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Abstract To investigate how bedrock transforms to soil, we mapped the topography of the interface
demarcating onset of weathering under an east-west trending shale watershed in the Valley and Ridge province
in the USA Using wave equation travel-time tomography from a seismic array of >4,000 geophones, we
obtained a 3D P-wave velocity (Vp) model that resolves structures ~20 m below land surface (mbls). The
depth of mobile soil and the onset of dissolution of chlorite roughly match Vp = 600 m/s and Vp = 2,700 m/s,
respectively. Chlorite dissolution initiates porosity growth in the shale matrix. Depth to the 2,700 m/s contour
is greater under the N- as compared to S-facing hillslopes and under sub-planar as compared to concave-up
land surfaces. Broadly, the geometries of the ‘soil’ and ‘chlorite’ Vp contours are consistent with the calculated
potential for shear fracture opening under weak regional compression. However, this calculated fracture
potential does not consistently explain observations related to N- versus S-facing aspect nor fracture density
observed by borehole televiewer. Apparently, regional compression is only a secondary influence on Vp: the
primary driver of P-wave slowing in the upper layers of this catchment is topographic control of reactive water
flowpaths and their integrated effects on weathering. The Vp result is best explained as the long-term integrated
effect of groundwater flow-induced geochemical weathering of shale in response to climate-driven patterns of
micro- and macro-topography.

Plain Language Summary Our capacity to understand the subsurface structure that controls storage
and flow of groundwater relies largely on point measurements at boreholes and outcrops. In this study, we
developed understanding of the subsurface structure beneath a shale watershed in three-dimensions (3D) by
using a dense seismic array of >4,000 geophones. We obtained a 3D P-wave velocity model with resolution to
image ~20 m below the land surface. By correlating our velocity structures to borehole logs and geochemical
measurements at the same site, we were able to explore the “landscape” defined by the bottom of the mobile
soil and the onset of porosity growth by clay weathering. This 3D image shows how the depth of soil and
onset of dissolution varies with orientation with respect to the sun (aspect) and as a function of planar versus
concave-up land surfaces (curvature). Some of the subsurface structure can be explained by opening of cracks
in upper layers in response to a weak compressional regime. However, the structure is best explained by the
effect of bedrock weathering that was primarily driven by climate and topographic control of reactive water
flow, with regional compression playing a secondary role.

1. Introduction

Processes that transform bedrock into the porous regolith include fracturing, dissolution, precipitation, mechani-
cal disaggregation, plant- and animal-related processes, and biogeochemical breakdown (e.g., Riebe et al., 2017).
Regolith is important because it provides nutrients that support terrestrial life and porosity that stores ground-
water (e.g., Graham et al., 2010; Riebe et al., 2017). Regolith is thinned by erosion, which physically removes
material from the land surface, sometimes flattening and sometimes creating relief, shaping Earth's surface mor-
phology and its Critical Zone (CZ) (Brantley et al., 2007). Recently, a few models have been presented that
explain how the thickness of regolith responds to long-term changes in tectonics and climate (e.g., Dunne, 1990;
Riebe et al., 2017; West, 2012).
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But much remains unknown about coupling between physical, chemical, and biological processes within the CZ.
Several hypotheses have been proposed to describe how key components of the CZ, such as groundwater flow
(e.g., Brantley et al., 2017; Rempe & Dietrich, 2014), geochemical reactions (e.g., Lebedeva & Brantley, 2013),
climate (e.g., Anderson et al., 2013), and topography coupled to tectonics (e.g., St. Clair et al., 2015) influence
bedrock weathering and regolith thickness. A key goal is to understand coupling between the land surface, the
depth of mobile soil, and the depth to mineral reaction fronts such as those that control bedrock to regolith trans-
formations (Lebedeva & Brantley, 2020; Rempe & Dietrich, 2014).

Many of these emerging models (e.g., Anderson et al., 2013; St. Clair et al., 2015) emphasize the importance of
physical processes such as fracturing (Eppes & Keanini, 2017) in controlling regolith. For example, some have
proposed the opening of fractures in response to tectonic and topographic stresses (e.g., St. Clair et al., 2015)
while others emphasize the freeze-thaw fracturing processes that are driven by regional climate patterns during
segregation ice growth (e.g., Anderson et al., 2013). The effect of frost-cracking can propagate to relatively
deep depths depending upon climate (Anderson et al., 2013). Another set of models emphasizes the importance
of meteoric water flows and their associated influences on dissolution and precipitation reactions (Anderson
et al., 2019). If reactions occur and the dissolved products are transported away through advective or diffusive
transport, chemical weathering can create or destroy subsurface porosity (e.g., Brantley & White, 2009). One
such flow and reaction model predicts thick regolith under ridgelines that thins toward valleys (Brantley & Lebe-
deva, 2020). Similar predictions arise from another hydrologically focused hypothesis that suggests the strongest
control on the depth to unweathered material is the rate that equilibrated water is drained out of a weathering
landscape by stream incision at the valley (Rempe & Dietrich, 2014). Models have also been proposed combining
these two approaches (e.g., Harman & Cosans, 2019).

One way of evaluating these hypotheses is to use geophysical methods to map regolith for comparison to model
predictions. Geophysical methods have been used successfully to image CZ structure at length scales ranging
from centimeters to kilometers (Parsekian et al., 2015). Specifically, seismic velocities, which are a physical
property related to the density and elastic moduli of Earth materials, have been used as a proxy to delineate the
interfaces that separate soil, saprolite, weathered bedrock, and fresh crystalline bedrock (e.g., Befus et al., 2011;
Flinchum et al., 2018; Holbrook et al., 2014). Seismic velocities have also been used to estimate porosity, frac-
ture density, water content, mineralogy, and textural characteristics (e.g., Flinchum et al., 2018; Gu, Mavko,
et al., 2020; Holbrook et al., 2014; Ma et al., 2021). However, most seismic models of the CZ are 2D models,
and thus provide limited constraints spatially on the subsurface CZ structure. To date, 3D seismic images of CZ
structure are available for only a few localities (e.g., Keifer et al., 2019; Wang et al., 2019, 2020).

Here, we evaluate aspects of the hypotheses described above using a 3D Vp image of the subsurface of an east-
west oriented watershed developed on shale located in the Susquehanna Shale Hills Critical Zone Observatory
(SSHO) in central Pennsylvania, USA (Figure 1). By combining the 3D seismic velocity structure of the Shale
Hills watershed with well logs, geochemical data, a stress model, and hydrological observations, we document
the importance of climate and topographically driven water flow and chemical reactions in driving development
of the subsurface structure of the CZ.

2. Background

Our study site is a V-shaped forested subcatchment (0.08 km?) developed mostly on Rose Hill shale, with a small
portion over Keefer sandstone (Brantley et al., 2018; Sullivan et al., 2016) (Figure 1). Interbedded sandy and
calcareous shale layers occur especially towards the Keefer contact (Sullivan et al., 2016). The average dip of
shale bedding is 64° as observed in soil pits in the northern and eastern parts of the catchment, but can vary from
40° to 88°. Downhole televiewer images from boreholes near the outlet show almost flat-lying beds (Sullivan
et al., 2016). Some variations may be caused by small folds as observed in nearby outcrops (Brantley et al., 2018;
Sullivan et al., 2016).

Today's climate at Shale Hills is humid with a mean annual air temperature of 10°C and precipitation of 1,070 mm
(Brantley et al., 2018). During the past ~2 Ma, the catchment experienced a periglacial climate with repeated
glaciations (Clark & Ciolkosz, 1988) including the most recent Last Glacial Maximum (LGM) ~15 kyr ago.
The poorly stratified and variable thickness colluvial sediments in the valley floor are consistent with periglacial
deposits commonly found throughout the Valley and Ridge of central Pennsylvania (Clark & Ciolkosz, 1988).
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Figure 1. Map of Shale Hills catchment showing locations of seismic geophones, seismic shots, and boreholes used in the
study. Background is the shaded relief map from a LIDAR DEM image. The coordinate system is the Universal Transverse
Mercator system in zone 18N. Green dash line is the contact between the Keefer sandstone to the northwest and Rose

Hill shale to the southeast (from Sullivan et al., 2016). Above the yellow dash line, interbedded sandstone layers are more
frequently present (Sullivan et al., 2016).

The catchment is divided into N and S hillslopes by an ephemeral, west-flowing stream (Figure 1). The relief of
each hillslope is ~30 m and the slopes range from 8° to 30°, with N-facing slopes 5°~10° steeper than S-facing
(West et al., 2014). In general, augerable soil, thin near the ridgetops (~30 cm), thickens downslope toward the
valley, where the soil + alluvium attains thicknesses of ~3 m in some locations (Jin et al., 2010; Lin et al., 2006).
Beneath augerable soil in the lower hillslopes, variable amounts of colluvium and/or rubbly shale (both of which
are impenetrable to augering) are present. The lower reaches of the N-facing slopes are mantled by thicker soil
and colluvium than S-facing slopes (West et al., 2013). Although most of the hillslopes are sub-planar, infrequent
gullies, referred to here as swales, occasionally punctuate the slopes. These swales, more frequent on the S-fac-
ing slope (Figure 1), collect thicker soil compared to the nearby sub-planar slopes (Jin & Brantley, 2011; Lin
et al., 2006).

The subsurface structure of Shale Hills has been investigated in several previous studies using 2D P-wave velocity
profiles together with geochemical and other data (Gu, Mavko, et al., 2020; Ma et al., 2021; West et al., 2019). Four
layers were identified in these studies, with the shallowest layer (300 < Vp < 600 m/s) attributed to mobile soil,
a layer with 600 < Vp < 2,700 m/s attributed to chlorite-altered shale and a layer with 2,700 < Vp < 4,000 m/s
attributed to trace-weathered shale. The deepest layer with Vp of ~4,000—4,500 m/s was attributed to unweath-
ered shale bedrock. To characterize the shallowest layer, West et al. (2019) compared several seismic velocity
profiles to soil pits (Lin et al., 2006) and noticed that a Vp of 600 m/s defined the bottom of the (dry) mobile soil
layer, especially along hillslopes. West et al. (2019) attributed this layer to augerable disaggregated soil. Below
this mobile soil layer, Gu, Mavko et al. (2020), Gu, Rempe et al. (2020) argued that the first major growth of
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porosity in the shale occurs at depths where chlorite begins to dissolve in the shale, and deeper than that, the
shale is characterized only by trace weathering of the low-abundance minerals pyrite and carbonate as measured
from geochemical samples. The onset of chlorite dissolution was found to correspond to Vp = 2,700 + 200 m/s
(Gu, Mavkao, et al., 2020). This correspondence was observed from a 2D seismic transect that intersected two
boreholes (CZMW8 on south ridge and CZMW 10 under the valley near the outlet, Figure 1). Televiewer images
from these boreholes did not show consistent changes in fracture densities at the depths of this contour, so the
change in Vp was not attributed to fracturing (Gu, Mavko, et al., 2020). By comparing velocity profiles, sonic log
data, and the geochemistry of borehole chip samples, Gu, Mavko et al. (2020) and Ma et al. (2021) showed that
the Vp of the unweathered shale is ~4,000—4,500 m/s.

3. Data and Methods
3.1. 3D Seismic Experiment

We collected a seismic refraction data set for 3D imaging using >4,000 geophones spaced 2 m apart over the
western one-third of the Shale Hills watershed (Figure 1). The seismic data, recorded at a 2-ms sampling rate,
have a 20-200 Hz frequency range with a dominant frequency of ~50 Hz (Figures 2a and 2b). We filtered the
raw seismic data using a 4-th order wide bandpass filter with corner frequencies at 20 and 100 Hz to suppress
high-frequency noise (Figure 2a). We utilized a semiautomatic picking workflow (Figure S1 in Supporting Infor-
mation S1), validated against about 18,000 handpicked arrival times (Figure S2 in Supporting Information S1), to
obtain P-wave arrival times from seismic shots with relatively high signal-to-noise ratio. A total of about 160,000
first arrivals were obtained from 211 evenly distributed shots, resulting in uniform data coverage (Figure 2e).
The root mean square (rms) value of all reciprocal source-receiver pick differences is ~3.5 ms (Figure 2c). About
50% of the total reciprocal pairs are within 3 ms and 72% are within 5 ms. The maximum source-receiver offset
is ~150 m (Figure 2d); however, only 8% of picks came from source-receiver pairs with offset >100 m because
data quality was limited at larger offsets. A few 2D transects extracted from the data set have been modeled pre-
viously, as discussed above (Gu, Mavko, et al., 2020; Ma et al., 2021). Additional details about the data collection
and workflow are provided in the Supporting Information S1, and Ma et al. (2021) also provides details about
the data collection.

3.2. Wave-Equation Travel-Time Tomography (WTT)

We employed WTT to image the subsurface Vp structure using the P-wave arrival times. The conventional
ray-theoretic travel-time (RTT) method has been used to image Critical Zone structures in many studies, includ-
ing for Shale Hills (e.g., Befus et al., 2011; Flinchum et al., 2018; Gu, Mavko, et al., 2020; Holbrook et al., 2014;
Ma et al., 2021; St. Clair et al., 2015; West et al., 2019). The RTT computes travel time using geometric ray
theory, which is a high-frequency approximation of the wave equation. In WTT, travel time is derived from a
seismogram by solving the wave equation. Both early theoretical studies (e.g., Luo & Schuster, 1991; William-
son, 1991) and recent tomography results (e.g., Fu & Hanafy, 2017) have shown that WTT is capable to provide
more accurate and higher resolution P-velocity images compared to RTT. Our wave-equation solver, based on
the discontinuous-Galerkin method (Dumbser & Kiser, 2006; Kiser & Dumbser, 2006), achieves high-order
accuracy in both space and time on 3D unstructured tetrahedral meshes. The source we used for wave simulation
was a vertical Dirac pulse, and the synthetic seismic data generated by the WTT method were filtered using the
same bandpass filter applied to the data.

The tetrahedral mesh used in our study is displayed in Figure S3a in Supporting Information S1. The free surface
of the mesh conforms to the land surface obtained from LIDAR digital elevation map (DEM) (Figure 1). The
required minimum element size of our mesh is determined by the minimum wavelength, which can be estimated
from the Vp structure of the study area. The seismic velocities at shallow depth are much slower than at deeper
depths (Gu, Mavko, et al., 2020; Ma et al., 2021; West et al., 2019). Thus, seismic waves, for a given frequency,
have much shorter wavelengths at shallow depths compared to deeper depths. Given this, to maximize comput-
ing efficiency while retaining computing accuracy, the element size of our mesh was increased from 1 m at the
surface to 10 m at the bottom of the model, with an even coarser mesh outside our survey area (Figure S3a in
Supporting Information S1).
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Figure 2. (a) An example of a seismic shot gather after filtering plotted in source-receiver offset. (b) Frequency spectrum for a raw and filtered shot gather. (c)
Histogram of number of shot-receiver pairs versus reciprocal time difference. (d) Histogram of number of first arrival picks versus source-receiver offset. (e) source-
receiver path density. Green stars are selected shots with good data quality and the green dots are location of the geophones in Figure 1.

WTT is in essence a gradient-based iterative numerical optimization algorithm, in which we search for an op-
timal Vp model that can minimize an objective function defined in terms of the differences between observed
and model-predicted travel times. The gradient (i.e., sensitivity kernel) of our objective function was calculated
using the adjoint method (e.g., Fichtner et al., 2009; Lee et al., 2014; Tape et al., 2009; Tarantola, 1988; Tromp
et al., 2005; Wang et al., 2019, 2020) and back-propagated to improve the Vp model by reducing the travel-time
misfits. Two adjoint kernel examples are shown in Figures S3b—S3e in Supporting Information S1. Conceptually,
the adjoint kernels (perturbation of travel times with respect to velocity) tell us how to change our Vp model in
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order to reduce the travel-time misfit. In (b) and (d), the travel-time misfit is negative (i.e., synthetic arrival time
larger than observed arrival time) and the kernel is positive (warm color), indicating the velocity model is too
slow along the source-receiver path. In contrast, in (c) and (e), the travel-time misfit is positive (i.e., synthetic
arrival time smaller than observed arrival time) and the kernel is negative (cold color), indicating the velocity
model is too fast along the source-receiver path.

To initiate the iterative algorithm for optimization, a 1D starting (initial) P wave velocity model was developed
using borehole information and the previous 2D P wave velocity studies described in Section 2 (Gu, Mavko,
et al., 2020; Ma et al., 2021; West et al., 2019). Velocities were fixed at 300 m/s at the surface and 4,500 m/s
at some depth. Then, a grid search to minimize travel-time misfit was used to determine an optimal gradient
between those values (i.e., 300 and 4,500 m/s). Using the 1D starting model obtained (Figure S4a in Supporting
Information S1), 12 iterations of the WTT optimization algorithm were performed, achieving a reduction in the
rms travel-time misfit from 6 to 3.5 ms (Figure S4a in Supporting Information S1). A 3.5 ms misfit is similar
to the uncertainty of the travel-time picks. The reduction achieved in the scatter of travel-time residuals with
offset between the starting 1D model and the final 3D model is illustrated in Figures S4b and S4c in Supporting
Information S1.

4. Model Results and Subsurface Layering

To estimate the resolution, we carried out checkerboard tests using the Gauss-Newton approximate Hessian of
the last iteration (e.g., Lee et al., 2014; Wang et al., 2019, 2020). A synthetic checkboard model with positive and
negative velocity perturbation of 20% was used. The horizontal dimension of the input checkers was set to 15 m.
The vertical dimension for checkers in the topmost layer was set to 5 m and below that 10 m. Recovered check-
erboards are shown in map view at various depths and cross-sections in Figure 3. Regions with clearer recovered
checker pattern (i.e., shape and amplitude) illustrate where the resolution of the model is highest. Each individual
checker can still be identified to ~20 mbls (meters below land surface) (Figure 3). Beyond 20 m depth, bounda-
ries between checkers blur and the resolution deteriorates, especially close to the edges of the model (Figure 3).
The results of the checkerboard resolution test illustrate that our 3D Vp model can be resolved to ~20 mbls in the
center of the model and to ~15 mbls toward the margins of the model.

We show map views of the 3D seismic model at depths from 1-20 mbls in Figure 4 and provide a 3D movie in
the Supporting Information S1. To attribute geological significance to the depth-dependent velocity changes, we
follow the interpretation used by West et al. (2019), Gu, Mavko et al. (2020), and Ma et al. (2021), reviewed in
Section 2. Specifically, the shallowest layers (300 < Vp < 600 m/s) are referred to as mobile soil (noting it may
include some alluvium and/or colluvium), layers with 600 < Vp < 2,700 m/s are referred to as chlorite-altered
shale (noting it could include colluvium), and layers with 2,700 < Vp < 4,000 m/s are referred to as trace-weath-
ered shale. In samples from these latter depths, we typically only detect pyrite oxidation, carbonate weathering,
and fractures. The deepest layer is attributed to unweathered bedrock where values of Vp are ~4,000—4,500 m/s.

4.1. Depth of Mobile Soil (Vp = 600 m/s)

Using a value of Vp = 600 m/s to estimate the depth of mobile soil yields an estimate for mobile soil that is gen-
erally <0.5 m along S-facing sub-planar hillslopes (Figure 5a). In contrast, on the N-facing sub-planar hillslopes,
the regolith thickness is highly variable, ranging from 0 to ~1.3 m (Figure 5a) and to as deep as 2 m under the
swale on that slope. These values for mobile soil on hillslopes are all roughly consistent with field observations,
as described in previous publications (e.g., Jin et al., 2010; Lin et al., 2006).

However, along the valley floor, we observed discrepancies in depths of field-observed mobile soil (4+-alluvium)
when we predicted it using the value of Vp = 600 m/s. For example, this Vp leads to the inference of almost zero
mobile soil + alluvium thickness along parts of the valley floor (Figure 5a) even though augering has shown the
thickness is as deep as 3 m in several points along the valley floor (Lin et al., 2006; West et al., 2014). We hypoth-
esized this discrepancy is caused by water saturation along the valley floor during the wet month of our seismic
experiment because seismic velocities of soil and sediment are much higher when water-saturated as opposed to
air-saturated (e.g., Nur & Simmons, 1969). The seismic velocities in the mobile soil are especially affected by wa-
ter saturation in the valley because the water table depth varies temporally from above the land surface (snowmelt
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to early summer) to 1-2 mbls (approximately July through April) in the channel (it varies from ~18 to 25 mbls
under the ridge crests) (Sullivan et al., 2016).

To explore this hypothesis, we assumed 30% porosity (Gu, Mavko, et al., 2020; Lin et al., 2006) and used the
rock-physics model presented in Gu, Mavko et al. (2020) for Shale Hills to predict the mobile soil thickness
(Figures 5b and 5c) from the seismic velocities based on different saturation assumptions, that is, 100% gas- and
100% water-filled material. The 100% gas-filled model predicts thin mobile soil thicknesses throughout much of
the study area (Figure 5b) that differ substantially from thicknesses observed in the field along the valley floor
(Figure 5a). The 100% water-filled porosity model predicted a more reasonable mobile soil thickness along the
valley floor (Figure 5c). Our seismic model thus yields mobile soil thicknesses that are consistent with field
observations (and with the work of West et al., 2019), but only if the varying degree of water saturation in valley
bottom and hillslopes is incorporated.
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Figure 4. (a) Map view plots of the 3D Vp model results plotted at depths varying from 1-18 mbls as indicated in lower left corner of each panel. Areas close to the
data array boundary with limited resolution are masked out. P1-4 are markers reference in the text to highlight important features of the model. (b) 2D transect of

3D Vp along the valley floor extracted from the 3D model. (c) 2D transect of 3D Vp across the valley floor extracted from the 3D model. The red solid lines on the
LIDAR hillshade map show the locations of the 2D transects. The white contour in the 2D Vp transects shows the Vp of 2,700 m/s, which corresponds to the onset of
the chlorite dissolution front. Orange horizon lines at the bottom of black vertical lines indicate the geochemically measured depth of initiation of chlorite dissolution
(Table S1 in Supporting Information S1).

4.2. Depth of Chlorite-Weathered Shale (Vp = 2,700 m/s)

Next, we examine deeper Vp variations, focusing on the contour of Vp = 2,700 m/s that has been attributed to the
major onset of growth of porosity in the shale as chlorite weathers (Gu, Mavko, et al., 2020). We retested the hy-
pothesis that chlorite begins to weather at Vp = 2,700 m/s from Gu, Mavko et al. (2020) for additional boreholes
(Figure 6) by extracting the P-wave velocities from our 3D Vp model at each well where chlorite dissolution was
noted from geochemical measurements on core material (Table S1 in Supporting Information S1). The Vp at the
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inferred onset of chlorite dissolution determined geochemically from the wells ranges from ~2,400 to 3,300 m/s
with an average value of 2,840 + 340 m/s (Table S1 in Supporting Information S1), consistent with the published
estimate (2,700 m/s + 200 m/s). The largest discrepancy was found at CZMW8, located within 1.5 m of the mod-
el boundary (Table S1 in Supporting Information S1) where model resolution degrades (Figure 3). If we ignore
CZMWS&, the average value for onset of chlorite dissolution is 2,686 + 228 m/s, within the error of 2,700 m/s (Gu,
Mavko, et al., 2020; Ma et al., 2021).
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Figure 6. (a) 3D perspective view and (b) 2D map view of the chlorite dissolution front colored by depth to onset of chlorite dissolution. The gray grid of land surface
is shifted up 100 m for a better visualization of both land and weathering front surfaces. The elevation of the onset of chlorite dissolution was extracted from the seismic
model using Vp of 2,700 m/s. The depth (b) to onset of chlorite dissolution was calculated subtracting the chlorite dissolution front elevation from the land surface
elevation. White circles are locations of the three boreholes shown in Figure 1.
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4.3. Depth to Unweathered Bedrock

Because well-resolved seismic structures in the 3D model are restricted to ~20 mbls, the depth of trace-weathered
shale is only observed in some regions of the catchment. Nonetheless, the topography of the depth to bedrock,
inferred from Vp =~ 4,000 m/s, changes sharply in one location, namely along the north ridge near the outlet
where lower seismic velocities are observed beneath the northwest side of marker P3 in Figure 4. This is the only
area of the catchment not underlain by Rose Hill shale. Sandy and limey layers are more frequent near the con-
tact between shale and Keefer sandstone (Figure 1). The orientation of this velocity boundary is approximately
parallel to the contact of the Keefer sandstone and the Rose Hill shale. The reduction in seismic velocity in this
area is therefore attributed to the increase of carbonate-rich and sandy interlayers as the shale formation grades
to sandstone.

4.4. Roughness and Topography of Weathering Interfaces

From Figures 4 and 6, we can make some broad observations about the roughness and topography of the subsur-
face reaction landscapes (interfaces marking initiation of weathering reactions). We focus on the interfaces be-
tween (a) mobile soil and chlorite-altered shale, and (b) chlorite-weathered and trace-weathered shale. Roughness
is considered at the scale of resolution of the seismic model (~15 meters).

First, the interfaces defined by Vp = 600 m/s (bottom of mobile soil) and 2,700 m/s (onset of chlorite dissolution)
are generally rougher than the surficial landscape (Figures 4 and 6). The mesh plot in Figure 4a reveals that inter-
face marking the onset of chlorite dissolution (the chlorite weathering front) shows more variations as compared
to the surficial landscape.

A second important observation is that the contour for Vp ~ 600 m/s is deeper beneath the N-facing than S-facing
slopes (marker P1 in Figure 4), that is, the mobile soil is thicker on sub-planar hillslopes on the shadier side of
the catchment. Vp values are also faster beneath the valley (marker P2 in Figure 4) than under the hillslopes at
comparable depths below land surface, that is, the subsurface landscapes delineating the bottom of mobile soil
and chlorite alteration are shallower under the valley than hillslopes.

Finally, we also observe that beneath the one swale within our study area, velocities are slower at shallower depths
(1-8 mbls) but faster at larger depths (below 8 mbls) compared to the adjacent sub-planar regions of hillslope
(marker P4 in Figure 4). This means that the depth of mobile soil is thicker in swales, as previously noted (Lin
et al., 2006), but that the depth of the interface between chlorite-weathered and trace-weathered shale rises closer
to the land surface under the swale.

5. Discussion

We now examine the spatial variations in our 3D model, focusing on the contours for 600 (depth of mobile soil),
2,700 (depth of chlorite-altered shale), and 4,000 m/s (depth of unweathered bedrock), together with information
from geochemistry, hydrology, and fracturing to explore the hypothesized weathering mechanisms mentioned in
the introduction, namely topographic stress-induced fracturing (St. Clair et al., 2015), climate-driven fracturing
(Anderson et al., 2013; West et al., 2019), and a coupled hydrogeochemical flow and reaction (Brantley & Lebe-
deva, 2020; Rempe & Dietrich, 2014).

To test the stress-induced fracturing mechanism, we calculated a 3D stress model and the failure potential, FP,
as a function of depth and position using the same approach as St. Clair et al. (2015). Additional information is
summarized in the Supporting Information S1 and Ma et al. (2021). FP is a dimensionless proxy that represents
the likelihood of generating and reactivating shear fractures (Iverson & Reid, 1992). FP, calculated as the ratio
between maximum shear and mean normal stress, varies from 0 (low likelihood of fracture opening) to 1 (high
likelihood of fracture opening). We cannot determine whether a fracture opens at any depth from a given value
of FP because fracture opening in near surface environments is a complex function of fracture orientations and
characteristics, porewater saturation, fluid reactivity, rock composition, and texture (Eppes & Keanini, 2017).
We therefore consider only arbitrary values of FP and their relative magnitude variations. For reference, a recent
study by Moon et al. (2020) analyzed ~50,000 fractures from granitic rocks, over a depth range of 600-0 m in
Sweden. A comparison between the actual fracture openness and shear failure proxy on fracture planes showed
that fractures with FP > 0.4 were likely to be open.
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Ma et al. (2021) showed that for the stress model to account for variations in P-wave velocities along two profiles
extending across the Shale Hills watershed and into neighboring catchments, the compressive stresses in this
region of the Valley and Ridge must be weak. Therefore, here we consider the results for only the scenario with
a weak horizontal compression, and for each subsurface interface, we discuss each of the proposed models of
weathering.

5.1. Controls on Depths of Mobile Soil

Our 3D seismic velocity model reveals an aspect-related asymmetric pattern of depth of mobile soil (Vp < ~
600 m/s) (Figures 4, 7, and S5a in Supporting Information S1). This asymmetry was previously noted by West
et al. (2019) using multiple 2D seismic transects along N and S slopes at Shale Hills. They showed that aspect-de-
pendent microclimates during periglacial climates—such as experienced at Shale Hills during the LGM—can
explain the asymmetries in depths of regolith and in surficial topography. Specifically, their explanation suggests
that frost-cracking under the shadier (N-facing) hillside extends to larger depths than under the sunnier (S-facing)
hillside, but the frequency of frost-cracking events under the sunnier hillside is higher than under the shadier side.
The asymmetry in depth of cracking was invoked to explain deeper regolith on the N-facing side of the catchment,
while the lower cracking frequency on the N-facing side was invoked to explain why the erosional efficiency of
the N-facing side is lower (West et al., 2013). The lower erosional efficiency of the N-facing side in turn explains
why the N-facing hillside steepened over geological time and why colluvium is retained to a greater extent at
the base of the N-facing as opposed to the S-facing hillslope. These observations thus support the climate-driven
frost-cracking hypothesis as an important mechanism in explaining depths of mobile soil as well as why N-facing
slopes are steeper than the S-facing slopes. This latter asymmetry is also observed in other similarly oriented
valleys in the Valley and Ridge physiographic province in the northern hemisphere (West et al., 2014).
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We next test if, in addition to frost-cracking as a mechanism, the topography-coupled stress-driven fracturing
model could also contribute to explaining mobile soil thickness. Figure 7 shows the mapped FP calculated for the
catchment. This figure shows that the frost-cracking model is a better explanation for the asymmetric pattern of
depth of mobile soil (Vp ~ <600 m/s) than topographic stress-induced fracturing (St. Clair et al., 2015). Specif-
ically, the 3D stress model shows higher FP extending to deeper depths beneath the S-facing slope (marker P2 in
Figure 7f) than the N-facing slope (marker P1 in Figure 7f). This prediction is opposite to the observed depths
of mobile soil (600 m/s contour) (Figure 7e). Therefore, the topographic stress model is inconsistent with the
observed mobile soil thickness.

A third explanation for the observed variations in mobile soil thickness is a hydrogeochemical flow and reaction
model for regolith growth. Specifically, the extent or depth of geochemical reaction generally increases with
the flux of water through weathering material (Brantley & Lebedeva, 2020) and more water fluxes through the
soils on the N-facing than S-facing sides because the shady side loses less water to evapotranspiration (Sullivan
et al., 2019). This hydrogeochemical model thus can contribute to explaining why the N-facing soils are gener-
ally deeper than S-facing soils. In addition, this model can also explain why N-facing soils are more depleted in
base cations and clays compared to the S-facing soils (Ma et al., 2013; Sullivan et al., 2019). Frost-cracking and
hydrogeochemical weathering are thus viable explanations for the asymmetry in mobile soil depths on the two
sides of the catchment, whereas the topographic stress model is not.

5.2. Controls on Depths of Chlorite-Weathered Shale

We now test if the topography and roughness of the interface defined by the 2,700 m/s contour can be explained
by one or more of the three hypotheses. We first consider if frost-cracking could explain these aspects of the
Vp = 2,700 m/s contour under the two types of hillslopes in the catchment (e.g., Brantley et al., 2018), namely
sub-planar hillslopes and the concave-up valley and swales. Sub-planar slopes are locations where soil loss is
largely diffusive in nature (e.g., Roering et al., 1999) while swales represent where channels initiate and remove
soil advectively as well as diffusively (e.g., Perron et al., 2012). One relatively large swale is located on the
N-facing hillslope (Figure 1).

To investigate concave-up land surface, Figure 7 was plotted to show the seismic transect (intervals of 5—-12 m)
that crosses the entire valley floor and one 2D transect along the valley axis. We similarly plotted three roughly
parallel 2D transects along the N-facing hillslope crossing the swale at different positions sequentially from the
ridgetop toward the valley and one 2D transect along the swale. In Figure 7, the highlighted white line is the
2,700 m/s contour, that is, inferred initiation of chlorite dissolution (and onset of porosity growth in shale matrix).
The average depth 2,700 m/s contour is plotted by aspect in Figure S5b in Supporting Information S1.

We cannot test the frost-cracking hypothesis as a function of aspect for the swale because we only have one swale
in the 3D model, so we only consider the frost-cracking model with respect to the valley versus hillside. Figure 7
shows that the contour for Vp = 2,700 m/s plots deeper under the N-facing slope (marker P1 in Figure 7e) than
S-facing slope (marker P2 in Figure 7e). Frost-cracking has similarly been calculated to extend deeper under
the N-facing as compared to the S-facing side of the catchment (West et al., 2019). We therefore conclude that
climate-driven frost-cracking is a viable explanation for the subsurface pattern with respect to Vp = 2,700 m/s
at P1 than P2.

We next test the tectonic-driven topography-coupled fracture model by again considering the stress model calcu-
lated for the transect that crosses the entire valley floor (Figure 7f). Broadly, the patterns in Vp mimic those of
the weak stress model, suggesting that fractures open to shallower depths under the valley than under the ridges.
For example, the depth to Vp = 2,700 m/s is shallower along the valley floor as compared to under the planar
hillslopes (Figure 7g). At the same time, along the axis of the valley floor, the depth to 2,700 m/s is almost con-
stant, ranging from 2-6 m (Figure 7g). Likewise, the depth to an arbitrary value of the FP is also shallower under
the valley than under the hillslopes (Figure 7e) and the depth to an arbitrary value of the FP along the valley floor
is similarly constant (Figure 7h).

Broad agreement is also observed between the patterns of Vp and FP under the swale. The seismic transects in
Figure 7 show that even though the depth of mobile soil in the swale is thicker than on nearby planar hillslopes
(presumably because of convergent advection of water and soil into the swale), the depth to Vp = 2,700 m/s is
shallower under the swale (marker P2 in Figure 7a) than under adjacent planar hillslopes (marker P2 in Figure 7a).
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Figure 7c also shows that along the swale from ridgetop to channel, the depth to Vp = 2,700 m/s is almost con-
stant. Similarly, the depth calculated to FP = 0.8 is shallower (marker P2 in Figure 7a) than similar depths under
the nearby planar hillslopes (marker P2 in Figure 7a). Likewise, along the axis of the swale from ridgetop to
channel, the depth calculated to FP = 0.8 is almost constant (Figure 7d). Thus, at the same depth below the land
surface, the FP is larger under the planar hillslopes as compared to under the swale, consistent with the potential
for fractures to open to greater depths under the planar hillslopes compared to the swale. Such patterns could
contribute to the patterns in Vp.

However, despite the broad agreement of Vp and FP under the weak stress regime, the Vp models show some
inconsistences with the FP maps. For example, abundant second-order heterogeneities, especially along the val-
ley floor (Figure 7g), are not easily explained with the fracturing model. More significantly, the fracture model
predicts potentially higher FP (and thus, deeper fracturing) under the S-facing slope (marker P2 in Figure 7f)
than the N-facing slope (marker P1 in Figure 7f). This prediction contradicts our observation from the contour
of Vp = 2,700 m/s that the depth of the contour is deeper under the N-facing (marker P1 in Figure 7e) than the
S-facing slope (marker P2 in Figure 7¢). Thus, frost-cracking explains the catchment-wide asymmetries in Vp of
N- and S-facing hillslopes better than the topography-driven fracturing model.

Finally, the third model, hydrogeochemical flow and weathering, provides a viable explanation of the patterns in
Vp under the valley shown in Figure 7. These patterns in Vp are consistent with a vertically downward advance
rate for chlorite dissolution that is constant everywhere along the axis under the valley or swale but slower than
under nearby planar hillslopes when considered at similar depths. Hydrogeological observations of the watershed
have shown that most of the precipitation into the catchment is channeled to the valley in shallow subsurface
pathways instead of flowing vertically to the deep subsurface under sub-planar hillslopes and that much of the
precipitation onto hillslopes near the swales are channelized to the swales, flowing downslope to the valley (Liu
& Lin, 2015). These flow patterns limit the downward infiltration (and weathering) under concave-up land sur-
faces and potentially explain the shallowness of the depth to Vp = 2,700 m/s under the valley and swale. This
attribute of concave-up land surface is important because the strongest control on weathering advance is usually
the availability of meteoric water (e.g., Brantley et al., 2013).

The somewhat-paradoxical picture that emerges is that the predominantly wet valley and swales starve the deep
subsurface under their channels from receiving vertically infiltrating water as compared to the nearby hillsides
because they tend to remain hydraulically connected and drained by the stream (e.g., Liu & Lin, 2015). An addi-
tional contributor to this removal of water from the downward infiltration path under concave-up features is tree
density. Tree density is higher in the valley and swales (Brantley et al., 2018) and this promotes the loss of swale
water to evapotranspiration.

Other factors that might affect weathering under concave-up land surface largely cannot explain the observations.
For example, compared to the planar hillslopes, swales at Shale Hills have higher organic content (Andrews
et al., 2011), biomass, and oxygen concentrations (Yesavage et al., 2012), all of which might affect weathering.
But the sum of these factors would likely result in a higher concentration of organic acids, and this also promotes
faster, rather than slower, weathering (Ganor et al., 2009). Thus, unlike the patterns of water flow, none of these
other factors are consistent with slower weathering under swales.

Other observations can also be reconciled with the hydrogeochemical flow + reaction mechanism. For example,
some of the second-order heterogeneities shown in Figure 7g that are difficult to explain with the frost-cracking
or topographic-driven fracturing mechanisms could be explained by flowpath patterns along the valley floor.
Specifically, in addition to water flowing downward along the hillslopes, borehole logs have shown that water
also flows upward above 21 mbls at well CZMW 10 in the valley floor (Gu et al., 2020a) and chemistry of valley
floor soil porewaters yield evidence of mixing between hillslope and subsurface valley waters that could accom-
pany such upwelling (Jin et al., 2011). We propose that the second-order heterogeneities in Figure 7g along the
valley may indicate such upwelling points.

In summary, the patterns in Vp in the shallow subsurface of Shale Hills (~20 mbls) are most consistent with
a vertical advance rate for chlorite dissolution that is constant everywhere along the axis under the valley and
swale but that is slower than under nearby planar hillslopes. Comparisons between Vp, FP, and the potential for
subsurface weathering as shown in Figure 7 suggest that the topography-driven fracturing mechanism may con-
tribute to subsurface weathering to some degree (producing broad agreement between Vp and FP), but the details
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Figure 8. A schematic diagram showing how micro-climate effects result in asymmetries in surface slope and regolith depth at Shale Hills.

of shallow subsurface weathering patterns are best explained by climate- and topography-driven frost-crack-
ing + water flow + biogeochemical reaction. Finally, structural variations in dip, folding, and lithology (Figure 1)
are important for explaining small-scale variations in the buried interfaces of weathering. Such local geological
heterogeneities explain why the subsurface weathering interfaces are rougher than the landscape surface (Fig-
ure 6), which is smoothed by downslope soil creep.

5.3. A Model for Catchment Evolution

The aspect-related micro-climate variation apparently plays a primary role in controlling the generally steeper
and thicker depth of weathering under N-facing slopes at Shale Hills (both depth of mobile soil and depth to
onset of chlorite dissolution). Shale Hills shows only limited influence from the weak compression experienced
by the watershed and its associated topographically induced fractures (Ma et al., 2021). As discussed by Ma
et al. (2021), the compressional regime may be weaker than inferred in other watersheds to the south (St. Clair
et al., 2015) because of (a) the low strength of shale (i.e., its tendency to self-seal openings between bedding
planes) or (b) its proximity to the glacial advance during the LGM (Ma et al., 2021). Regardless, the very low
compressional stress regime is only a secondary influence on depths of weathering in the shallow subsurface
(~20 mbls) at this location (it may be more influential at greater depths (e.g., Moon et al., 2020)).

Figure 8 shows a hypothetical, schematic diagram summarizing the development of the Shale Hills catchment.
Based on the estimated erosion rate of 30 m/My (West et al., 2013) and an average relief of 30 m, the catchment
has evolved for ~1 My. Positing a nominally flat hypothetical landscape with only micro-topography at time zero
(Figure 8a), the potential for topography-driven fracture opening in the subsurface was minimal. However, very
small undulations of the rough land surface would eventually have channelized water flow and advective trans-
port of soil, allowing a channel to grow into a stream (Figure 8b). With channel growth, topography would also
grow and the channel would have oriented east-west so as to cut through the highly resistant Keefer sandstone.
Eventually, the subsurface FP from topographic stress would have become large enough to promote open subsur-
face fractures. Erosion was likely especially fast during periglacial periods, when frost-cracking events were fre-
quent, affecting the erosional efficiencies of the catchment hillsides. In response to its lower erosional efficiency
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(related to aspect), the N-facing side would have steepened as feedbacks drove the watershed toward a steady-
state land surface geometry that could be roughly maintained over timescales of 1000s of years (Figure 8c).
Throughout the periglacial periods during the last 1 My, the depth of frost-cracking under the shaded N-facing
hillside remained greater than under the S-facing side, allowing deeper hydrogeochemically driven weathering of
the subsurface under the more shaded side of the catchment. This climate-driven hydrogeochemical asymmetry
can thus explain the asymmetry in erosional efficiency, hillslope, clay content, and base cation content (Sullivan
etal., 2019; West et al., 2019).

6. Conclusion

We used data from an extraordinarily dense seismic deployment to image a 3D seismic structure of a small
well-studied watershed to understand bedrock weathering. The three-dimensional seismic Vp model obtained
from the data yielded sufficient resolution to image the subsurface landscapes of weathering to ~20 mbls. The
mobile soil thickness predicted from seismic velocities are consistent with geochemical measurements from
boreholes and observations from soil pits as long as the water saturation is included in the interpretation. We also
mapped the depth to onset of chlorite dissolution under the watershed using the Vp of 2,700 m/s, a value shown
previously (and corroborated here) that correlates with the onset of growth of porosity. The interface defined by
this Vp contour is rougher than that of the land surface itself, an observation attributed to the heterogeneities in
the deformed shale as well as smoothing of the land surface by diffusional soil processes. We found depths of
weathering were deeper under N-facing as opposed to S-facing slopes and under planar hillslopes as compared
to a swale and the valley bottom. Such patterns in weathering are best explained by a climate-driven model
that invokes frost cracking and hydrogeochemical flow + reaction influenced by micro-topography (swales) and
macro-topography (valley orientation). Concave-up channels starve the underlying subsurface from receiving
vertically downward infiltration of water, slowing weathering below the channel axis. In addition, aspect-related
differences in micro-climate on the N and S sides of the catchment explain differences in infiltration rates on
each side. Our 3D Vp model broadly corresponds to the 3D stress field calculated for a weak stress regime, but
the details of the Vp patterns (e.g., Vp = 600 m/s and 2,700 m/s) are explained better by topographic control
on micro-climate and water flow. In this shale catchment, the effects of micro-climate and water flow are the
primary controls on the depths to which weathering extends in the upper 20 meters of weathering, while opening
of nonclimate-related fractures from the very low compressional stress regime provides a secondary influence.

Data Availability Statement

Seismic data are available from the IRIS Data Management Center and borehole logs from the Shale Hills CZO
webpage (http://www.czo.psu.edu/data_geochemical_geophysical.html). Computational resources used in this
study were provided by the NCAR-Wyoming Supercomputing Center.
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