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ARTICLE INFO ABSTRACT

Keywords: Hydrologic behavior and soil properties across forested landscapes with complex topography exhibit high
Fore;t soils variability. The interaction of groundwater with spatially distinct soils produces and transports solutes across
Ngtrlerits heri catchments, however, the spatiotemporal relationships between groundwater dynamics and soil solute fluxes are
I(\;I:ZEEZW‘A;:: erng difficult to directly evaluate. While whole-catchment export of solutes by shallow subsurface flow represents an

integration of soil environments and conditions but many studies compartmentalize soil solute fluxes as hillslope
vs. riparian, deep vs. shallow, or as individual soil horizon contributions. This potentially obscures and un-
derestimates the hillslope variation and magnitude of solute fluxes and soil development across the landscape.
This study determined the spatial variation and of shallow soil base cation fluxes associated with weathering
reactions (Ca, Mg, and Na), soil elemental depletion, and soil saturation dynamics in upland soils within a small,
forested watershed at the Hubbard Brook Experimental Forest, NH. Base cation fluxes were calculated using a
combination of ion-exchange resins placed in shallow groundwater wells (0.3 — 1 m depth) located across hill-
slope transects (ridges to lower backslopes) and measurements of groundwater levels. Groundwater levels were
also used to create metrics of annual soil saturation. Base cation fluxes were positively correlated with soil
saturation frequency and were greatest in soil profiles where primary minerals were most depleted of base
cations (i.e., highly weathered). Spatial differences in soil saturation across the catchment were strongly related
to topographic properties of the upslope drainage area and are interpreted to result from spatial variations in
transient groundwater dynamics. Results from this work suggest that the structure of a catchment defines the
spatial architecture of base cation fluxes, likely reflecting the mediation of subsurface stormflow dynamics on soil
development. Furthermore, this work highlights the importance of further compartmentalizing solute fluxes
along hillslopes, where certain areas may disproportionately contribute solutes to the whole catchment. Refining
catchment controls on base cation generation and transport could be an important tool for opening the black box
of catchment elemental cycling.

Hubbard Brook
Critical Zone Science

1. Introduction neutralize acidity. Quantifying pools and fluxes of base cations is
particularly important for eastern North American and European forests

Base cations (i.e., Ca, Mg, Na, and K) are of interest to pedologists, that experienced decades of acid rain, resulting in a depletion of soil
biogeochemists, ecologists, and hydrologists alike for their important base cation pools due to leaching to streams (Likens et al., 1996; Law-
role in soil development and nutrient status and buffering capacity to rence et al., 2016; Watmough et al., 2005). This subsequently altered
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forest composition and surface water quality. Soil base cation fluxes are
reflective of many dynamic ecosystem processes (e.g., atmospheric
deposition, mineral dissolution, biotic uptake, soil exchange and
leaching) that impact the trajectory of soil development and function.
Soil forming processes critically depend on soil water to transport,
translocate, and transform solid and dissolved material (Simonson,
1959; Lin, 2010). As such, rates of pedogenesis have often been, directly
or indirectly, related to hydrologic fluxes (e.g., Dixon et al., 2016;
Maher, 2010; White and Blum, 1995). While catchment characteristics
(e.g., topography, soil properties) and the soil hydroclimate are known
to co-vary (Bailey et al., 2014; Bower et al., 2023a; Lin et al., 2006),
there is currently a lack in the understanding of how these together
influence spatial patterns of soil base cation fluxes. Quantifying these
relationships is important for constraining rates of soil development,
watershed geochemical fluxes, and resilience to ecosystem disturbances.

It is well established that hillslope topography (e.g., surface and
subsurface form, slope, and structure) and soil properties (e.g., perme-
ability, thickness) are important controls on the spatiotemporal orga-
nization of soil-water interactions because they affect water flow paths
(Beven and Germann, 1982; Jencso et al., 2009; Welsch et al., 2001;
Weiler et al., 2006; Western et al., 1999) and by extension, water resi-
dence and travel times (Maher, 2011; McGuire et al., 2005; Tetzlaff
et al., 2009; Xiao et al., 2021). In mountainous forested landscapes,
steep hillslopes are often dominated by permeable shallow soils, which
can promote the formation of shallow water tables and lateral subsur-
face flow paths during storm events and snowmelt (Freer et al., 2002;
Jackson, 1992; Whipkey, 1965). Analogous to the horizontal formation
of soil horizons within soil pedons, water fluxes in the lateral direction
leads to the mobilization, translocation, and accumulation of solutes
downslope from their point of origin (generation), such as described by
lateral podzolization (Bailey et al., 2014; Jankowski, 2014; Park and
Burt; 2002; Sommer et al., 2000; 2001). Shallow subsurface flow (also
known as lateral flow, interflow, throughflow, subsurface runoff, etc.), a
mixture of soil pore water and transient groundwater, is considered a
significant runoff generation mechanism in forested headwater catch-
ments (Anderson and Burt 1978; Chifflard et al. 2019; Hewlett and
Hibbert, 1967; Pearce et al., 1986; Weiler et al. 2006) and results in
hydrologic connectivity between upper and lower areas of the catch-
ment and the rapid transport of solutes to adjacent streams (Bracken and
Croke, 2007; Jencso et al., 2009; Klaus and Jackson, 2018; McGlynn and
McDonnell, 2003).

While shallow subsurface flow is a recognized mechanism by which
soil water reaches streams, direct quantification of lateral base cation
fluxes from hillslope soil source waters and their relative contribution to
whole-catchment export is currently lacking (Johnson et al., 2000;
Tokunaga et al., 2022). When catchments wet up, the composition of the
percolating water continually transforms as flow paths and contributing
areas shift and groundwater interacts with different soil components
with varying chemistries. For this reason, solute fluxes vary across
catchments and within soils themselves.

Variations in stream solute export as a function of discharge (e.g.,
concentration discharge (C-Q) relationships) justify the notion that
soil-water contact time and solute sources shift across flow conditions
(Knapp et al., 2020; Godsey et al., 2009), inferring that catchment
export is reliant on both reaction rates and the heterogeneity of the
catchment itself (Musolff et al., 2021). To identify geographic source
areas of soil water to receiving steams, studies have applied hydrograph
separation techniques and end-member mixing models using chemical
or isotopic tracers to solve a mass balance for a predetermined set of flow
components (Buttle, 1994; Christophersen and Hooper, 1992; Klaus and
McDonnell, 2013; Pinder and Jones, 1969). Often, end members are
simplified into either two distinct time components: event and pre-event
water; or two depth components: deep or shallow groundwater (e.g., soil
water) (Bazemore et al., 1994; Hooper et al., 1990; Stewart et al., 2022).
Rarely is the shallow flow component separated into multiple sub-
components beyond upland versus riparian areas (Burns et al., 2001;
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Garrett et al., 2012; Inamdar and Mitchell, 2006; 2007). What is missing
from many modelling approaches are spatiotemporally distributed
hillslope measurements of shallow water table dynamics and ground-
water chemistry (Kim et al.,, 2017; Li et al., 2017), which can be
extremely variable across forested catchments (Bailey et al., 2019;
Benton et al., 2022; Kiewiet et al., 2019; Gannon et al., 2014).

In this study we aim to characterize the spatial patterns of annual
base cation fluxes through variably saturated shallow soil (<1 m deep)
in upland areas of a forested catchment. We hypothesize that spatial
variations in shallow subsurface flow dynamics, which can regulate
solute generation and transport, will result in a predictable configura-
tion of base cation fluxes along hillslopes. To test this hypothesis, we
evaluate the explanatory power of metrics that describe shallow
groundwater dynamics on base cation fluxes associated with mineral
weathering reactions. Additionally, we investigate linkages between
catchment properties that predict groundwater behavior and observed
differences in elemental depletion. We use these data as evidence that
base cation fluxes and soil developmental processes in the shallow soil
zone are neither uniform nor random, but rather exist in a systematic
spatial arrangement determined by the structure of a catchment’s
topography and hydrology.

2. Materials and methods
2.1. Site description and experimental design

This study took place at the Hubbard Brook Experimental Forest
(HBEF), in Watershed 3, a hydrologic reference catchment (e.g, no
experimental manipulations) (Fig. 1). The HBEF, located in the White
Mountains of New Hampshire, has a cool temperate, humid-continental
climate with an average of 1,400 mm of precipitation annually (Bailey,
2003). The catchment at lower elevations is dominated by northern
hardwoods, including sugar maple (Acer saccharum), yellow birch
(Betula alleghaniensis), American beech (Fagus grandifolia), which tran-
sitions to red spruce (Picea rubens), balsam fir (Abies balsamea), and
mountain paper birch (Betula cordifolia) at higher elevations.

The bedrock geology of Watershed 3 is dominated by schists of the
Rangeley Formation, overlain by glacial till of variable depths that is
composed primarily of Kinsman granodiorite. At HBEF, soils are pre-
dominantly classified as Spodosols (typic Haplorthods) with sandy loam
textures and thick O/A horizons, and local areas of Inceptisols and
Histosols (Bailey, 2003). Ridges and spurs within the catchment are
dominated by bedrock outcrops and shallow-to-bedrock organic soils
(Fraser et al., 2020). Intensive soil characterization in the region has
produced soil maps comprised of distinct podzol types (i.e., hydro-
pedological units) based on variations in spodic expression that gener-
ally occur in a downslope gradient from ridges to lower riparian areas
(Gillin et al., 2015; Fraser et al., 2024; Fig. S1). Characteristic shallow
groundwater saturation regimes (water table occurrence, persistence,
and depth) associated with each soil map unit demonstrate that hy-
drologic behavior is an important soil-forming factor in upland positions
at HBEF (Bailey et al., 2014; Gannon et al., 2017).

Three areas within the catchment were chosen as investigative
transect sites for this study (Fig. 1). At each of the three transects, wells
were installed at three different locations along the hillslope, targeting a
range of upland soil map units (9 water level logging wells; Fig. S1).
Wells were constructed using 51 mm (2 in.) diameter PVC with 51 mm
(2 in.) of PVC screen (slot size 0.25 mm). Wells were placed within a
small borehole and back filled with a small layer of local sand around the
screen to reduce the effects preferential flow around the installed well.
Wells were installed to the top of the C horizon, or if none existed, at the
bedrock surface. For more information on well installation, refer to
Benton et al. (2022). Previous work at this site suggests that the water
table can perennially exist deeper in the C horizon (Detty and McGuire,
2010). The formation of the transient water table will frequently reach
above the C horizon during conditions of high streamflow (e.g.,
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Fig. 1. Left: Digital elevation model (DEM) and hillshade of Watershed 3 at Hubbard Brook Experimental Forest, in New Hampshire (USA). Purple circles indicate the
locations of the wells at three study transects (A-C) and white circles indicate wells that were installed prior to this study (data from 2010 to 2014). Top right:
hillslope cross-section: Along each of the three transects, wells were installed in 2019 at three different hillslope locations (1-3) to the depth of the bedrock or C
horizon interface. Bottom right: Each location had a well equipped with a pressure transducer to record water levels, and within five meters, another well where ion

exchange resins were placed for the duration of this study.

precipitation and snowmelt events). A lower saturated hydraulic con-
ductivity in the C horizon (1078 to 107 m/s) compared to the solum
above (107% to 10~ m/s) suggests that water fluxes are likely greater in
the shallow soil zone (Benton et al., 2022) and are of unique interest to
separate from fluxes in the C horizon or deeper. Therefore, groundwater
level measurements were collected in the shallow soil zone (i.e., above
the C horizon). Groundwater levels were measured using pressure
transducers (HOBO Onset U20 & U20L) at 10-minute intervals over the
course of the study period (1 year). Raw pressure data were corrected for
atmospheric pressure by using barometric pressure data from a pressure
transducer suspended in a dry well (within Transect C, Fig. 1). Water
level data for this site can be found in Bailey et al., (2024).

Within 5 m of each of the water level logging wells, narrow pits were
carefully excavated to the same depth. After soil profile characterization
and horizon sampling (described in Section 2.2), an additional well was
installed within the pit to house ion-exchange resins for elemental mass
flux measurements (Fig. 1).

2.2. Soil characterization and analysis

Soil profiles at all resin-well locations were morphologically char-
acterized and sampled by genetic horizon using the criteria of Schoe-
neberger et al. (2012). Samples of each mineral horizon within the soil
profile (n = 28 samples) were air-dried and then sieved to <2 mm. For
all samples, 20 g of each sample were sent to Activation Laboratories
(Ancaster, Canada) to be analyzed for elemental concentrations of Ca,
Na, Mg, and Al. Samples were fluxed with lithium metaborate/

tetraborate, diluted in a nitric acid solution and then analyzed by
inductively coupled plasma optical emission spectroscopy (ICP-OES)
(Kowalenko & Babuin, 2014).

Elemental data for fourteen C horizon samples from 1 to 6 m in depth
within Watershed 3 were also analyzed and average concentrations were
used as a proxy for unweathered parent material (Bower et al., 2023a;
Bower et al., 2023b). Elemental enrichment or depletion factors were
determined by calculating tau values (t) for each ith element (t;)
(Brimhall and Dietrich, 1987) using the following equation:

lwaiw
Ti = m -1 (€]

Values where t > 0 indicate elemental mass gain (enrichment) and t©
< 0 indicate mass loss (depletion) of weathered material (subscript w) in
mobile element, i, in relation to unweathered reference parent material
(subscript p). Mobile elemental concentrations were indexed to titanium
(Ti), which is found in higher abundance, minimally biogeochemically
cycled, and resistant to dissolution compared to Zr, Y, and Rb in these
soils (see: Bower et al., 2023b).

In addition to the nine excavated soil pits (locations of resin wells), a
campaign aimed at describing shallow soil horizon distribution (above
the C horizon) took place during 2018 and 2019. Auger investigations
surrounding the three study transect locations occurred at a fine-scale
gridded resolution (~5-10 m) were used to describe soil horizon pres-
ence/absence, color, and thickness. The purpose of this auger investi-
gation was to create average soil volume estimations for each horizon by
multiplying the mean horizon thickness (m) with the total area (ha) for
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the upslope drainage area above the resin well locations. A total of 408
auger holes were dug (Fig. S2) and upslope areas were determined using
“watershedding” methods described in Section 2.5.

2.3. Ion-exchange resins and base cation flux estimations

Characterization of shallow groundwater chemistry is difficult when
the transient water table may only exist for a few hours or less during a
storm event. Additionally, chemistry at a single location can vary both
seasonally and with storm event magnitude. Therefore, we deployed
ion-exchange resins within wells to measure time-integrated ground-
water chemistry. As water passes through the well, solutes of interest are
adsorbed onto resin beads and a tracer compound is released. In theory,
intersecting water flows freely into and out of the resin pack, which has a
hydraulic conductivity that is at least as high as the surrounding, native
soil, although this work did not measure any potential interference from
flow convergence/divergence around the well in the field or as a labo-
ratory experiment. However, the application of resins within screened
PVC wells to measure solute mass fluxes in groundwater is based on the
passive flux meter, which has been extensively described and laboratory
evaluated (Annable et al., 2005; Campbell et al., 2006; Hatfield et al.,
2004; de Jonge & Rothenberg, 2005). Additionally, the use of ion ex-
change resins to measure nutrient load in terrestrial ecosystems and
variably saturated soil has been applied widely across soil science to
measure nutrient availability (e.g., Johnson et al., 2005; Kjgnaas, 1999;
Lehmann et al., 2001; Willich and Buerkert, 2016).

We used Amberlite IR-120H-+form resins (strongly acidic), that were
pretreated with 2 M KCl by combing the salt solution and resin at a 3:1
solution-to-resin weight ratio and shaken on a fixed-speed reciprocal
shaker (Eberback Model E6010) at 180 oscillations min~' (low speed)
for two hours. After allowing the resin to settle, the supernatant was
decanted, and resins were rinsed with DI water three times to remove
excess salts. Approximately 90 g of resin (moist) was assembled into
each resin pack, which was encased in permeable mesh nylon wrapped
around two rubber washers (OD: 51 mm, ID: 16 mm), along a 13 mm (%
inch) CPVC pipe, then sealed with electrical tape and kept moist at 4 °C
until deployment (Fig. 2). Approximately 400 g of pretreated resin was
reserved and kept at 4 °C to use as blanks to test resins for any back-
ground element contributions from resin degradation over time.

Resin packs were attached to a nylon string and pushed down into
the wells across all transects. The resin packs sat at the bottom of each
well within the screened section of PVC pipe (Fig. 1, Fig. 2), which
allowed for lateral water flow through the well and interception with the
resin pack. Resin packs were exchanged four times, with deployment

Fig. 2. Photographs of ion-exchange resin packs, which were encased within
nylon attached to CPVC piping (A). Resin packs were pushed down into slotted
screens attached at the bottom of each well (B) to allow the lateral flow of water
through the resin pack.
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periods ranging from 2-4 months each, for a total of one year integration
from August 2019-2020.

Following each resin deployment, resins were brought back to the
lab and each resin pack was opened, weighed for total moist mass and
subsampled to 20 g (wet weight), with 3 replicates. Subsamples were
extracted with 2 M KCl following similar protocols to pretreatment,
using a 3:1 solution-to-resin ratio, and shaken for 2 h. Subsamples went
through 2 subsequent extractions to ensure all sorbed solutes were
retrieved from the resin beads. Extractant solutions were analyzed for
Ca, Mg, and Na using an ICP-MS. These ions were chosen due to their
abundance in minerals that are preferentially weathered in this region
(e.g., plagioclase, biotite, and chlorite), and are the primary and largest
weathering source of cations in the shallow soil zone. The use of KCI as
the extractant limited our ability to measure sorbed K ions on the resins,
although potassium (K) exists in less weatherable minerals in this region
(such as microcline and muscovite). Any mass extracted from the resin
blanks was subtracted from the extractant’s value, which were all
measured at <1 mg/L for all elements of interest. Calculations and total
mass of each solute extracted from these resins for the total year can be
found in Pennino et al. (2023). The mass of solute in solution from each
resin subsample extractant was averaged to a single value, then scaled to
represent the total weight of the resin in the resin pack. On a per-element
basis, each deployment mass was then summed for all deployment pe-
riods (successive deployments for one year) for each resin location. Total
elemental mass (scaled to kg) was divided by deployment time (one
year) to calculate the annual mass solute flux (kg yr—?) at each location
where the resins were deployed.

Annual mass fluxes (kg yr~') were divided by the upslope drainage
area (ha), with the assumption that all water within this area flows
through a central point at the resin location. Area-normalized solute
fluxes (kg ha~! yr™1) were then scaled to represent a 2-D plane of water
moving through each resin pack. The height dimension of each plane
was determined by scaling the height of resin intercepting water to the
average height of a water table response. Mean annual water levels for
each resin location were taken from the nearest water level logging well
to the resin. The width dimension of the plane was determined by
scaling the width of the resin to a 1-m wide contour on the landscape.
For the terms used in these calculations, refer to Supplementary Mate-
rials Table S1. The largest source of uncertainty involved in calculating
base cation fluxes comes from the estimation of average water table
height in a location (See Section 2.3), which was used to scale mass
fluxes to an entire water column within a soil profile. Due to the inherent
variability of water table fluctuations (Table S1) this introduces
approximately 30-80 % of uncertainty around the measurement of these
fluxes.

2.4. Metrics of shallow groundwater behavior

To test the effects of hydrologic heterogeneity on the spatial varia-
tions in base cation fluxes, we measured shallow groundwater levels
during the length of the study in the same nine locations where resins
were located. We compared the calculated groundwater metrics to
topographic information (e.g., slope, curvature) and other catchment
properties that have been shown to be useful for predicting spatial
patterns in soil development at Hubbard Brook (Gillin et al., 2015).

For this study we calculated hydrograph metrics that reflect the
annual dynamic behavior of the transient groundwater table: saturation
frequency, saturation duration, and mean response depth, for multiple
depths in the soil profile. We define saturation frequency as the number
of times the transient water table crossed a threshold depth beneath the
surface per year (saturation cycles/yr), where one saturation cycle in-
dicates the groundwater levels rose to and then receded past that depth
in the soil profile once. Similarly, saturation duration was calculated as
the proportion of time the water table existed at or above a depth during
a logging period. Average water level response depth (from the soil
surface) was calculated for when the water table was present within the
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soil profile. Larger response depths indicate, on average, a deeper water
table. Prior to any metric calculation, 10-min water levels were
smoothed by aggregating them to two-hour mean values. To test the
influence of depth, saturation characteristics were calculated at 5-cm
intervals from the soil surface to the depth of the shallowest well (30
cm): at 5, 10, 15, 20, 25, 30 cm. If time gaps in the data logging existed,
saturation metrics were scaled to a full year.

2.5. Calculation of catchment topographic and soil attributes

Topographic attributes for each resin location in Watershed 3 were
calculated using R (RStudio Team, 2020), QGIS (QGIS Development
team, 2021), and ArcGIS software and derived from a DEM. The full list
of topographic metrics and value ranges for well networks can be found
in Table 1 and additional maps of attributes can be found in the Sup-
plementary Materials (Fig. S3). The 5-m DEM for Watershed 3 (Fraser
et al., 2022) was prepared for hydrologic analyses by Fill Depressions
(Wang and Liu, 2006) and Least Cost Depression Breaching (Lindsay,
2014) prior to performing the watershedding operation. Pour points
were snapped to a flow accumulation grid created from a D8-derived
flow direction raster to map areas that drain to each point. Sub-
watershed borders (upslope drainage areas) were manually adjusted
for known surface artifacts and onsite expert knowledge of the landscape
to create upslope areas for each resin and groundwater level logging
well locations.

Topographic properties included those calculated at well locations
(local pixel value) and for the upslope drainage area (mean value across
the area) (cf. Rinderer et al., 2014). The use of mean upslope area values,
rather than local values, allowed us to examine topographic properties
at a broader scale and to account for the effects of the form and length of
upslope flow paths on downslope water level dynamics. Listed attributes
with ‘upslope mean’ were calculated as the mean value for the spatial
extent of the upslope drainage area. Upslope drainage area determined
for each well location was derived using the watershed function in
WhiteBoxTools in R (Lindsay, 2014). This tool performs a water-
shedding operation based on designated outlet pour points (resin
locations).

For this study, topographic wetness index (TWI), which describes the
spatial redistribution of water based on specific catchment area and
slope, was calculated using the downslope gradient instead of local slope
of the cell (i.e., the gradient was based on the horizontal distance to a
downslope cell with an elevation 5 m below the elevation of the starting
cell) to reduce the potential influence of microtopography (Hjerdt et al.,
2004; Seibert et al., 2007; Gillin et al., 2015).

Upslope accumulated area (UAA) was calculated as the number of
cells contributing to a single point based on the multiple flow direction

Table 1
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method (Seibert and McGlynn, 2007). A weighted UAA (UAAw) was
created by assigning an arbitrarily large weighting value (10°) for cells
that were bedrock outcrops and zero for non-bedrock outcrops. Weights
were used as a multiplier for the accumulated area calculation in the
weighting function of the SAGA recursive catchment area tool. If
weights were less than 1, then flow accumulation would be reduced in
the downslope direction. However, making the weighting value large
increases the effect as the area accumulates. A normalized ratio between
the weighted UAA (UAAw) and unweighted UAA (i.e., all weights set to
1) was used to calculate bedrock-weighted UAA (UAAb) (Gillin et al.,
2015; Fraser et al., 2020). The UAAb metric varies between 0-1, where a
value of 1 indicates an entire upslope area is comprised of bedrock
outcrops and associated shallow, organic soils. This metric was shown to
be useful for identifying soils that may have been formed through lateral
podzolization processes (Gillin et al., 2015).

For each resin well location, depth-weighted means of profile
elemental depletion (tau; t) were calculated for all mineral horizons
above the C horizon. Using horizon depth data collected from the
extensive auger investigations (Section 2.2 and Fig. S2), the proportion
of upslope soil horizon volume for E and B horizons was calculated. To
do this, total upslope soil volume was determined by finding an average
depth to the C horizon, or bedrock if there was none, for each upslope
drainage area from the resin location. The average thickness of the B and
E horizon within each area was used to determine proportions of each
soil horizon out of the total solum volume.

To test if relationships between groundwater metrics and catchment
attributes at the resin wells (n = 9 locations) were similar to metrics/
attributes at well locations across the catchment, we analyzed water
level data from an additional 43 wells installed throughout the catch-
ment by Detty and McGuire (2010), Gannon et al. (2014), and Benton
et al. (2022) between 2008-2019. Chosen wells for this study met the
following two qualifications: at least one or more years of consecutive
water level data and installed into similar shallow soil depths (at or
above the C horizon).

2.6. Statistical analyses

The differences between base cation fluxes for each hillslope position
and between transects were tested for significance using a one-way
analysis of variance test (ANOVA) at a significance level of p < 0.05.
As an exploratory analysis, simple linear regression models were used to
fit relationships between total base cation fluxes (log transformed) and
hydrodynamic variables (n = 9) using the R software ‘stats’ package (R
Core Team, 2021). The best fit models for saturation frequency and
duration were selected based on the highest r? value. The top models
chosen for saturation frequency and duration at resin locations were

Ranges in locally derived and upslope drainage area mean values of topographic attributes. Transect wells are located near deployed resins (Fig. 1) and are included in

the range of values for all Watershed 3 wells.

Variable Metric Topographic Reference Value range Value range
characteristic (Resin wells) (All Watershed 3
n=9 wells)
n=43
DISTOUT Linear distance to catchment outlet (m) Local QGIS 7-172 7-267
ELEV Elevation (m) Local Fraser et al. (2022) 602-710 529-708
TPI Topographic position index, 100 m window Upslope mean Guisan et al. (1999) 1.5-5.8 -1.3-8.4
UAA Multiple direction- upslope flow accumulation Upslope mean SAGA; Seibert and 57-420 57-2231
McGlynn (2007)
UAAb UAA, weighted by areas of bedrock and shallow soils Local Gillin et al. (2015) 0.2-0.6 0-0.6
(unitless)

SLOPE Downslope gradient (degrees) Upslope mean Hjerdt et al. (2004) 0.17-0.36 0.12-0.42
PROF Profile curvature Upslope mean QGIS -1.7.10%-7.1.10°% -1.3.10>-8.1.10°3
PLAN Planar curvature Upslope mean QGIS -2.0107°-4.3.1072  -2.0-107°-6.6:1072
CONVERGE  Convergence index Upslope mean SAGA —0.4-4.3 -0.3-4.3
TWI Topographic Wetness Index, using 5 m downslope Upslope mean SAGA; Hjerdt et al., (2004)  5.9-6.9 5.8-7.4

gradient for slope (In(m?))
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used in a Spearman rank correlation analysis (Spearman, 1904) with
local and upslope drainage area properties calculated for the resin well
locations, using the ‘Hmisc’ package in R software Version 4.2.2 (R Core
Team, 2021). To investigate the strength of correlates beyond the
limited number in wells associated with resin locations (n = 9; Fig. 1 in
purple), we ran a second Spearman correlation analysis using topo-
graphic attributes and hydrodynamic properties for the extended well
network of Watershed 3 (n = 43; Fig. 1 in white and purple).

Elemental depletion of soil profiles
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Significance between Spearman correlates denoted by p < 0.05 signifies
p-values between 0.01-0.05 and p < 0.01 signifies p-values between
0.001-0.01.
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Fig. 3. Horizons described in soil profiles within transects A-C along hillslope positions 1-3 color coded by soil elemental depletion (tau values (1)). Soil profiles are
arranged by the annual saturation frequency of each soil profile from left (low saturation frequency) to right (high). Tau values that are increasingly negative are
more depleted in that element and indicate a weathering loss. Gray boxes indicate tau values were not calculated due to insufficient mineral content, or where there
was missing data. Tau values for aluminum can be found in the Supplementary Materials (Fig. S4).
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3. Results
3.1. Soil morphology and weathering extent

The three hillslope positions (1-3) where base cations were
measured comprised of an elevational gradient from higher catchment
ridges (1) to mid and lower backslope positions (2 and 3). Soils located
in hillslope position 1 were shallowest in depth to bedrock (23-47 cm)
and exhibited an O-E horizon profile sequence directly on top of
bedrock. Soils in hillslope positions 2 and 3 were generally thicker and
reached down to a BC or C horizon (45-62 cm). All soil profiles in
hillslope position 2 had thick and dominant Bhs horizons. Two out of the
three soil profiles in hillslope position 3 exhibited a typical spodosol
horizon sequence, including eluvial and illuvial spodic horizons (e.g., O-
E-Bhs-Bs). Described soil profiles would classify as Humods, Orthods, or
Folists (Soil Survey Staff, 2022). Full morphological descriptions of each
soil profile can be found in Bower et al. (2023c) and the designation of
how each soil profile was classified by the local hydropedological unit
classification is shown in Figure S1.

Depth-weighted profile averages of elemental depletion (tau; t)
ranged from 1-Ca = —0.81 to —0.35, 1-Na = —0.77 to —0.38; t-Mg =
—0.87 to —0.25, and 1-Al = —0.60 to —0.25. The more negative tau
values indicate greater elemental depletion (weathering loss). For all
elements except for Mg, the B1 soil profile was most weathered and A3
was the least weathered (Fig. 3, Fig. S4). The C1 profile had the greatest
loss of Mg, although, the proportion of mineral horizon thickness to
organic horizons was extremely small. The B3 soil profile was least
weathered of Mg. If present in the soil profile, the E horizon was the most
elementally depleted horizon for all elements analyzed.

3.2. Annual soil base cation fluxes

The measured base cation fluxes varied greatly across the catchment.
However, there were no statistical difference in base cation fluxes was
found between hillslope positions (1-3) or transects (A-C). The largest
flux estimates for total base cations occurred in hillslope position 1 for
transects A and B, at 5.8 and 3.9 kg ha™! yr !, respectively, and
generally decreased downslope (Fig. 4). Conversely, total base cation
fluxes for transect C were greatest in hillslope position (3) and decreased
with increasing elevation, ranging only from 0.5 to 0.2 kg ha lyr~!. Out
of all the locations, position C1 had the lowest base cation flux. On
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Fig. 4. Area-normalized annual solute fluxes (kg ha~' yr') for Ca, Na, Mg, and
sum of base (3 (BC)) cations measured at three transect locations (A, B, C) at
three different hillslope positions (1, 2, 3). The estimated uncertainty is
approximately 30-80 %. See Fig. 1 for locations of transects and hillslope po-
sitions within the catchment.
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average, Ca contributed 49 %, Na contributed 43 %, and Mg contributed
only 8 %, towards the summed base cation flux.

3.3. Shallow groundwater metrics as predictors of base cation fluxes

Water table depth, persistence, and recession characteristics varied
with hillslope position. Water levels in wells in the uppermost hillslope
position (1) often exhibited “flashy” behavior, with rapid responses
during high flow conditions (Fig. 5). On average, water levels in hill-
slope position 1 rose high into and receded completely from the soil
profiles 36 times/yr (range of 29-61 saturation cycles/yr). While satu-
ration occurred at a relatively high frequency, the duration of saturation
throughout any part of the monitored soil profile was lower at position 1
(saturated 11-68 % of the year depending on depth; average 38 %).
When groundwater was present in the shallow soil profile, the mean
water table depth was 29 cm from the soil surface but ranged from 37 cm
in depth to 0 cm (i.e., saturated to the surface).

At hillslope positions 2 and 3, the depth to the transient water table
was often deeper and/or had slower a recession. For example, for lo-
cations B2 and B3, the water table was present in the soil profile for a
longer duration of the year (83 % and 95 %, respectively; Fig. S5). The
average response depth to the water table for positions 2 and 3 for all
transects was 37 cm and 53 cm, respectively. In stark contrast to higher
positions on the hillslope, the number of saturation cycles within soil
profiles in the two lower positions for all transects was low, with a mean
saturation frequency of 16 cycles/yr for position 2 (range of 5-32 cy-
cles), and 9 cycles/yr for position 3 (range of 5-16 cycles).

Overall, saturation duration was a poor predictor of total base cation
fluxes for all investigated depths (r2 <0.22; p =0.11-0.55) compared to
saturation frequency (Fig. S7). Generally, total base cation and indi-
vidual cation fluxes increased exponentially with an increased fre-
quency in saturation (Fig. 6). The number of saturation cycles at or
below 15 cm from the surface were strong predictors (12 > 0.54; p <
0.05) whereas shallower depths were not (r2 <0.20; p=0.12-0.70). The
predictive power of saturation frequency on log transformed total base
cation fluxes was greatest for the water table rise threshold of 20 cm
from the surface (r*> = 0.86; p < 0.001; Fig. S7).

3.4. Correlations between fluxes, groundwater metrics, and topography

Total base cation fluxes and saturation frequency were correlated to
similar catchment properties. Base cation fluxes were strongly and
significantly correlated to the distance from the catchment outlet
(DISTOUT; rs = 0.89, p < 0.01) and saturation frequency (rs = 0.89, p <
0.01; Fig. 7). In general, the three sites farthest from the catchment
outlet (i.e., higher elevation portions of the catchment) were most
periodically saturated to shallow depths (>25 cycles/yr) and had total
base cation fluxes > 1 kg ha~! yr~!. Soils draining to these sites typically
had a greater upslope volume of E-horizon, as a fraction of the total
solum, and the highest proportion of upslope accumulated area
weighted by bedrock and shallow-to-bedrock regions (UAAb > 57 %).

There were significant and negative correlations between the num-
ber of soil saturation cycles and the mean upslope topographic wetness
index (TWL rg = —0.74, p < 0.05) and flow accumulation (UAA; rs =
—0.64, p < 0.05), which are topographic-derived hydrologic attributes
used to describe the spatial distribution of soil moisture. Areas on the
landscape with high TWI values, predicted to be wetter sites, tended to
exist lower on the transects or farther away from the catchment divide.
These lower positions on the transect tended to have upslope areas with
a smaller proportion of bedrock-dominated zones (UAAb < 50 %) and a
greater proportion of upslope volume of B horizon (>11 %).

Elemental depletion (1) of Ca, Na, and Al, an index of weathering
extent, was correlated to groundwater metrics and topographic attri-
butes. Elemental depletion was strongly correlated with saturation fre-
quency (rs < —0.71, p < 0.05) (Fig. 7, Fig. 3). Elemental depletion of Mg
was not significantly correlated with any groundwater metrics and was
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Fig. 5. Time series water level recording depths for all water level logging wells that were co-located with resins along transect A (hillslope positions 1-3) during the
resin deployment period of one year, from August 2019-2020. All water levels are expressed as depth in centimeters from the soil surface. Steady water levels
indicate the absence of the transient water table at the monitoring depth during that time, whereas the lack of a line (blank) indicates missing data due to logger
errors. Dashed gray lines indicate the depths for which saturation frequency and duration were calculated for each well.

only negatively correlated with upslope drainage properties UAAD,
PLAN, and CONVERGE (r; > —0.77, p < 0.05).

We also examined relationships between mean upslope drainage
area attributes and hydrologic behavior for the larger well network (n =
43), including wells co-located with deployed resins (Fig. 8). Not only
did many of these wells have longer consecutive water level data (1-5
yrs), but they also more spatially distributed across the landscape
(Fig. 1) and the range in topographic properties was thus larger
(Table 1). There were many correlations that were similar as for the
resin-associated wells (Figs. 7 and 8). The number of annual saturation
cycles increased with increasing elevation (rs = 0.45, p < 0.01). Satu-
ration cycles were negatively correlated with mean upslope drainage
area TWI (rs = —0.55, p < 0.01) and flow accumulation (r; = —0.51, p <
0.01). However, there were some notable contrasts between the strength
and significance of correlation between saturation duration and topo-
graphic attributes between the two different Spearman analyses. For
example, saturation duration calculated at the nine wells co-located
with resins was not significantly correlated with many of the topo-
graphic attributes (Fig. 7). It did, however, positively correlate with how
far it was from the catchment outlet (DISTOUT). In comparison, the
analysis that included all wells throughout the catchment (n = 43),
saturation duration was significantly correlated with several

topographic properties (e.g., slope, topographic convergence, TWI).
4. Discussion
4.1. The role of catchment structure on shallow subsurface flow

Shallow groundwater metrics across Watershed 3 (n = 43) were
strongly and significantly correlated with topography (Fig. 8). Results
suggest that in a high relief catchment with well-drained soil, hydro-
dynamic behavior in the shallow soil zone (e.g., response depth, fluc-
tuations, persistence) is influenced by both the local topographic setting
and subsurface structure of the upslope drainage area.

Topographic wetness indices quantify the influence of topography on
soil hydrology. In steep, forested watersheds it has been used to describe
the spatial distribution of soil moisture, groundwater responses, the
presence of wetlands, and soil development (e.g., Gillin et al., 2015;
Grabs et al., 2009; Lidberg et al., 2020; Seibert et al., 2007; Seibert and
McGlynn, 2007; Thompson and Moore, 1996). The upslope mean of
topographic wetness index (TWI) using downslope index was the most
important topographic variable for describing the spatial variability of
saturation frequency (r; = —0.74, p < 0.01), which was the number of
times the water table rose and receded from the shallow portion of the
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~! yr~!) and saturation frequency at 20 cm, which is the number of times

the water table reached and receded from 20 cm depth from the soil surface (cycles/year) during the resin deployment period. Saturation frequency was the strongest

groundwater metric predictor variable of total base cation fluxes (see Fig. S7).

soil profile. As pointed out by Hjerdt et al. (2004), TWI calculated with
the downslope index is less sensitive to irregular surface slope changes
and better describes groundwater gradients. In general, soils with the
highest annual saturation frequency occurred in ridge areas and had the
lowest TWI values. TWI was highest in downslope positions closer to
streams, where water levels were less dynamic (e.g., persistently wet).
The strong and negative relationship between TWI and saturation fre-
quency highlights the value of using TWI to describe the drainage effi-
ciency of soils rather than the tendency to saturate. Annual saturation
frequency was also strongly and positively related to slope convergence,
planar slope curvature, and the proportion of bedrock outcrops in the
upslope accumulated area (UAAD; rg > 0.54). Numerous studies have
shown that spatial extent and timing of soil saturation is influenced by
the slope shape, as water is routed towards convergent points on the
landscape (e.g., Kirkby and Chorley, 1967; Anderson and Burt, 1978;
Hutchinson and Moore, 2000; Gevaert et al., 2014; Rinderer et al.,
2014).

Observed spatial variations in saturation frequency in soils across the
catchment indicate that local water table behavior was regulated by
local slope and soil depth characteristics and the hydrologic properties
of the upslope draining soils. Saturation frequency was greatest in
shallow mineral soils nearest bedrock outcrops along ridges, where the
transient water table would frequently and rapidly form near the soil

surface and recede in response to storm events. During storm events, the
water storage capacity of the thin and highly conductive organic soils
surrounding the bedrock outcrops can easily be exceeded. The contri-
bution of upslope water enhances the magnitude of water level rise in
mineral soils. As the water table reaches near surface toward the organic
(O) horizons, the lateral hydraulic gradient increases, and water is
readily drained downslope by gravitational forces (Anderson and Burt,
1978). These processes together explain the frequent and rapid rise and
recession of the water table in shallow mineral soils (e.g., high satura-
tion frequency).

For this catchment, saturation frequency might be a groundwater
metric that represents the propensity for lateral flow to dominate the
hydrologic flux within soils versus vertical water percolation. Our data
for Watershed 3 suggest that saturation frequency at 20 cm reflects a
characteristic depth that best captures water table fluctuation variability
and rapid wet up and drainage processes. Below 20 cm, fluctuations in
the water table appear too similar (persistent water table) and any water
table rise above 20 cm may have been too infrequent. This depth could
also represent the average depth of the organic (O) horizon across the
catchment, which is extremely permeable and could act as a preferential
flow pathway routing water downslope rapidly. Saturation frequency
was only calculated to 30 cm, which was approximately the depth of the
shallowest well (Al; Fig. 5), so that comparisons between shallow soil
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Fig. 7. Spearman correlation matrix for base cation fluxes, groundwater behavior metrics for wells near resins, elemental depletion of soil profiles, and catchment
attributes for resin locations (see Fig. 1, purple boxed region). Underlined correlation values are statistically significant (p < 0.05) and the direction of the rela-
tionship as negative (red) or positive (blue). Abbreviations are for total base cation flux (BC FLUX), the number of saturation cycles (SAT CYCLES), duration of
saturation (SAT DUR), mean water table response depth (MEAN), tau values (t), distance to catchment outlet (DISTOUT), local elevation (ELEV), and mean upslope
drainage area values for gradient (SLOPE), hillslope planar curvature (PLAN), hillslope profile curvature (PROF), convergence (CONVERGE), upslope flow accu-
mulation (UAA), topographic wetness index (TWI), topographic position index, window size 100 m (TPI), and upslope accumulated area weighted by proportion with

bedrock outcrop areas (UAAD).

water table fluctuations could be directly compared across the
catchment.

In riparian areas near streams, where the solum is thicker and water
storage capacity is greater, the average water table rise was much deeper
in the soil profile and rarely rose into the B horizon. In this catchment,
hydraulic conductivity is orders of magnitude lower in the C horizons
compared to the solum above (Benton et al., 2022), which indicates that
water drainage in the lower portions of the soil profile is much slower
than when the water tables reach more conductive shallow soil horizons.
While this work focuses on saturated soil conditions (e.g., when a water
table exists), work by Gannon et al. (2017), showed that lateral flow also
dominated in unsaturated conditions in shallow soils closer the bedrock
outcrops, compared deeper soils near streams.

4.2. Hydrologic flushing as a mechanism for base cation generation and
transport

Results from this study show that soil saturation frequency was the

10

most important hydrologic variable for predicting base cation fluxes at a
location (Fig. 7; Fig S7). High saturation frequency of soils near ridges is
indicative of the dominance of lateral flow through the shallow soil zone
in these portions of the catchment. Patterns in base cation fluxes likely
reflect the spatial variation in soil hydrology, which regulates base
cation generation, mobilization, and translocation.

Soil release of cations from desorption off the soil exchange complex
could contribute to flux patterns during periods of rapid flushing, since
ion exchange can occur at a rate of seconds to days, compared to slower
mineral weathering rates (Brantley et al., 2008). At HBEF, clay content
in soils is low, and exchangeable cation pools are related to carbon
content in the Oa, Bh, and Bhs horizons (Dittman et al., 2007), with
exchangeable Ca concentrations being orders of magnitude higher than
Mg, Na, and K (Bailey, 2020) Bower et al. 2023b; Johnson et al., 1991a;
b; Likens et al. 1998). While patterns of Ca fluxes (0.2 — 3.0 kg ha™! yr’l)
could be influenced by cation exchange processes, they would not
explain comparable Na fluxes (up to 2.8 kg ha~! yr 1). Na is not a major
constituent of atmospheric deposition or secondary soil products (e.g.,
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Fig. 8. Spearman correlation matrix between soil saturation metrics and catchment attributes for the entire Watershed 3 well network (n = 43; Fig. 1 white and
purple dots). Underlined correlation values indicate the significance of the correlation (p < 0.05) and the direction of the relationship as negative (red) or positive
(blue). Abbreviations are for total base cation flux (BC FLUX), the number of saturation cycles (SAT CYCLES), duration of saturation (SAT DUR), mean water table
response depth (MEAN), distance to catchment outlet (DISTOUT), local elevation (ELEV), and mean upslope drainage area values for gradient (SLOPE), hillslope
planar curvature (PLAN), hillslope profile curvature (PROF), convergence (CONVERGE), upslope flow accumulation (UAA), topographic wetness index (TWI),
topographic position index (TPI), and upslope accumulated area weighted by proportion of area weighted by bedrock (UAAb).

Fe-, Al-oxides), and minimally participates in biologic cycling and ex-
change processes. For this reason, Na is often a useful conservative
tracer for measuring mineral weathering fluxes, particularly from the
dissolution of plagioclase (Bailey, 2020).

Repeated hydrologic flushing of the soil profile (high saturation
frequency) could promote conditions that favor mineral dissolution re-
actions. As reaction products are flushed out of pore spaces, solute
concentrations are lowered, and dissolution is favored by thermody-
namic disequilibria (Benettin et al., 2015; Maher, 2011). Soils in mid
and lower backslope positions were saturated for longer durations of
time, although were less frequently flushed higher in the soil profile (low
saturation frequency; Fig. 5, Fig. S5, S6), and had smaller base cation
fluxes than soils near the ridges. These results suggest that the presence
of longer or isolated flow paths may result in transport-limited weath-
ering reactions if the soil solution is not often pushed away from
chemical equilibrium. In a study by Clow and Drever (1996), increases
in catchment chemical fluxes were attributed to episodic saturation
during high flow events, inferring that the hydrologic flushing of the soil
matrix and micropores increased chemical weathering rates. The
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importance of the flushing frequency mechanism, which assumes that
greater volumes of water flowing though soil results in the leaching of a
greater mass of solutes, has been suggested to explain varying patterns in
subsurface flow chemistry, such as base cation concentrations (Burns
etal., 1998), DOC (Boyer et al., 1997), and NO3 (Welsch et al., 2001). In
the Panola Mountain Watershed in Georgia, Burns et al. (1998) found
that water draining from a hillslope with more subsurface flow produced
had lower base cation concentrations, thought to be contributed by
historical soil flushing and the loss of base cations available for leaching.
However, this hypothesis is complicated by the significant contribution
of pipe flow to total subsurface flow in the Panola Mountain Watershed
(Tromp-van Meerveld and McDonnell, 2006), which can bypass the soil
matrix and affect soil water chemistry.

Base cation fluxes were strongly correlated with the proportion of
bedrock outcrops and associated shallow organic soils in upslope
drainage areas (UAAb; Fig. 7). Shallow groundwater and adjacent
stream chemistry in bedrock-controlled areas of Watershed 3 are char-
acterized by low pH values and high concentrations of DOC (Bailey
etal., 2019; Zimmer et al., 2013). Bailey et al., (2019) suggests that the
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translocation of upslope-generated organic acids is likely neutralized by
the dissolution of silicate minerals in soil water draining from bedrock-
controlled regions. Experimental studies have shown that plagioclase
weathering accelerates with increasing acidity (e.g., Blum and Stillings,
1995; Welch and Ullman, 1996). The chemical dissolution of plagioclase
is a primary source of Ca and Na, due to its high abundance and solu-
bility, and is known to dominate weathering fluxes at HBEF (Bailey,
2020; Bailey 2003; Blum and Stillings, 1995; Bower et al., 2023a). Our
measured annual fluxes associated with shallow subsurface flow for Ca
and Na were on average much higher than Mg (Fig. 4), which likely
reflects the lower abundance of and weathering contributions to the soil
solution from Mg-bearing minerals, including biotite, chlorite, and
hornblende (Bower et al., 2023a; Hyman et al., 1998).

Soil profiles where saturation frequency was highest (e.g., hillslope
position 1 for transects A and B) had the highest estimate of base cation
fluxes (Fig. 6) and were also most elementally depleted in Ca, Na, and Al
(Fig. 3; Fig. S4). These spatial relationships could indicate that present
day base cation fluxes represent spatial differences in the rates of
chemical weathering and translocation. The loss of Ca, Na and Al from
the dissolution of plagioclase would agree with the observed higher
contribution of Ca and Na fluxes to the overall total base cation flux and
the extent of depletion of these elements within the soil profiles in this
study compared to Mg (Fig. 4, Fig. 3, Fig. S4). Our findings of high base
cation fluxes and mineral depletion in locations where the transient
water table often rises and recedes to the shallow portions of the profile
aligns with the soil morphology observed at each location. Here, soil
profiles are dominated by thick E-horizons above shallow bedrock.
Eluvial horizons carry a physiochemical memory of long-term elemental
weathering loss, and represent past and present hydrologic conditions
(Lin, 2011).

There was a positive correlation between cation fluxes and elevation
(Fig. 6); however, bulk precipitation chemistry at HBEF has shown no
elevational gradient for Ca, Na, or Mg deposition, thus we expect pre-
cipitation to contribute minimally toward observed elevational flux
trends (Likens et al., 1967). Upper elevations of this watershed are
dominated by coniferous tree species, which have lower Ca and Mg
concentrations in plant tissue than deciduous species in lower elevations
(Arthur et al., 1999; Likens and Bormann, 1970; Likens et al., 1998). As a
result, less of these elements are recycled back to soils, which is reflected
by a decrease in exchangeable and organic matter Ca and Mg pools at
higher elevations. Therefore, we expect Ca and Mg fluxes from the
mineralization of organic matter or throughfall to be smaller at the top
of the catchment, where measured fluxes of these elements were found
to be greatest.

In a nearby catchment at HBEF, Nezat et al. (2004) provided similar
evidence of intra-catchment spatial variability of chemical weathering.
They determined that weathering rates were greatest in higher eleva-
tions of the catchment, attributed to increased contributions of organic
acidity from conifers in shallow organic soils near ridges. Frequent
flushing of acidic waters, transported with subsurface flow, is the
possible agent behind enhanced weathering rates at locations where our
observed present-day estimations of annual base cation fluxes are
greatest and where more extensive long-term weathering has taken
place (high depletion values). Our results show that base cation fluxes
within Watershed 3 are highly variable within the shallow soil zone. And
furthermore, they are highly dependent on shallow groundwater
behavior throughout the catchment.

A notable exception to our observed trends between elemental loss
and estimated base cation fluxes was for soil profile C1, which had only a
thin E-horizon (<10 cm; Fig. 3), and the lowest estimate for all base
cation fluxes (Fig. 4). A small mineral-water contact area with the sandy
E horizon because of the small mineral soil volume upslope of this site
could account for the small fluxes. While a mineral E-horizon was pre-
sent directly on top of bedrock, the soil profile was, by depth ~85 %
organic (Oi, Oe, Oa). Organic horizons are typically extremely porous
and can rapidly transmit water (e.g., Deeks et al., 2004), which also
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could have prevented the formation of a water table due to such high
saturated hydraulic conductivity.

4.3. Implications of solute flux heterogeneity in the shallow soil zone

The contribution of shallow soil to catchment export of base cations
is often considered low, as shallow groundwater is often relatively dilute
in cation concentrations compared to deeper groundwater sources
(Bailey et al., 2023). However, our flux estimations were as high as 5.8
kg ha™! yr~! (Fig. 4). For context, a 10-year average base cation flux
(sum of Ca, Na, Mg) at the Watershed 3 outlet is approximately 16 kg
ha! yr‘l, meaning that shallow subsurface flow could represent up to
~38 % of the total catchment flux (HBWatER, 2021). Furthermore, the
highest estimation of base cation fluxes were in soil types that only
represent ~10 % of the total catchment area (Gillin et al., 2015). This
underscores the importance of quantifying the spatial relationships be-
tween soils and their saturation dynamics, even within a single catch-
ment, to make meaningful predictions of catchment export under
varying hydrologic conditions.

At HBEF, the draining of acidic waters by subsurface flow is a major
process impacting soil formation (Bailey et al., 2014; Bailey et al., 2019).
Differences in the magnitude and direction of the hydrologic flux in the
shallow soil zone (lateral flow vs. vertical percolation) results in two
distinct modes of podzolization as evident by soil morphology and the
spatial variation of soil organometallic complexes (Bourgault et al.,
2017; Bourgault et al., 2015). Near bedrock outcrops, where lateral flow
dominates the hydrologic flux, soils show distinct patterns of eluviation
(loss of primary minerals) and downslope illuviation (accumulation of
secondary minerals, i.e., spodic materials) along flow pathways. Work
by Bower et al., (2023a) found that podzols formed through lateral
podzolization processes are up to four times more depleted in
plagioclase-bound elements than those formed through vertical
podzolization processes. Our work suggests that base cations trans-
ported by subsurface flow could be, at least in part, sourced through
these weathering reactions within the shallow soil zone.

Putting base cation generation into a hydrological framework is
important for understanding not only the “hot spots” of mineral
weathering on the landscape (bedrock-controlled regions) but also the
“hot moments” where lateral subsurface flushing might enhance intra-
catchment weathering rates. During larger storm events, stream net-
works expand up hillslopes and catchment hydrologic connectivity in-
creases, therefore it could be expected that the transport of solutes from
upland soils to streams is also enhanced (Brown et al., 1999; Detty and
McGuire, 2010; Hornberger et al., 1994; Jencso et al. 2009).

5. Conclusions

We found that soil base cation fluxes (Ca, Na, and Mg) were not
uniform along hillslopes. Fluxes ranged from 0.2 to 5.8 kg ha ! yr ! and
varied greatly across small spatial scales (10 s of meters). Base cation
generation and transport through the shallow soil zone are often
considered negligible to overall catchment solute export, and few
studies have shown how base cation fluxes via subsurface flow might
vary spatially. Base cation fluxes were greatest at the top of the catch-
ment near ridges and bedrock outcrops. Fluxes were positively and
significantly correlated with elemental depletion of soil profiles in Ca,
Na, and Al, which are the major constituents of plagioclase, a dominant
parent mineral in this region. These portions of the landscape experience
the highest number of soil saturation cycles (saturation frequency)
within the shallow portion of the soil profile, which represents the
frequent formation of a shallow transient water table that quickly drains
downslope following storm events. Additionally, this work demonstrates
the significant relationships between catchment topographic attributes
and metrics of shallow groundwater behavior, which could be useful for
predicting where lateral subsurface flow might dominate the hydrologic
flux across similar landscapes.
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To our knowledge, these types of time-integrated in situ measure-
ments of annual solute fluxes associated with shallow subsurface flow
has not been presented before. Our findings draw connections in how
shallow subsurface flow might regulate the spatial patterns of base
cations released from mineral weathering processes. The systematic
variation in shallow groundwater dynamics with soil base cation fluxes
underscores the influential role that catchment structure has on spatial
patterns of solute generation and transport. We propose that the
frequent flushing of water draining from bedrock outcrop areas of the
landscape enhances the chemical dissolution of primary minerals along
lateral flow paths. It is evident from this work that base cation fluxes
associated with shallow subsurface flow may warrant further investi-
gation, especially in steep, forested landscapes. While this study focused
on a year-long integration of mass fluxes in upland soils of the catch-
ment, future research could explore variations in fluxes between storm
event magnitudes and/or in riparian areas closer to streams. Addition-
ally, other studies could examine the impact of other soil chemical
properties (e.g., soil exchange capacity) in conjunction with hydrologic
interactions on the spatial distribution of elemental fluxes. Because the
studied forest has been perturbed by forest harvest and chronic acid
deposition over the last century, these fluxes are representative of dy-
namic, recovering ecosystems.
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