path:

X
K =5 (5)
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In the case of a reactive solute (k> 0) initially present in the gravel bed but with negligible concentration in the
soil layer (Cy, = 0), such as dissolved oxygen, Equation 3 is expressed as:

(©)

C(x) = Cy X exp (—qz + hkx)

qch

We note that in this latter case, solute concentrations in the gravel bed decrease exponentially along x according to
q.+hk

the apparent degradation constant o

that incorporates the effects of both dilution due to mixing and of

biogeochemical reactivity.

Finally, we define the solute convergence efficiency (SCE) to characterize how concentrations in the gravel bed
converge toward concentrations in the soil due to the accumulation of downward transfers:

Cx) -G

SCE = .
Cs - CO

M

The SCE thus correspond to a metric for evaluating the efficiency of solute exchange between the soil and the
gravel bed, ranging from 0 (C(x) = Cy) to 1 (C(x) = C,). In the case of a conservative solute, the SCE can be
directly calculated as a function of fgy, by rearranging Equation 4:

C(x) - C,
C,—C,

=1-—exp (— qzhx). ®)

qx

3. Results
3.1. Horizontal Flow Dynamics

Horizontal hydraulic gradients in the gravel bed remained, on average, aligned with the topographic down-valley
gradient over the 2020-2022 period, both in terms of magnitude (~0.8%, Figure 4a) and direction (NW to SE,
Figure 4b). During snowmelt periods (April-June), this magnitude decreased by 30% while groundwater flow
rotated toward the stream down-valley direction (W to E). Lower hydraulic gradients during snowmelt were
consistent with the floodplain becoming waterlogged, with more limited water drainage. Gradient alignment with
the stream down-valley direction would express the increased influence of the stream boundary condition during
peak stream discharge, which was two orders of magnitude larger than during baseflow (15 and 0.3 m%/s
respectively, Figure 2). Groundwater flow rates in the gravel bed also showed no response to water level vari-
ations in the beaver pond, even when the pond was dry (Figure 2).

In contrast, horizontal hydraulic gradients in the soil responded strongly to hydrological shifts, and in particular,
to the presence of the beaver pond. During baseflow, lateral recharge of the floodplain by the beaver pond (NE to
SW, cross-valley direction) resulted in horizontal hydraulic gradients in the soil becoming perpendicular to
gradients in the underlying gravel bed (Figure 4b). During snowmelt, horizontal hydraulic gradients in the soil
tended to rotate toward the down-valley direction, while their amplitude decreased as the floodplain became
waterlogged. Finally, when the pond dried out (summer 2021, winter 2021, summer 2022), horizontal hydraulic
gradients in the soil also rotated toward the down-valley direction, and even slightly toward the valley center (SW
to NE) during the extended dry pond period of summer 2022, suggesting that groundwater discharge was sup-
porting stream baseflow. While the magnitude of horizontal hydraulic gradients were similar in the gravel bed and
in the soil (~0.8%, Figure 4a), flow rates were two orders of magnitude larger in the gravel bed than in the soil
(~150 cm/d and 1 cm/d respectively, Figure 4a), due to the much larger hydraulic conductivity of the gravel bed
(2.0 x 107> m/s vs. 1.4 x 107> m/s for the soil, Table 1).

3.2. Vertical Flow Dynamics at the Soil/Gravel Bed Interface

We used three piezometer nests located at increasing distance from the beaver pond to measure vertical hydraulic
gradients at the soil-gravel bed interface across the floodplain. Time series of hydraulic gradients were then
converted to vertical flow rates using Darcy's law and the value of vertical hydraulic conductivity for the soil
(Table 1).
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Figure 4. (a): Daily average magnitude and standard deviation of the horizontal hydraulic gradient measured in the soil and in
the gravel bed, with corresponding estimations of groundwater flow velocity. (b): Daily average direction of the horizontal
hydraulic gradient measured in the soil and in the gravel bed, in relation to significant directions of the floodplain
geomorphology. (c): Comparison of the horizontal hydraulic gradient measured in the soil (brown arrow) and in the gravel
bed (black arrow) averaged over all snowmelt, baseflow and dry pond periods. Arrow thickness is proportional to the
magnitude of the gradient. The direction of the topographic down-valley gradient and of the stream are represented by red

arrows.

Table 1
Hydraulic Parameters for the Gravel Bed and the Soil Measured or
Calculated at the OBJ Site in August 2021

g (cm/d)  VH*(-) K® (m/s)
Gravel bed, horizontal direction 174¢ 0.01 20x%x 1073
Soil, horizontal direction 1.22¢ 0.01 1.4 x107°
Soil, vertical direction 4.1° 0.3 1.6 x 107°

Note. q is the Darcy flow, VH is the hydraulic gradient and X is the hydraulic
conductivity. *Average hydraulic gradient measured at well OBJ2. °Calcu-
lated using the Darcy equation ¢ = KVH. “Measured using the point dilution
method. “Measured using the PEM method. “Calculated using the measured
accumulation of specific conductance in the gravel bed between wells OBJ1
and OBJ2 (Section 3.4).

Overall, the presence of the beaver pond enhanced downward groundwater
flow through the soil/gravel bed interface, with a more pronounced effect near
the pond (Figure 5). Proximity to the pond also increased the temporal
variability of vertical flow rates, which ranged from —6 < g, <2 cm/d near
the pond (well OBJ2, negative values indicate downward flow) to
—1 < g, <1 cm/d at a distance of ~50 m upstream of the pond (well OBJ1).
Comparison of hydraulic heads measured across the floodplain suggest that
this variability was likely driven by water level differences between the gravel
bed and the pond, as hydraulic heads in the soil remained intermediary be-
tween heads in the gravel bed and in the pond (Figure 6). During baseflow,
vertical flow rates trended downwards (Figure 5) due to high water levels in
the pond and low hydraulic heads in the gravel bed (Figure 6). During
snowmelt, quickly rising hydraulic heads in the gravel bed (Figure 6) led to

BABEY ET AL.

8 of 19

85UB01 7 SUOWILLID SA1E81D) 8|qedl|dde sy Aq pauenob 818 saoie O ‘88N JO S9jnu Joj AriqiauljuQ A8|IA UO (SUONIPUOD-PU-SWLISY WD A 1M ARe.q 1)Ul |UO//SANY) SUOTPUOD Pue SWLB | 84} 88S *[7202/20/6T] U AriqiTauliuo A8|IM ‘s0ueld aueiyod Aq Z9T/E08MYZ02/620T OT/I0p/uod A8 Areiqipuljuo'sandnBey/sdny wouiy pepeojumod ‘2 ‘v20z ‘€L6/776T



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Water Resources Research 10.1029/2024WR037162

Increased proximity
to the beaver pond

——O0BJ4

——OBJ1 l
——O0BJ2

.
)

LI N BN I R R I NN B N N NN NN BN NN BN N RN R |

0.1+

[, |20
40

--60

Dry Dry
Snowmelt Snowmelt pond pond
L} L} T T L} L} T T L} 1 L} L} L} L} L} L} T T 1 T T T
JFMAMJJASOND|IJFMAMJ JASOND
2020 2021

Snowmelt Dry pond|

Vertical hydraulic gradient (m/m)

--80

J.FIMlAIM'JlJIAIS
2022

Figure 5. Vertical hydraulic gradient, Darcy flow ¢_ and Peclet number Pe at the soil-gravel bed interface for the three
piezometer nests of the OBJ site. Note that these three variables are linearly related (Section 2.5) and correspond to a change
of y-axis scale. Negative values indicate downward flow direction.

the floodplain becoming waterlogged and to more limited vertical flow dynamics (Figure 5). When the pond dried
out during summers 2021 and 2022, vertical water exchanges turned upward across the majority of the floodplain
(up to ~ 1 cm/d, Figure 5), presumably driven by a combination of groundwater discharge into the stream
(Figure 4) and evapotranspiration. This reversal of vertical flow direction was not observed over the same time
period (July—September) in 2020 when the beaver pond was present, highlighting the role of the pond as a driver
of downward recharge of the floodplain.

3.3. Dissolved Oxygen, Alkalinity and Specific Conductance Dynamics

Soil profiles at the OBJ site were characterized by the presence of two main oxic-anoxic transitions. The shal-
lowest transition developed over the top ~1 m of the soil between the zone in contact with the atmosphere and
underlying fine-grained, reduced soil horizons (DO < 1 mg/L, Figure 7). The second transition occurred between
the anoxic soil and the oxic underlying gravel bed (2 < DO < 8 mg/L) at depths comprised between 150 and
250 cm. Anoxic conditions in the fine-grained soil horizons were associated with higher specific conductance
(~220 pS/cm, Figure 8) and alkalinity (~120 mg/L, Figure 9). Oxic conditions at the top of the soil profile and in
the gravel bed were associated with lower specific conductance (~75 uS/cm) and lower alkalinity (~20 mg/L),
closer to values measured in the stream (~70 pS/cm and 18 mg/L respectively, Figures 8 and 9). Despite the
similarities in their composition, oxic groundwater at the top of the soil profile and in the gravel bed had different
origins, as indicated by the direction of horizontal hydraulic gradients (Figure 4). Groundwater at the top of the
soil profile likely corresponded to a mix of infiltrated precipitation and surface water recharged laterally from the
nearby beaver pond (<50 m). Oxic groundwater in the gravel bed appeared to be recharged upstream of the
floodplain (potentially from the confluence of Slate River and Oh-Be-Joyful Creek, ~125 m upstream of the site
(Figure 1)) before circulating under the soil in the topographic down-valley direction.

The depths of the two main oxic-anoxic transitions evolved with hydrological shifts, which also impacted solute
exchanges between the soil and the gravel bed. In the soil, DO concentrations were slightly larger on average in
2020 compared to 2021 (~2 vs. 0.5 mg/L over the May—September period at OBJ1, Figure 7) together with lower
specific conductance (~180 vs. 210 uS/cm, Figure 8) and lower alkalinity (~80 vs. 115 mg/L, Figure 9). This was
likely due to larger downward flow rates in 2020 compared to 2021 (—2.9 cm/d vs. —2.0 cm/d on average over the
May-September period at OBJ2, Figure 5), driving more oxic surface water into the deeper parts of the soil.
Larger downward flow rates at the soil-gravel bed interface would also explain the more reducing conditions
detected in the gravel bed in 2020 compared to 2021. In 2020, a plume characterized by low DO concentrations
(~1 mg/L, Figure 7), high specific conductance (~150 uS/cm, Figure 8) and high alkalinity (~60 mg/L, Figure 9)
developed in the gravel bed down to ~ 2 m under the interface with the soil. This plume only penetrated the first
30 cm under the interface in 2021, as more limited downward flow rates drove less reduced porewater from the
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Figure 6. Hydraulic heads measured in the beaver pond, the soil, and the gravel bed for the three piezometer nests of the OBJ
site.

soil into the gravel bed. Similar correlations between increased downward flow rates from the soil and increased
propagation of reducing conditions into the gravel bed can be identified at the seasonal timescale. Reducing
conditions in the gravel bed were the most pronounced during baseflow, when vertical drainage from the soil into
the gravel bed was the most important (Figure 5). In contrast, the gravel bed was more oxic during snowmelt
(April-June) or during dried pond events (late summer 2021), when vertical exchanges between the soil and the
gravel bed became more limited. Peclet number calculations further emphasize the control of vertical flow rates
on solute exchanges, as transport across the soil/gravel bed interface was dominated by advection even during
low-flow periods (IPel > 1, Figure 5).

Finally, reducing conditions from the soil propagated deeper as travel distances in the gravel bed under the
floodplain increased. In 2021, average DO concentrations within the top 2 m of the gravel bed decreased from 4.2
to 1.9 mg/L between wells OBJ1 and OBJ2 (Figure 7), with OBJ1 located 50 m upstream of OBJ2 (Figure 4). This
decrease corresponded to a deeper penetration of reducing conditions (DO < 1 mg/L) below the soil/gravel bed
interface, from 60 cm at OBJ1 to 200 cm at OBJ2. Conversely, specific conductance in the top section of the
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Figure 7. Depth profiles of measured dissolved oxygen concentrations in 2020 (left) and 2021 (right) at wells OBJ1 (top) and OBJ2 (bottom). Color contours are based
on linear interpolation between concentration measurements denoted by black dots for depth and date. The depth of the soil-gravel bed interface is indicated by the

dashed gray line.

gravel bed increased between OBJ1 and OBJ2 (130 vs. 185 uS/cm, Figure 8) together with alkalinity (40-75 mg/
L, Figure 9), approaching conditions prevalent in the overlaying anoxic soil. While downward flow rates were
larger at OBJ2 than at OBJ1 (—3.1 and —0.4 cm/d respectively in Summer 2021; Figure 5), the much larger
horizontal flow rates measured in the gravel bed (~150 cm/d, Figure 4a) indicate that the deeper propagation of
reducing conditions at OBJ2 likely corresponded to the accumulation of infiltrated solutes from the soil as
groundwater underflow traveled along the gravel bed.

3.4. Accumulation of Soil Water Into the Gravel Bed

In the absence of direct measurements of the vertical hydraulic conductivity of the soil, we used the observed
accumulation of specific conductance in the gravel bed between wells OBJ1 and OBJ2 to estimate the downward
flow rate through the soil/gravel bed interface (Equation 4). We used specific conductance values measured in
August 2021, which corresponded to the time period when the horizontal flow velocity in the gravel bed was
measured using the point dilution method (Table 1). Additionally, hydraulic gradients and specific conductance
were relatively stable over the same time period, suggesting that the system was close to steady state. We assumed
that specific conductance was conservative in the gravel bed, and that the mixing height /2 below the interface with
the soil was equal to 2 m, corresponding to the difference of elevation between the interface and the deepest
sampling point in the gravel bed at OBJ1 and OBJ2. Details of the calculation are provided in Text S4 of Sup-
porting Information S1. The average downward flow rate between OBJ1 and OBJ2 during August 2021 was then
estimated at g, = —4.1 cm/d (Table 1). Using Darcy's law and the average vertical hydraulic gradient at OBJ2, the
corresponding vertical hydraulic conductivity of the soil was K, = 1.6 X 107° m/s, which was lower than the
horizontal hydraulic conductivity by one order of magnitude (K, , = 1.4 X 107> m/s, Table 1). This anisotropy is
consistent with the heterogeneous, multilayered sediment architecture of the soil observed at the site (Figur S2 in
Supporting Information S1) and is typical of depositional floodplain environments (Freeze & Cherry, 1979).
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To assess the importance of the hydrological connectivity between the soil and the gravel bed, we use the fraction
of soil-originated porewater in the gravel bed fsy, defined in Equation 5 as the ratio of g_x (cumulative downward
flow from the soil over the lateral travel distance x) over g,/ (cumulative horizontal flow in the gravel bed over the
height #). We used the average lateral flow rate measured in the gravel bed (Figure 4a) and the calibrated
downward flow rate at OBJ2 (Figure 5). Assuming x = 50 m and /& = 10 m, the fraction of soil-originated water in
the gravel bed would represent on average 8% (Figure 10), ranging between 0% (snowmelt or dry pond periods)
and 13% (baseflow periods). These variations were mainly driven by variations in vertical flow rates, as horizontal
hydraulic gradients in the gravel bed remained mostly stable (Figure 4).

4. Discussion

We monitored groundwater flow and chemical composition in an high-altitude gravel bed river floodplain
through representative hydrological transitions, including snowmelt, beaver-induced inundations, and droughts.
Results highlighted the importance of the contact between the overlying, fine-grained riparian soil and the un-
derlying gravel valley fill in moderating the water quality response. The floodplain soil modulated the transfer of
temporally variable surface drivers (streamflow, beaver pond, droughts) to the hydrologically resilient gravel bed.
The soil was further characterized by low DO concentrations, high specific conductance, and high alkalinity,
which contrasted markedly with the gravel bed, where groundwater composition was more indicative of in-stream
conditions. Hydrological connectivity between the two layers determined the extent of their interaction, and was
influenced by surface drivers that altered hydraulic gradients, as well as by geometric considerations such as
gravel bed thickness. In particular, inundation due to the presence of a beaver dam increased connectivity and
drove the accumulation of anoxic soil porewater in the gravel bed. In the following, we first assess the importance
of the hydrological connectivity between the soil and the gravel bed in terms of floodplain groundwater circu-
lation. Based on this analysis, we propose a conceptual model for soil-gravel bed dynamics considering hy-
drological, geomorphological and biogeochemical drivers. Finally, we discuss the impact of surface water
ponding on groundwater within the context of beaver-modified river corridors.
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Figure 9. Depth profiles of measured alkalinity in 2020 (left) and 2021 (right) at wells OBJ1 (top) and OBJ2 (bottom). Color contours are based on linear interpolation
between concentration measurements denoted by black dots for depth and date. The depth of the soil-gravel bed interface is indicated by the dashed gray line.

4.1. Hydrologic Connectivity in the Floodplain

Our results indicate that hydrological connectivity between the soil and the gravel bed, quantified as the fraction

of soil-originated porewater fs,, varies significantly, ranging from 0% during periods of snowmelt or dry ponds to
13% during baseflow (Figure 10). This connectivity was influenced primarily by changes in vertical flow rates,
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Figure 10. Predicted fraction of soil-originated water fy,, accumulated in the

gravel bed (Equation 5) at Slate River, for a characteristic horizontal travel

distance in the gravel bed x = 50 m and a gravel bed thickness 7 = 10 m.

given the stability horizontal hydraulic gradients in the gravel bed. This
behavior is bi-modal: connectivity is lowest during both the wettest and driest
conditions. The diminished hydrological connectivity during wet periods is
surprising and results from an interplay between the hydrological states of the
gravel bed and of the beaver pond. During spring snowmelt, hydraulic gra-
dients are diminished and vertical exchange is suppressed due to rising water
table in the gravel bed, while during dry pond periods the driver for vertical
recharge of the floodplain is absent. Conceptual models often highlight wet
periods as important drivers of connectivity (Mahmood et al., 2019). How-
ever, for vertically stratified systems, the connectivity of fine-grained, anoxic
sediment layers may be greatly diminished, reducing their impact on overall
water quality.

Although less biogeochemically active than the soil, the gravel bed can act as a
preferential flowpath connecting the floodplain to the stream and, thereby,
down-valley areas due to its large hydraulic conductivity. While we did not
capture in this study the connectivity between the stream and the gravel bed at
the riverbed, it is assumed that these exchanges occur due to topographic and
subsurface features, such as inter-meanders flow and lateral hyporheic ex-
changes (Allgeier et al., 2021; Schmadel et al., 2017). Chemical inputs from
the soil zone may thus be transported quickly back to surface water via return
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flow. Thus, the gravel bed unit constitutes an important, but often hidden component of floodplain water and
elemental budgets, where both connectivity to overlying soils and chemical inputs must be evaluated.

4.2. Linking Hydrologic Connectivity to Water Quality: Solute Convergence Efficiency

The magnitude of hydrologic connectivity quantified by f;,, is an important indicator of the potential for soil
porewater and solutes to impact groundwater quality in the gravel bed aquifer, especially during inundation events
where the hydrological connectivity between the soil and the gravel bed is maximized. Prior experimental studies
have pointed to the export of reactive species from fine-grained, anoxic sediments to more conductive zones as an
important biogeochemical process in heterogeneous floodplain environments at the sub-meter scale (for example,
Aeppli et al., 2022; Babey et al., 2022). Given the potential for elevated inputs and potential retention in the gravel
bed, the magnitude of the concentration change in the gravel bed must also be evaluated.

Although the floodplain is inherently a 3-dimensional flow system, our experimental results point to a 1D
conceptual model (Equation 3) to describe the accumulation of soil-originated solutes in the gravel bed, mainly
due to the stability of the gravel bed flow system (Section 3.1). To link hydrologic connectivity to exported solutes
and reactivity, we calculate the SCE (Equation 7), which is a measurement of the speed at which the concentration
of a given solute in the gravel bed converges to its concentration in the soil. We first apply the SCE framework to
evaluate solute reactivity potential in the gravel bed at the OBJ site. We then use this framework to compare the
impact of hydrological transitions at our Slate River site to other gravel bed floodplains in the Upper Colorado
River Basin.

4.2.1. Solute Convergence Efficiency at Slate River, CO

Here we explore the extent to which the hydrological connectivity observed at the OBJ site results in exported
reactivity from the soil into the gravel bed at the floodplain scale. To this end, we calculate the SCE for specific
conductance, alkalinity and DO. As the ratio of vertical to horizontal water flow rates (g./g,) is the same for all
solutes between two sampling wells, differences in SCE between solutes can be interpreted as differences in
reactivity potential. Using OBJ1 and OBJ2 measurements in August 2021, we find that the SCE for specific
conductance and alkalinity were comparable (0.43 and 0.45 respectively, Text S4 in Supporting Information S1),
likely due to the substantial contribution of HCOj3 concentrations to specific conductance (McCleskey
et al., 2023). In contrast, the high SCE for DO (0.57) indicates that DO concentrations in the gravel bed decreased
due to biogeochemical degradation in addition to mixing with low DO groundwater from the soil. Using
q. = —4.1 cm/d (Section 3.4) and Equation 6, we estimated the first order degradation constant for DO in the
gravel bed as k = 9.8 x 107>d™" (Text S4 in Supporting Information S1). This degradation rate is similar to other
values reported for alluvial aquifers in the literature (Arora et al., 2016; Kolbe et al., 2019; Yabusaki et al., 2017).

Prior work by Dewey et al. (2021) has indicated that anoxic conditions in the fine-grained soil horizons at the OBJ
site were associated with high concentrations of dissolved Fe, Mn and organic carbon. DO degradation in the
gravel bed could thus result from microbial metabolic activity, potentially stimulated by organic matter exports
from the soil, as well as from direct reaction with abiotic reduced solutes (Arora et al., 2016; Babey et al., 2022).
These dynamics suggest that exports of reactive solutes from the soil drive the development of a proximal mixing/
reaction zone in the gravel bed. This zone is highly sensitive to hydrological changes, as indicated by the fast
reoxidation of the gravel bed during snowmelt and dry pond events (Figure 7). These fluctuating redox conditions
may impact water quality in several ways. First, reduced metals stored in soils, such as Fe, Mn and As, can be
transferred to the gravel bed (Aeppli et al., 2022; Engel et al., 2021; Kumar et al., 2020). Partial reoxidation in the
gravel bed may however limit their export to the stream as return flow (Briggs et al., 2019; Dwivedi et al., 2018),
although recent work has shown that aqueous phase species in colloidal form (i.e., not truly dissolved) may resist
redox transformations (Engel et al., 2023). Second, the accumulation of reduced species (e.g., solid phase FeS) in
the gravel bed can reduce and/or immobilize other elements of concern (e.g., NO5, U, Se) present in the gravel bed
due to exchanges with the stream (Ascott et al., 2016; Scott et al., 2014; Sprenger et al., 2011; Yang et al., 2023).
However, these immobilized elements might get remobilized during reoxygenation events (Babey et al., 2022).
Hydrologic connectivity between soils and gravel beds may thus be an important predictor of “hot moments” for
solutes and contaminants often observed in floodplain environments (Lynch et al., 2014).
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0.754 1% East River contrast between the concentrations in the soil C; and in the gravel bed C,),
hydrological drivers (ratio of vertical to lateral flow velocities g./q,) and
8 0.504 ] q/q, geomorphological/architectural drivers (gravel bed thickness / and length of
(2] 1 connected flowpath x) (Equation 8). Low SCE indicates that the influence of
—_—10 the soil on gravel bed concentrations is minimal, as solute exports from the
0.251 1 —100 soil are limited compared to dilution in the gravel bed. We used the SCE
—1000 framework to compare the impact of hydrological transitions at our Slate
04 . River site to other gravel bed floodplains in the Upper Colorado River Basin
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Figure 11. Solute convergence efficiency SCE = (C(x) — C)/(C, — Cy)
(Equation 8), as a function of surface flooding width over gravel bed
thickness x/h and of the ratio between horizontal and vertical groundwater
flow velocity g,/q.. SCE was calculated for conservative solutes and for
flooding events of various sizes at three Upper Colorado River basin

floodplains.

x!lh

(Dwivedi et al., 2018; Fox et al., 2021)) where appropriate measurements
existed (Figure 11). Details of the calculations are provided in Text S5 in
Supporting Information S1. Notably, we assumed that the length of connected
flowpath x can be approximated by the width of the corresponding inundation.

For an individual site, hydrological transitions associated with variations in x/
h (i.e., greater or smaller inundated area) are predicted to be the primary
drivers of exchange efficiency. This is because the vertical and horizontal
Darcy flow rates are fairly stable and likely constrained by geomorphology
(regional topographic gradient for gravel bed flow, elevation difference between the gravel bed and the pond for
soil flow). However, the magnitude of the flooding can vary considerably between snowmelt and baseflow (e.g.,
Slate River) or between two different hydrological years (e.g., Riverton). For inter-sites comparison, differences
in underlying architectures (h, K, K,) will be additional key factors. For instance, thinner gravel bed layers at
Riverton (2 ~ 3 m) and East River (A ~ 1 m) compared to Slate River (h ~ 10 m) yielded a faster convergence
between soil and gravel bed concentrations. Finally, Figure 11 also points to potential consequences of climate
change on hydrological connectivity and groundwater quality. Reduced flooded area associated with drought
conditions would shift the Upper Colorado River Basin systems to the left side of the figure, where the SCE is
lower, with attendant consequences on water quality (Section 4.2.1).

There are several limitations to the SCE framework presented here that could be addressed by future field and
modeling studies. Conceptually, the framework assumes that the system reaches hydrological and geochemical
steady state, making it unsuitable for quantifying the impact of transient or fast perturbations such as storm events.
The SCE framework further assumes that concentrations in the gravel bed are homogeneous over the mixing
height & (Equation 1), precluding its application when a characterization of vertical concentration gradients is
required, such as simulations of non-linear biogeochemical reactions (for example, Perzan et al., 2021).
Experimentally, limitations include the need for paired hydrological and/or biogeochemical measurements
(conservative solute) in the soil and in the gravel bed at two different wells (one upgradient, one downgradient) in
the floodplain, as well as the need to determine the length of the connected flowpath between the soil and the
gravel bed (x). While we used the width of the inundation as a proxy for x, our study showed that the downward
recharge zone induced by the presence of the inundation propagated throughout the floodplain beyond the
immediately flooded area (>50 m), and that the downward flow rate g, decreased with increasing distance from
the pond.

4.3. Impact of Beaver Ponds on Groundwater Quality

Our results indicate that the beaver pond at Slate River drove a large fraction of soil water into the gravel bed fgy,,
which was correlated with high SCE. Although floodplain inundation can be driven by a range of factors,
including debris flows and intentional human alterations, beaver recolonization is a major driver of ponding in
riparian corridors in the Northern hemisphere. The activity of beavers is widely associated with the enhancement
of key riparian zone functions (Larsen et al., 2021), including water storage (Westbrook et al., 2006), fire sup-
pression (Fairfax & Whittle, 2020), flood mitigation (Graham et al., 2022), and enhanced biodiversity (Jordan &
Fairfax, 2022). Beaver dams may also help mitigate nitrogen loading of surface waters by increasing their
connectivity to riparian sediments where nitrate can be reduced (Dewey et al., 2022). However, beavers alter the
hydrology of river corridors in complex ways that may change the water balance through increased

BABEY ET AL.

15 of 19

88UB0 1 SUOWLLIOD BA1IaID 8|qedi|dde a3 Aq peussnob e S ILe VO ‘88N JO 3N 1oy Aeiq 1 8UUO AB[IA\ UO (SUOIPUOD-PUR-SWBIL0D A8 |IM" AeJq1BUIUO//SANY) SUOIIPUOD pUe SWIB | 84} 88S *[202/20/6T] U0 AriqiT auljuo A8]IM ‘Souel- aUeIyo0D AQ Z9TZE08MP20Z/620T 0T/10p/wod A8 |imAseiq i puljuosqndnBe/sdny wouy pepeojumod ‘L ‘20z ‘€L6. 76T



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Water Resources Research 10.1029/2024WR037162

evapotranspiration and impact water quality due to increased stream temperatures and metal release (Briggs
et al., 2019; Grudzinski et al., 2022). As a result, studies have found mixed results with respect to groundwater
(Bobst et al., 2022; Scamardo & Wohl, 2020) and water quality benefits (Pote¢ & Grzywna, 2023; Stevenson
et al., 2022). Conflicting outcomes, especially with respect to water quality, point to the need to connect the
underlying drivers of water quality during inundation and how they scale across different riparian corridors.

Although our study was not intended to specifically target the impact of beaver activities, our results reveal
several potential impacts on hydrology and water quality. First, the impacts on groundwater are multi-
dimensional. In agreement with other studies, we see minimal impacts to the underlying gravel aquifer flow
which is largely driven by the topographic gradient (Bobst et al., 2022; Scamardo & Wohl, 2020). The beaver
pond does however increase recharge of surface water into the biologically active but low conductivity soil, which
may support riparian vegetation (Westbrook et al., 2013). The water quality response is more complex and linked
to the high SCE, which expresses the formation of a significant mixing/reaction zone below the soil/gravel bed
interface (Section 4.2.1). While ponding during baseflow induces flushing of reduced soil solutes into the gravel
bed, their dilution and partial reoxidation would mitigate their export to the stream through return flow, sug-
gesting that the impact of beaver ponding on water quality might be less important in gravel bed floodplains than
in non-gravel bed floodplains. In contrast to inundations not resulting from beaver activity, beaver ponds tend to
span over extensive areas upstream and downstream of the dam, and to persist over periods of months or years
(Westbrook et al., 2006), which would be associated with higher SCE and higher impact on water quality. Finally,
the periodic filling and draining of a beaver pond is associated with fluctuating redox conditions in the gravel bed,
with notably a potential fast remobilization of immobilized contaminants when the pond dries out. The impact of
beaver ponds on groundwater quality would thus be modulated by the sedimentary architecture of the floodplain
and in particular by the thickness of the gravel bed, with deep gravel beds being associated with low SCE and
large dilution/reoxidation of soil solutes.

5. Conclusion

We monitored the response of water and solute fluxes to hydrological transitions in a high elevation, gravel bed
floodplain in the Upper Colorado River Basin. Results indicate that the vertical hydrological connectivity be-
tween the biogeochemically active, but low-permeability soil and the low reactivity, but high-permeability gravel
bed is key in determining the overall hydro-biogeochemical function of the floodplain. We identified several
regimes of connectivity associated with different combinations of hydrological drivers (snowmelt, drought,
flooding) that modulate the sink/source behavior of the riparian soil for redox-sensitive species. Notably, the
periodic filling of a beaver pond adjacent to the site enhanced the flushing of anoxic, high conductance, high
alkalinity porewater from the soil into the gravel bed. While vertical infiltration rates were two orders of
magnitude lower than horizontal flow rates in the gravel bed, soil porewater accumulation over the course of
groundwater flow under the floodplain resulted in the formation of a two-meter deep suboxic plume in the
generally oxic gravel bed. Mass balance calculations further suggested that this plume was redox reactive,
promoting oxygen reduction. When the pond dried out during droughts, or when the floodplain became water-
logged during snowmelt, the gravel bed became more oxic due to diminished hydrological connectivity with the
soil. We developed a 1D conceptual framework for soil/gravel bed exchanges, or solute exchange efficiency, that
links hydrological, biogeochemical and geomorphological drivers. Comparison of our Slate River site with
similar floodplains across the Upper Colorado River Basin indicates that although inundation size is the main
driver of intra-floodplain variability in solute exchange efficiency, inter-floodplain variability is mostly
controlled by differences in floodplain sedimentary architecture, and in particular, the thickness of the gravel bed
valley fill. These findings can be used to establish water and elemental budgets in these globally important
mountainous ecosystems.

Data Availability Statement
Data sets are publicly available on the ESS-DIVE repository of the U.S. Department of Energy.

o In situ electrochemical and water quality data (Pierce & Bargar, 2021a, 2021b; Pierce & Boye, 2022):
¢ Water levels, meteorological and soil sensors data (Perzan et al., 2023a, 2023b; Perzan et al., 2022):
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