
1.  Introduction
The surface topography of many landscapes is organized into repeating ridges and valleys (Hack & Good-
lett, 1960; Hovius, 1996; Perron et al., 2008, 2009; Shaler, 1899; Talling et al., 1997), indicative of a com-
monality in process resulting in a similarity in hillslope form. Is the structure of the subsurface similarly 
organized, exhibiting a common or repeated form? The study of soil production and transport has revealed 

Abstract Bedrock weathering regulates nutrient mobilization, water storage, and soil production. 
Relative to the mobile soil layer, little is known about the relationship between topography and bedrock 
weathering. Here, we identify a common pattern of weathering and water storage across a sequence of 
three ridges and valleys in the sedimentary Great Valley Sequence in Northern California that share a 
tectonic and climate history. Deep drilling, downhole logging, and characterization of chemistry and 
porosity reveal two weathering fronts. The shallower front is ∼7 m deep at the ridge of all three hillslopes, 
and marks the extent of pervasive fracturing and oxidation of pyrite and organic carbon. A deeper 
weathering front marks the extent of open fractures and discoloration. This front is 11 m deep under two 
ridges of similar ridge-valley spacing, but 17.5 m deep under a ridge with nearly twice the ridge-valley 
spacing. Hence, at ridge tops, the fraction of the hillslope relief that is weathered scales with hillslope 
length. In all three hillslopes, below this second weathering front, closed fractures and unweathered 
bedrock extend about one-half the hilltop elevation above the adjacent channels. Neutron probe surveys 
reveal that seasonally dynamic moisture is stored to approximately the same depth as the shallow 
weathering front. Under the channels that bound our study hillslopes, the two weathering fronts coincide 
and occur within centimeters of the ground surface. Our findings provide evidence for feedbacks between 
erosion and weathering in mountainous landscapes that result in systematic subsurface structuring and 
water routing.

Plain Language Summary The patterns of bedrock weathering concealed beneath the 
surface have important implications for the water cycle. In many upland landscapes, sequences of 
ridges and valleys result from river incision into bedrock, which organizes the landscape into hillslopes 
separated by channels. While surface topography of these landscapes is easily visible, the structure 
of weathered bedrock beneath the surface and its relationship to overlying topography are unknown. 
In this study, we observed systematic patterns of weathering and water storage under three hillslopes 
that make up a repeating ridge-valley sequence formed in sedimentary bedrock. Across the study area, 
weathering is thickest under ridges and thins downslope toward adjacent valleys, where fresh bedrock 
lies almost directly below channels. Interestingly, the depth of extensive weathering and seasonal water 
storage at the ridges was comparable across all three hillslopes, while open fractures and discoloration 
persist to a deeper depth under the longer hillslope. These observations provide a basis for scaling point 
measurements of weathering to the landscape scale, which is a much-needed tool for models of earth 
surface processes.
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relationships between topography and soil thickness, such that the physically mobile soil layer varies sys-
tematically with hillslope curvature (Heimsath et al., 1997). The pattern of weathering of the underlying 
bedrock, which influences water and sediment transport, may also be related to topography in some way. 
However, because this structure is hidden below ground, our observations are limited to sporadic roadcuts, 
quarries, drilling, and geophysical imaging. In comparison to the readily observable soil and land surface, 
we have a poor understanding of the pattern of weathered bedrock at landscape scales.

The limited field data that exist have motivated a number of process-based conceptual models that couple 
the evolution of the land surface and the bedrock weathering front. In considering the time evolution of 
these mechanisms, it is useful to think in terms of “unit hillslopes,” that span individual channel-to-divide-
to-channel landscape units. Channel incision at the base of a hillslope defines the boundary condition for 
soil transport and landsliding, creating a hillslope form that reflects the relevant transport processes. Given 
constant tectonic uplift, erosion can progressively lead to steady-state topography (e.g., Armstrong, 1980; 
Gilbert, 1909; Heimsath et al., 1997; Hirano, 1975; Roering et al., 2001; Willett et al., 2001). In this con-
text, one can consider the mechanisms that link the evolution of surface topography to processes that alter 
bedrock by weathering. Observational studies of weathering profiles across different rock types, tectonic 
regimes, and climates (e.g., Brantley, Holleran, et al., 2013; Hahm et al., 2019; St. Clair et al., 2015) have 
motivated model frameworks, which incorporate specific weathering mechanisms. One approach for treat-
ing the relationship between topography and the depth of weathering is parallel to established soil produc-
tion functions whereby the rate of weathering front propagation is an inverse function of the thickness of 
weathering (Booth et al., 2013; Hilley et al., 2010). Another approach is to consider the influence of hillslope 
topographic orientation and convexity on fracture penetration as driven by frost cracking or regional stress 
fields (Anderson, Anderson, & Tucker, 2013; Slim et al., 2015; St. Clair et al., 2015). Other approaches are 
centered around the way in which water penetrates and drains from hillslopes. For example, the position 
of the water table, and thus the maximum penetration of reactive, meteoric gases, has been linked to the 
maximum depth of weathering (Goodfellow et al., 2011; Wan et al., 2019). Rempe and Dietrich (2014) con-
sider the movement of water within the unweathered bedrock. They propose that the pace of the lowering 
of the elevation of chemically equilibrated groundwater in a hillslope may be driven by channel incision 
that induces lateral drainage. Other studies emphasize lateral water fluxes within the weathered bedrock, 
whereby climate plays a role through the rate of groundwater recharge and delivery of meteoric waters to 
the base of the weathering front (Anderson, Rajaram, & Anderson, 2019; Brantley, Lebedeva, et al., 2017; 
Harman & Cosans, 2019). Taken together, these proposed mechanisms support the notion that the spatial 
pattern of weathered bedrock can evolve in tandem with the land surface. Furthermore, this suggests that 
the depth of weathering may be inferred from topography alone in some cases.

The spatial pattern of bedrock weathering depth has important consequences across a wide range of Earth 
surface processes. Mounting evidence suggests that weathered bedrock plays a critical role in routing 
water and/or nutrients through hillslopes (e.g., Canadell et al., 1996; Hasenmueller et al., 2017; Jackson 
et al., 1999; Nie et al., 2011; Sternberg et al., 1996; Witty et al., 2003). Rooting in bedrock is common, and 
water stored in weathered bedrock can be a critical water supply to plants, especially in drought years (Ar-
kley, 1981; Hubbert et al., 2001; Jackson et al., 1999; Lewis & Burgy, 1964; Rempe & Dietrich, 2018; Rose 
et al., 2003; Scholl, 1976; Schwinning, 2010; Zwieniecki & Newton, 1996). Drainage from weathered bed-
rock generates streamflow, determines streamflow chemistry, and in many cases sustains baseflow during 
dry periods (e.g., Lovill et al., 2018; Montgomery et al., 1997; Onda, Komatsu, et al., 2001; Onda, Tsujimura, 
& Tabuchi, 2004; Salve et al., 2012; Uchida et al., 2002). The extent to which weathered bedrock is altered 
also plays a significant role in landscape evolution. Because weathered bedrock determines how water is 
routed through hillslopes, it also impacts subsurface pore pressures, which regulate shallow landslide trig-
gering and earthflow velocities (Bennett et al., 2016; Booth et al., 2013; Montgomery & Dietrich, 1994). The 
extent to which bedrock is altered before becoming mobile soil is important to predict the size distribution 
and competence of sediment delivered to channels, which impacts channel incision (Sklar et al., 2017). In 
applied engineering, delimiting the extent of deep weathering is vital to any project requiring solid bedrock 
for foundations or the knowledge of water movement in the subsurface (Ruxton & Berry, 1959; Schoen-
eberger et al., 1995).
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In spite of the importance of bedrock weathering, its spatial pattern at landscape scales remains large-
ly terra incognita. Improving our capacity to predict and map the subsurface across hillslopes at regional 
scales has been identified as a key research frontier for earth system models (Fan et  al.,  2019; Pelletier 
et al., 2016). Studies of weathering profiles in one- or two-dimensions have identified key characteristics 
and guided new hypotheses and models, but it has not yet been established that weathering profiles within 
a given landscape should have some systematic structure or relationship with topography. Furthermore, 
the relationship between depth of weathering and depth of dynamic water storage (in the unsaturated and 
saturated zones) is unclear. In this paper, we investigate the weathering profile structure under hillslopes in 
a highly structured ridge-valley sequence through deep drilling. We exploit three hillslopes with common 
underlying lithology, climate and tectonic history, which share hillslope form but have distinct ridge-valley 
spacing. We hypothesize that topography and subsurface weathering processes respond to similar boundary 
conditions over similar timescales such that a systematically structured weathering profile emerges and 
repeats across individual hillslopes.

2.  Site Description
The topography of our study area is strongly controlled by regional geology: topographic ridges, meter-scale 
topographic perturbations influenced by underlying lithologic bedding, and drainages tend to lie parallel 
or perpendicular to the regional strike of dipping sedimentary beds (Dohrenwend, 1974). The study wa-
tershed (39.1474°, −122.3447°; Figure 1b) is on private ranchland (Rancho Venada), 16 km west of Wil-
liams, California. The watershed is unnamed on the USGS topographic quadrangle of the area (Manor 
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Figure 1.  (a) is a Google Earth image of the study site (with terrain height-scaled 2x), where the red outlines delineate the Mountain House catchment and 
subcatchments. (b–d) are hillshade maps of the study site, where (c and d) are hillshade maps zoomed in to the MH7 and MH3 hillslopes (respectively) and 
include borehole locations and cross-sections lines, which are used to illustrate hillslope profiles in Figures 2 and 8.
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Slough). Indigenous residents of the local area include members of the Kletsel Dehe Wintun Nation. We 
have dubbed the study watershed Mountain House after the historic settlement at the watershed mouth. 
Mountain House Creek is seasonally ephemeral, and drains to the south where it joins the east-flowing 
Freshwater Creek, which cuts through ridges on the eastern edge of the Northern California Coast Ranges 
before meeting the Central Valley (creeks labeled in Figure 1b). The drainages that flow to the west within 
the Mountain House (MH) catchment are named in ascending order moving northward from the catch-
ment mouth (MH0, MH1, etc.). Study hillslopes are located within the MH subcatchments (Figures 1c, 1d, 
and S1).

2.1.  Geologic and Tectonic Setting

The site is underlain by steeply dipping (50–60° to the east) marine sedimentary beds of the Great Valley 
Sequence, which strike north-north-west. The homoclinal beds lie to the east of the Stony Creek fault zone 
and extend east under the Sacramento Valley (Rich, 1971). The highest resolution geologic map of the area, 
by Rich (1971) at a scale of 1:48,000, describes rocks under the study hillslopes as predominantly thinly 
bedded and laminated Cretaceous mudstones to siltstones, containing Albian and Cenomanian-aged mac-
rofossils. Laterally extensive sandstone lenses are also common, and consist primarily of quartz, feldspar, 
and rock fragments (Rich, 1971). The beds are interpreted to result from a mixture of fine-grained hemi-
pelagic sedimentation interspersed with episodic coarse-grained sedimentation associated with turbidity 
currents (Rich, 1971). A variety of models have been put forward to describe the structure and timing of the 
post-Cretaceous uplift and tilting of the western Great Valley Sequence that underlies our field area (see 
e.g., Constenius et al., 2000). Based on structural relationships, fossils, and seismic surveys, these works 
generally indicate that deformation (uplift) of the Great Valley Sequence was greatest between the mid-Mi-
ocene to late-Pleistocene (Ernst, 1970; Hackel, 1966), primarily along blind thrust faults (e.g., Unruh & 
Moores, 1992).

2.2.  Topographic Description

The Mountain House catchment is 1.58 km2 and ranges from 94 to 581 m above sea level, with a mean 
elevation of 293 m. A series of hillslopes with successively larger topographic relief are aligned from south 
to north in the lower half of the Mountain House catchment. The site, like the surrounding eastern edge 
of the Northern California Coast Ranges underlain by the Great Valley Sequence, is highly organized into 
ridge-valley topography at a variety of scales. Major ridges and drainages trend parallel to the strike of 
the bedding. Field surveys of bedrock exposure in Freshwater Creek confirm the lithologic descriptions of 
Rich (1971). Bedrock exposures in channel beds tend to occur where recent landslides and/or debris flows 
promoted local scour. The bedrock also manifests itself across both the exposed-bedrock and soil-mantled 
portions of the hillslopes as north-north-west trending lineations. The eastern boundary of the Mountain 
House catchment is a thick unit of sandstone that appears to “hold up” the ridge. The sandstone ridgeline 
consists of an exposed bedrock escarpment of 3–4 m that sheds large boulders. On both the eastward-facing 
slopes bordering the west side of Mountain House Creek and the east-facing slopes to the east of the eastern 
watershed boundary there are subtle topographically convergent zones, but no substantially incised valleys. 
Although at a coarse scale it appears that these eastward-facing slopes are dip slopes (i.e., defined by an 
individual, laterally extensive bed), the bedding dips more steeply than the ground surface, and upon closer 
examination a series of lineations defining the intersection of bedding with the ground surface is visible in 
spite of the continuous presence of a soil mantle on both westward and eastward-facing slopes (Figure 1). 
Cattle graze during part of the year, and many portions of the landscape are heavily terraced along contour 
by their walking, with approximately half-meter tread-riser step sequences.

Some of the west-flowing drainages within the lower portion of the Mountain House catchment terminate 
in mixed debris and alluvial fans, visible in the field and in the Light Detection and Ranging (LiDAR) map 
of Figure 1b (data collected by the National Center for Airborne Laser Mapping). In general, however, there 
is minimal valley fill along the main stem of the Mountain House creek, and the channels that bound the 
hillslopes are incising into bedrock.
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Over 500 shallow landslides occurred during winter storms in 2017 and 90 in 2019 within the 10 km2 area 
around our study site (Nelson et al., 2017; Sanders et al., 2019). Most of the shallow landslides (typically less 
than 100 m2 in area) liquefied and spread out across lower slopes with only a fraction of the failed sediment 
reaching active channels (Nelson et al., 2017). Shallow landslides occurred on relatively planar slopes as 
well as in well-defined hollows. Some, typically located at channel heads, generated debris flows that trav-
eled down canyons.

2.3.  Soil Description

Soil properties vary with underlying source lithology (sandstone, shale, and conglomerate). In our study 
area, shale prevails. On the surveyed hillslopes, the soils are thin (typically less than 20 cm) on south-facing 
slopes and overlie saprolite. These thin soils have abundant sand and gravel saprolite fragments. Based on 
preliminary field investigation, north-facing slopes have relatively thick soils (locally greater than 1 m), and 
are finer textured than the south slopes. Macro-porosity associated with biologic disturbance is common, 
including a weave of grass roots. On both slopes, soil production appears to occur through animal burrow-
ing and root penetration. Soil transport occurs by biogenic disturbance, shallow landslides, and possibly 
overland flow in extreme runoff events.

2.4.  Climate

The local climate is Mediterranean, characterized by hot, dry summers and cool, wet winters. Nearly all 
of the precipitation (534 mm on average annually) falls as rain between October and April (PRISM data, 
1981–2020; PRISM Climate Group, 2020), with high inter-annual variability (coefficient of variation of 0.30 
between the 2001 and 2018 water years). The mean annual temperature is 15.8°C (PRISM data, 1981–2010; 
PRISM Climate Group, 2020). The MODIS-inferred mean annual evapotranspiration determined from the 
Breathing Earth System Simulator (1 km pixel size) from January 2001 to December 2018 was 332 mm (Ryu 
et al., 2011).

The site did not experience Pleistocene glaciation, but nearby pollen records from Clear Lake in the north-
ern California Coast Ranges suggest this area was 7°C–8°C cooler and wetter (2 m of additional precip-
itation) during the Pleistocene (Adam et al., 1981; Adam & West, 1983). Periglacial processes may have 
therefore played a role in hillslope transport processes and soil production.

2.5.  Vegetation

Vegetation at the site is strongly organized by landscape position including aspect. A ground cover of her-
baceous European annuals that senesce in the summer is found across the site, with abundant whitestem 
filaree (Erodium moschatum), California poppy (Eschscholzia californica), Fiddleneck (Amsinckia), Slender 
wild oat (Avena barbata), Italian thistle (Carduus pycnocephalus), milk thistle (Silybum marianum), and 
yellow star thistle (Centaurea solstitialis).

Winter deciduous Blue oak (Quercus douglasii) savanna-woodland occurs almost exclusively on the 
north-facing slopes or on primarily east-facing slopes that have a slight northward aspect. Manzanita (Arc-
tostaphylos) and toyon (Heteromeles arbutifolia) are the only other common woody vegetation in the lower 
portion study area of the Mountain House watershed, where they are found in association with Blue oak. 
Prior to European contact, perennial bunchgrasses were likely widespread (Bartolome et  al.,  1986; Bur-
cham, 1970). Historical air photos obtained from the Santa Barbara Maps and Imagery Library indicate that 
the present day distribution of Blue oaks was similar in 1937.

3.  Methods
3.1.  Approach

We investigate weathering patterns across three unit-hillslopes, one of which is nearly double the ridge-val-
ley spacing of the other two. Westward-draining channels form a boundary condition for the individual 
hillslope units. We selected a 55-m relief hillslope that defines the divide between the MH7 (catchment 
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area = 5.2 hectares; Figure 1c) and MH8 drainage (5.9 hectares), and two hillslope units defining the north-
ern (28-m relief) and southern (25-m relief) drainage divide of MH3 (catchment area = 1.8 hectares; Fig-
ure 1d). Boreholes were drilled on ridges, slopes, and channels of each hillslope unit to investigate how 
bedrock weathering varies from ridge to channel.

3.2.  Topographic Analysis

We based topographic analyses on a LiDAR bare earth digital elevation model (DEM) collected in 2017 with 
a 0.25 m horizontal resolution and 63 pts/m2 point density (Dietrich, 2019). To calculate slope (Figure S1), 
we first performed a bilinear resample of the DEM to 1.0 m horizontal resolution and then calculated slope 
via the Zevenbergen and Thorne algorithm in QGIS. To calculate curvature, we first performed a bilinear 
resample on the original DEM to 2 m horizontal resolution, then calculated general curvature via a nine 
parameter, second order polynomial (the Zevenbergen and Thorne algorithm), then multiplied the output 
raster by −1. We then smoothed the curvature map twice with a Gaussian filter in circular search mode, 
with a radius of 3 m and 2 standard deviations, all in QGIS.

To compute summary statistics for multiple catchments as a function of hillslope aspect, we manually drew 
polygons on the north- and south-facing side slopes adjacent to ridges with boreholes. We include only the 
planar area of the hillslopes to exclude sandstone outcrops along ridges and channels. We also exclude the 
artificially steepened slopes along roads in the MH6 and MH7 catchments. We drew these polygon bound-
aries by visually investigating slope and curvature maps and identifying where the topography transitions 
from convex to planar (at ridges) and planar to concave (near channels).

To create the map of upslope contributing drainage area (also in Figure S1), we created a smoothed DEM by 
performing a bilinear resample on the original DEM to 0.5 m horizontal resolution in QGIS, then applying a 
2-D median filter over a 10 × 10 m neighborhood with Matlab (R2020a). We then used Matlab to implement 
the D8 (or steepest descent) algorithm (O’Callaghan & Mark, 1984) to compute the contributing area for 
each DEM grid cell. After computing hillslope summary statistics, we applied the same 10 m median filter 
to smooth the slope and aspect maps shown in Figure S1.

3.3.  Cosmogenic Nuclide-Inferred Catchment-Averaged Bedrock Lowering Rates

We estimated catchment-averaged erosion rates of bedrock by measuring the concentration of 10Be and 26Al 
in quartz in sediments from four basins (from 4 to 137 hectares) within 2 km of the study area (Table S1, 
Figure S2). The four selected catchments are dominantly soil-mantled, within the Great Valley Sequence, 
and share similar topographic and vegetative characteristics to our study catchments.

Quartz separation, and chemical and target preparation for three of these samples were performed using 
standard techniques at the Space Sciences Laboratory (Kohl & Nishiizumi, 1992); one sample, from the 
MH6 subcatchment, was fully processed at the Prime Lab (Purdue University). The 10Be and 26Al measure-
ments for all samples were also performed at the Prime Lab.

We estimated catchment average bedrock lowering rates from the measurements of 10Be and 26Al using the 
CRONUS-Earth online calculators (Balco et al., 2008). In our calculations, we used catchment average ele-
vations that were estimated using the LiDAR DEM and neglected topographic shielding (DiBiase, 2018). We 
used bedrock bulk densities of 2.65 g cm−3 and a nuclide-dependent scaling framework (Lifton et al., 2014). 
Because the catchments are underlain by alternating sandstone and siltstone, there may be spatial variabili-
ty in quartz content. However, we do not have the data to quantify this variation and expect that the average 
proportion of siltstone to sandstone remains approximately constant at the catchment scale. We were able 
to estimate the potential impact of chemical erosion on our estimated bedrock lowering rates via Zr con-
centrations of recovered samples (Riebe & Granger, 2013; see below). Because Zr enrichment from bedrock 
to saprolite and soil is small (typically <10%), we do not correct our bedrock lowering rates for this effect.
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3.4.  Drilling

A summary of the borehole drilling methods, including drill type and completion, is illustrated in Figure 2 
and available in Table S2. For the three boreholes that penetrate the entire hillslope relief on the ridges, 
namely MH7-W1, MH3-W1, and MH3-W5, we drilled holes using a combination of standard penetration 
test (SPT), augering, and, once borehole collapse was no longer a risk, coring. SPT was used to gauge the 
in-situ strength of the weathered bedrock. The test uses a hollow stem auger that resembles a thick-walled 
sample tube, with an outside diameter of 50.8 mm, an inside diameter of 35 mm, and a length of approxi-
mately 650 mm. This sample tube is driven into the ground at the bottom of a borehole by blows from a slide 
hammer with a mass of 63.5 kg, falling a distance of 760 mm. As the sample tube is driven into the ground, 
the number of blows per depth penetrated is recorded.

Shallow boreholes were augered near the deep ridgetop boreholes with a track-mounted auger to an average 
depth of 9 m (the same rig used for the upper portion of the deep ridgetop boreholes; Table S2). Figure S3 
presents a schematic of drilling completion for deep and shallow boreholes drilled on ridgetops. Two addi-
tional boreholes were augered on the slopes of MH7 (north-facing: MH8-W1 and south-facing: MH7-W4) 
to an average depth of six meter. Piezometers located mid-slope and in channels were drilled to an average 
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Figure 2.  Elevation profile of straight-line cross-section A-A′ shown in Figure 1b. Vegetation and surface topography are derived from LiDAR. Boreholes are 
to scale and their color denotes the primary drilling method (see Table S2 for borehole drilling and completion information). Note that these straight-line cross 
sections differ from the steepest descent cross sections shown in Figure 8.
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depth of one meter using either a human- or gasoline-powered handheld auger (on the hillslopes) or a 
gasoline-powered handheld core drill (in the channels). During drilling, we documented the relative speed 
and ease of drilling, core recovery, and the character and color of material retrieved. Discrete fractures and 
veins were mapped from cores, with the exception of horizontal and jagged fractures that were most likely 
drilling artifacts.

3.5.  Downhole Methods

We used an optical borehole imaging (OBI) televiewer to generate a vertically continuous, oriented, 360° im-
age of the borehole wall in the three cored boreholes on the ridgetops (MH3-W1, MH3-W5, and MH7-W1). 
The OBI is manufactured by Mount Sopris Instruments (model QL40-OBI-2G), and has a vertical and az-
imuthal resolution of 0.5 and 0.33 mm, respectively. The imagery was limited to the deeper portion of the 
wells, as the upper 6–9 m were immediately cased to prevent cave-in. Casing extended to the transition in 
drilling styles from SPT to coring, which also coincided with a reduction in borehole diameter (see Fig-
ure S2). We calculated the yellow coloration of each pixel on the borehole imagery as a function of depth 
following Holbrook et al. (2019) using the formula yellow = (red + green)/2 − blue. We then averaged across 
all pixels in horizontal rows to calculate yellowness as a function of depth. The OBI data were used to cal-
culate strike and dip of bedding planes and visible fractures following Serra (1989). The strike was corrected 
for magnetic declination.

Neutron probe counts (counts per 16  s) were measured in 0.3  m intervals within the unsaturated zone 
across two surveys in the boreholes (model: CPN 503DR Hydroprobe) bracketing the dry season. Measured 
changes in neutron probe counts accurately reflect successive temporal changes in volumetric water con-
tent (Long & French, 1967) above the water table and therefore provide information about water dynamics 
in the vadose zone. We deployed pressure transducers to record water level dynamics at 15 min intervals 
from November 2018 to the present in MH3W1, MH3W5, and MH7W (deep ridgetop boreholes), and from 
April 2019 to the present in MH3W2, MH3W3, MH3W4, MH3W6, MH3W7, and MH3W8 (augered, me-
dium-depth upper hillslope boreholes). These transducers are offline, internal-battery powered pressure 
transducers (Solinst Levelogger) that are corrected for atmospheric pressure fluctuations. The accuracy of 
the Solinst transducers is within 5 mm.

3.6.  Laboratory Characterization Analyses

Samples from discrete depths were quantitatively analyzed for porosity, color, and chemical composition 
(∼8 g each). 110 samples for geochemical analyses were sent to Bureau Veritas, Inc. (Canada). Samples were 
first dried and sieved to an 80-mesh for disaggregated samples and a 200-mesh for pulverized core samples. 
Samples were then heated to measure Loss On Ignition (LOI), and further analyzed via lithium-borate 
fusion inductively coupled plasma emission spectroscopy (instrument model: Spectro Ciros/Arcos) to ob-
tain total element concentrations. A sub-sample was analyzed for carbon and sulfur concentrations using 
a LECO CS230. Concentrations of 24 parameters were reported, including major oxides, minor elements, 
organic and total carbon, and sulfur.

To measure the porosity of matrix chips, we used a helium pycnometer (Micromeritics AccuPyc II 340 Gas 
Pycnometer) and an envelope density analyzer (Micromeritics GeoPyc 1360 Envelope Density Analyzer) to 
obtain skeletal and envelope volume, respectively. The skeletal volume includes the solid mineral volume 
and enclosed or “blind” pores but excludes the interconnected pore spaces within and between mineral 
grains. In contrast, the envelope volume includes the solid mineral as well as all the pore spaces (both closed 
and interconnected) within mineral grains, but not the space between mineral grains (or, in this case, rock 
chips). The skeletal density should always be larger than the envelope density. The Accupyc Gas Pycnome-
ter uses a helium gas displacement method to measure skeletal volume accurately. Helium molecules rap-
idly fill pores as small as one angstrom in diameter (Micromeritics, 2019a). The GeoPyc Envelope Density 
Analyzer uses a quasi-fluid with a high degree of flowability that does not wet the sample or fill its pores to 
measure the envelope volume of the sample (Micromeritics, 2019b). We calculated absolute and bulk densi-
ty from these measured volumes and the measured sample weights. Porosity values for 195 rock chips were 
calculated by differentiating absolute density from bulk density. Repeat measurements of a single sample 
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have a standard deviation of 1.1% while repeat measurements of distinct rock chips from the same depth 
have a standard deviation of 1.5%.

When weathered, the recovered material that arrived at the surface was commonly a mixture of competent 
chips of rock and fine-grained material. We analyzed the competent chips of rock for matrix porosity. When 
competent bedrock core was recovered, we broke off smaller pieces for the matrix porosity analyses. Thus, 
porosity measurements made on these matrix chips excludes the porosity associated with the fractures or 
any fine-grained weathering products that occupy fractures. The porosity measurement is only representa-
tive of the matrix material that remains intact during weathering.

To quantify color variations with depth, digital photographs of 193 samples at different depths and locations 
were collected under standardized lighting conditions. The background was filtered out and an average 
RGB value for each sample was calculated using ImageJ (1.52q).

4.  Results
4.1.  Topography, Soil Thickness, and Erosion Rate

On average, north-facing portions of the landscape are less steep (mean hillslope gradient of 31.2 ± 5.2° 
standard deviation) than south-facing planar portions of the landscape (34.7 ± 5.2%). Typical hilltop curva-
ture values along the ridges where the boreholes are located are between −0.1 and −0.05 m/m2 (Figure S1). 
Similar to hillslope gradient, an aspect-related difference in soil thickness is also present: north-facing slopes 
tend to have significantly thicker soils (commonly >1 m vertical thickness) whereas soils on south-facing 
slopes are much thinner (0.2–0.4 m vertical thickness).

The cosmogenic-nuclide inferred erosion rates are 72–131 m Myr−1 close to the study area (Table S1). The 
ratios of 26Al and 10Be concentration ratios in all three catchments close to the study area are consistent with 
steady-state erosion.

4.2.  Drilling Observations

At each of the three ridgetops, a single borehole penetrated to a depth corresponding to the entire hillslope 
relief. Figure 2 shows the location of all 35 boreholes drilled across our three study hillslopes and Table S2 
documents the depths, and drilling and completion details.

4.2.1.  Bedding and Fracture Characterization

The strike and dip of bedding observed in the borehole imagery (Figures  S4b and  S4c) are 330  ±  7° 
and 52  ±  3°, generally consistent with measurements in local bedrock exposures and the geologic map 
(Rich, 1971) of the study site (dips of 54° and 55° and strikes that were also oriented closer to north, of 
351° and 340°). The optical imagery did not reveal a significant difference in bedding orientation between 
boreholes (Figures S4b and S4c). Each borehole intersects a unique sequence of beds, with the exception of 
likely overlap in the lower eight meters of MH3-W5 and upper eight meters of MH3-W1 as determined by 
the projection of the strike of each borehole to surface topography shown as lines in Figure S4.

Borehole imagery reveals repeated layers of varying thicknesses of shale and sandstone beds (OBI in Fig-
ure 3). Most of the transitions between beds tend to be abrupt and occur within several centimeters, with 
∼10 transitions per vertical meter between sandstone and shale, corresponding to an overall average bed 
thicknesses of about 10 cm. There is significantly more shale than sandstone, particularly at MH3-W5 and 
the lowest 20 m of MH7-W1.

For the three ridgetop boreholes, Figure 3 shows vertical profiles of color (RGB), blow counts (SPT), OBI-de-
termined yellowness and fracture traces, and the unwrapped OBI image. We describe how these data are 
used to identify four layers: mobile soil, pervasively fractured bedrock, discretely fractured bedrock, and 
rarely fractured bedrock (example photos shown in inset of Figure 3).

The interface between the soil layer and pervasively fractured bedrock is visible in roadcuts and soil pits 
(see, e.g., Figure S5). Soils are physically disturbed, disaggregated, and mobile, while the underlying per-
vasively fractured bedrock retains its relic structure (e.g., bedding, Figure 3, inset photo). The transition 
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between soil and the pervasively fractured layer is equivalent to the soil-saprolite boundary. We do not at-
tempt to define a base of saprolite, but it lies somewhere within the pervasively fractured layer. This soil to 
pervasively fractured bedrock transition is located at <0.25 m for MH7-W1, and at 0.45 m for both MH3-W1 
and MH3-W5. An abrupt increase in blow counts occurs at the base of the mobile soil layer (Figure 3).
The pervasively fractured bedrock is mechanically weak, as evidenced by the ease of penetration (see blow 
counts in Figure 3). Samples recovered via augering and SPT at these depths are discolored and iron stained 
(Figure 3, inset photo). Blow counts generally increase with depth throughout this zone. Fracture density 
observed in recovered samples is greater than 50 fractures per meter.

The discretely fractured bedrock layer is characterized by discrete fractures or fracture zones separated by 
relatively intact bedrock that shows minimal signs of oxidation (Figures 3 and 4). Fracture density is ap-
proximately three fractures per meter (Figure 3) and material recovered from fractures or fracture zones can 
be fine-grained and highly weathered. The yellowness calculated from OBI imagery captures the weather-
ing and iron staining observed in core samples. This allows us to use yellowness as a proxy for weathering 
in Figure 3.

The transition from pervasively to discretely fractured bedrock was marked by changes in mechani-
cal strength. At MH7-W1, the transition occurred at a relatively abrupt increase in blow counts at 6.5 m. 
At MH3-W1, the transition was marked by an abrupt decrease in the rate of augering (by gas powered 
track-mounted drill rig), which necessitated a change in drilling method to coring. In MH3-W5, the 
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Figure 3.  Fracture and color characterization of three ridgetop boreholes. Vertical profiles, from left to right, are shown for the color (RGB) of samples 
retrieved, blow counts, yellow hue from optical borehole images, fracture traces and the unwrapped view of optical borehole imagery (OBI) logs. Yellow hue 
is shown as a gray line overlain by a moving average in yellow. Blow count data are limited to depths above coring, and fracture trace and yellow hue data are 
limited to depths where OBI data were collected. Example photos of pervasively fractured bedrock, discretely fractured bedrock, and rarely fractured bedrock 
are shown in the bottom right inset.
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transition occurred at 7.5 m depth, shortly after the transition to coring, and was marked by an abrupt de-
crease in fracture density.

The transition from discretely fractured to rarely fractured bedrock is associated with a decrease in both 
fracture density and yellowness. In the rarely fractured zone, fractures are discrete and often cemented. 
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Figure 4.  (a) Stereonet of fractures (colored by borehole) and bedding planes (gray) identified in OBI logs (lower 
hemipshere projection). Expression of different fracture types in core and OBI are shown in (b–d), where two dominant 
fracture orientations are identified: high angle fractures and low angle fractures. Unwrapped OBI images show dipping, 
alternating sandy and fine-grained units intersected by fractures that cut across bedding.
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Individual fractures are separated by continuous, meters-long sections of dark-hued, unoxidized bedrock 
that lack evidence of weathering.

Fractures and fracture zones throughout the profile do not appear to be associated with any particular strati-
graphic unit or confined to individual beds. Instead, fractures and fracture zones crosscut bedding planes, 
and fracture zones can include both shale and sandstone beds (Figures 4b–4d). In the OBI, sandstone beds 
stand out as being iron stained or discolored more so than shale beds (Figure 3). However, core samples 
reveal that, within fracture zones, both shale and sandstone are weathered and there does not appear to be 
a dominant bedrock type within which weathering is concentrated.

Two dominant types of fractures are present: high angle (60–80° dip) fractures oriented at a strike of ∼97° 
and low angle (30–40° dip) fractures oriented at a strike of ∼172° (right-hand rule convention; Figure 4). 
Low angle fractures appear as both discrete fractures and fracture zones, whereas high angle fractures tend 
to be primarily discrete (Figures 4b–4d). High angle fractures are present in the core recovered from all 
three ridgetop boreholes and they are distributed relatively evenly throughout the depths cored. In contrast, 
low angle fractures generally increase in abundance toward the surface. Fractures become more abundant 
and more open toward the surface, while fractures at depth are closed and often stained. The fractures 
identified in the OBI and core are consistent with the joint set measurements in the shale unit along the 
Freshwater Creek beds (Figure 1b).

The color of recovered material for augered hillslope boreholes and channel piezometers is summarized in 
Figure 5. Drilling of augered hillslope boreholes ceased when it was qualitatively determined that the speed 
of drilling had slowed down significantly and the character of the material recovered was consistently gray 
in color, lacking signs of oxidation. Throughout each profile, distinct, progressive changes in color and tex-
ture occur. A gradual darkening in brown is observed in deeper samples, transitioning to a very dark brown, 
and in most wells, transitioning to a dark gray at the base. In channel piezometers, which were cored, 
dark-colored, competent bedrock was encountered within the first 0.5 meter. The cores from the channels 
were similar in composition and extent of weathering as cores characteristic of discretely fractured or rarely 
fractured bedrock (Figures 3 and 5, inset photos).

4.3.  Porosity, Sulfur, and Carbon in the Bedrock Matrix

Depth profiles of matrix porosity, sulfur concentration, organic and inorganic carbon concentration, and 
seasonal rock moisture for the boreholes drilled on the ridgetops, channels and side-slopes are shown in 
Figure 6. Matrix porosity refers to the porosity of matrix chips in the fractured and weathered bedrock and 
therefore does not include porosity associated with the fractures that bound the bedrock matrix. An average 
of matrix porosity of samples from the same depth is shown in Figure 6, with the exception of one data point 
with a standard deviation >5%.

The matrix porosity of samples from the rarely fractured bedrock layer, which is chosen to represent un-
weathered parent material, ranges from 5.0% to 7.4%. The matrix porosity of samples at shallow depths 
(<2 m) below the channels and at depths (>15 m) at the ridgetops is comparable to the matrix porosity 
of parent material. Above 10 m depth at the ridgetops, matrix porosity typically exceeds 10%, and can ex-
ceed 20% in some places. Matrix porosity of the MH7 ridge samples is generally greater than in the MH3 
ridgetops at equivalent absolute depths. Matrix porosity on the south-facing hillslope (MH7W4, which is at 
a lower relative elevation and closer to the channel), is consistently lower than the north-facing hillslope 
(MH8W1, which is at a higher relative elevation and closer to the ridge).

We use sulfur concentrations to represent the presence of pyrite to identify a pyrite weathering front. The 
trend of sulfur with depth at the ridges tends to be binary: sulfur is not detectable above a particular depth 
and tends to have a variable but detectable concentration below, typically around 0.3%, with maximum ob-
served concentrations of 2.0%. The method detection limit for sulfur is 0.02%. Sulfur is not detected above 
5.7 m depth at the MH7-W1 ridge, 7.1 m depth at the MH3-W1 ridge, and 9.1 m depth at the MH3-W5 ridge; 
the first incidence of sulfur is denoted by a horizontal dashed black line in Figure 6. In contrast, detectable 
sulfur concentrations are found at significantly shallower depths in the channel samples (at 1.9 and 1.0 m 
depth in the MH7 and MH3 channels, respectively). The pyrite dissolution fronts in mid-slope boreholes are 
comparable to those of the ridgetop boreholes, at ∼5 and 7 m depth for MH7-W4 and MH8-W1, respectively.
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Vertical profiles of inorganic carbon (Figure 6), and calcium concentrations (Figure 7) of matrix chips do 
not provide strong evidence for the presence of a carbonate dissolution front. There are low concentrations 
of calcium and inorganic carbon, and thus little carbonate mineral, in the parent material. Inorganic carbon 
(Figure 6) and calcium (Figure 7), which scale with one another, are highly variable throughout the profile 
and do not show a systematic pattern with depth. By applying hydrochloric acid to the core during drilling, 
several discrete veins and calcite rich beds were identified, but the core was not systematically mapped for 
carbonates. While inorganic carbon and calcium concentrations in the matrix chips analyzed range from 0% 
to 1.0% and 1.0% to 4.9%, respectively, three of the samples analyzed for bulk chemistry showed distinctly 
high inorganic carbon (1.6%–4.4%), high calcium (8.0%–17.3%) and low silica (14.9%–20.1%). These samples 
(from MH3-W1 at 7.5 m, MH3-P1 at 0.59 m, and MH7-W1 at 24.4 m) are likely associated with discrete car-
bonate-rich beds or veins and are excluded from Figures 6 and 7.

In the ridgetop and hillslope boreholes, organic carbon first decreases with depth within the upper four 
meters  and then increases with depth. The higher organic carbon concentrations in the very shallow near 
surface are likely related to modern organic carbon associated with the soil and rhizosphere. At great depth, 
the organic carbon concentration of the parent material is ∼1.0%–2.0%, and decreases toward the surface, 
dropping from maximum concentrations of about 2.0% to about 0.5%, likely reflecting loss through oxida-
tion. Organic carbon concentrations in the MH7 and MH3 channels are high (0.75%–1.0%) relative to the 
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Figure 5.  Depth profiles of color (RGB from digital photographs). Example photographs of material are shown. The 
red dashed lines, where present, mark where the pyrite oxidation front is located in each borehole (see Figure 6).
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Figure 6.  Characterization of porosity, oxidation fronts and rock moisture. Depth profiles (from left to right) illustrate: matrix porosity of recovered chips (left-
most column), sulfur concentration (center-left column), organic carbon concentration (center column), inorganic carbon concentration (center-right column), 
and neutron count difference (right-most column). Each row is a group of samples collected from boreholes in a particular location (ridgetop, side-slope or 
channel). Note break in vertical scale below 14 m for ridgetop samples. Vertical lines in matrix porosity plots show range of porosities in unweathered bedrock. 
Horizontal dashed lines in sulfur plots show depth to first significant appearance of sulfur. Neutron count difference points show seasonal change (from wettest 
to driest state) in neutron counts, a proxy for unsaturated zone volumetric water content. Vertical shaded band shows typical range of measurement uncertainty 
of the neutron moisture gauge.
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Figure 7.  Top row: Absolute geochemical composition of samples from the upper 15 m (points). Typical parent material compositions (Cp) of samples >15 m 
are noted in each subplot title (mean) and shown via vertical black line and light gray bands (mean ± 1 s.d.); bar at bottom shows minimum-maximum range of 
parent material. Lower rows: chemical depletion/enrichment plots of individual elements, expressed as τ (tau), and overall samples, expressed as the chemical 
depletion fraction (CDF), grouped by geographic area and landscape position (individual rows). Note distinct abscissa axis scales between elements for the τ 
plots. Shaded regions in tau profiles and CDF indicate depletion.
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concentrations measured at similar depths in the ridgetop boreholes, and are most similar to rarely frac-
tured (parent) samples in the ridgetop boreholes. The depth profile of organic carbon is relatively consistent 
across the MH7 hillslope.

4.4.  Chemical Weathering Patterns of Major Rock-Forming Elements

The top panel of Figure 7 illustrates depth profiles of the absolute concentration of the major rock-forming 
elements as well as Zr. Individual points are colored by their borehole. The vertical gray bands indicate the 
mean ±1 standard deviation of unweathered parent material composition and the horizontal line along 
the x-axis marks the total range of parent composition. The parent material is defined by seven bedrock 
samples taken from the rarely fractured, deep, cored ridgetop boreholes. All these parent material samples 
were located deeper than 15 m. In general, the parent material elemental concentration is highly variable 
(the width of the gray vertical bands is equal to two standard deviations), and is comparable to the variation 
in elemental composition in the upper 15 m. The individual elemental concentrations tend to have greater 
variability at surface than at depth (Figure 7). Above the parent material, K, Mg, and, to a lesser extent, Na, 
generally decline in concentration toward the surface, while Si, Al, Fe, Ca, and Zr do not show a systematic 
pattern with depth. Concentrations of Si and Zr tend to be higher in the upper 15 m relative to parent mate-
rial (most points are to the right of the vertical black line), whereas concentrations of Al, Fe, Ca, Na, K, Mg 
tend to be lower than the parent material.

To track gains and losses of individual elements relative to the parent material, concentrations in the 
weathered profile are typically compared to chemically less-mobile elements (e.g., Zr, Ti, and Nb), under 
the assumption of a common starting parent material chemical elemental composition (Brimhall & Di-
etrich, 1987; Nesbitt, 1979; Riebe et al., 2017). Figure 7 illustrates depth profiles of individual elements’ 
enrichment or depletion using Zr as an immobile reference element, expressed as τ (tau) for individual 
elements. Strain calculations (i.e., Brimhall & Dietrich, 1987) were not performed given that the samples 
sent for elemental analysis differed to those used for porosity measurements. The modest dissolution losses 
and porosity change suggest that strain is minor.

Equation 1 expresses the weathering-related mass loss in fractional terms, relative to the amount of the 
element that was present in the protolith as τx, the “mass-transfer coefficient” for element X (Anderson, 
Dietrich, & Brimhall, 2002; Brimhall & Dietrich, 1987). Here, I is the concentration of an immobile element 
and the subscripts regolith and protolith in both equations refer to the type of material which element con-
centrations are measured in, either weathered (regolith) or unweathered (protolith).

   1regolith protolith
x

protolith regolith

X I
X I (1)

The chemical depletion factor (CDF) is reported for each sample as a whole and is expressed in Equation 2 
(Riebe et al., 2017).

 1 protolith

regolith

I
CDF

I (2)

Under the assumption that Zr is chemically immobile and the parent material compositions are represent-
ative, a τZr,x value of −0.1 indicates a 10% decrease of an element relative to its initial abundance in the par-
ent material; a value of 0.1 indicates a 10% increase relative to its initial abundance in the parent material. 
A CDF value of 0.1 indicates that 10% of the sample’s entire mass has been lost chemically relative to the 
initial parent material.

Most elemental τZr,x plots show significant scatter without clear patterns in the upper 10 m as a function of 
depth. However, Mg, K, and Na tend to be more depleted closer to the surface (Figure 7). The majority of 
samples have negative τZr,x values (plotting in the gray shaded region left of the vertical line), indicative of 
chemical depletion; this is consistent with the overall CDF values for the samples as a whole, which tend 
to be variable but positive. Negative τ values are observed for both Fe and Al within the weathered bedrock 
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zone, both of which are typically considered to be relatively immobile. Depletion of Ca, a relatively mobile 
element, is also observed throughout the weathered profile. Approximately 10% (up to a maximum of 20%) 
of the original starting mass of samples in the weathered zone has therefore been lost to chemical erosion. 
These inferred mass losses are consistent with the inferences from the matrix porosity, which are similarly 
variable but also indicate a 5%–15% gain in porosity from parent material to weathered material.

4.5.  Water Storage

Colored points on the right-most column of Figure 6 illustrate the dynamic storage of water in the vadose 
zone as the difference in neutron counts from the wet season (measurement date March 19, 2019) to the 
dry season (measurement date February 11, 2019). Moisture is lost and gained seasonally in the locations 
that experience neutron count change. The largest seasonal dynamic occurs closest to the ground surface 
and decreases with depth until the observed difference is indistinguishable from the sensitivity of the in-
strument (denoted with the vertical gray band). The depth of seasonal moisture dynamics is 7–8 m for the 
MH3 and MH7 ridgetops and 5 m for the boreholes on the slopes of MH7. These measurements followed 
a significantly wetter-than-average wet season, in drier years, it is possible that the dynamic rock moisture 
change is neither as deep nor as large. A significant fraction of the deeper vadose zone does not exhibit a 
measurable change in water content.

Water levels in deep boreholes were observed to depths of 33.9 m at MH7W1, and 19.5 and 20.4 m at MH3W1 
and MH3W5 respectively. These boreholes are continuously slotted below depths of 11 m in MH7W1, and 
6 m in MH3W1 and MH3W5. Therefore, the water level in the borehole may not reflect the elevation of the 
water table within the hillslope. Our borehole completion and groundwater monitoring did not allow us to 
document hydraulic head or hydraulic gradients. Nonetheless, we can conclude that the water table must 
be deeper than 2.5 m, due to the lack of water in five piezometers spanning mid-slope to ridge top positions 
in MH3, over the time period spanning the beginning of December 2018 to the end of February 2019, which 
included a large storm sequence.

4.6.  Summary of Weathering Fronts

Taken together, our datasets reveal that below a shallow soil-weathered bedrock boundary (labeled Inter-
face 1 in Figure 8), lie two distinct weathering fronts. Beneath all ridges, the two fronts are separated by 
several meters, while under the channels, the two fronts coincide. Above the shallower weathering front 
(“Interface 2”; Figure 8) there is a loss of pyrite, organic carbon, and mechanical strength relative to the un-
derlying bedrock. The bedrock matrix is weathered and shows measurable mass loss and increased porosity 
(Figure 7). Interface 2 coincides with the transition from pervasive to discrete fracturing (Figure 3). The 
bedrock between Interface 2 and the deeper weathering front (“Interface 3”; Figure 8) has fewer fractures 
that are less open. The bedrock matrix between fractures is not as visibly weathered as the bedrock above 
Interface 2, and borehole imagery reveals a decrease in yellow coloration of the bedrock across Interface 3 
(Figure 3), suggesting some chemical alteration of the bedrock matrix between Interfaces 2 and 3. Below 
Interface 3, the bedrock is rarely fractured and fractures are dominantly closed.

The depth of Interface 2 is similar across all three ridges (6.3–7.5 m, Table 1). The depth of Interface 3 is 
significantly deeper for MH7-W1 (17.5 m) relative to MH3-W1 and MH3-W5 (11 and 10.5 m, respectively) 
(Table 1). The relief of each interface (i.e., the difference in elevation between the interface height and the 
channel bed elevation following the path of steepest descent from the ridge) is reported in Table 1 and com-
pared to the hillslope length and topographic relief in Figure 9. This relief is taken at the ridgetop. Because 
the calculation of length and relief vary on the north and south side of each ridge, the relief is reported for 
north and south sides of the hillslope separately in Table 1. Figure 9 illustrates that the relief of the ground 
surface and the weathering fronts scale approximately linearly with hillslope length.
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5.  Discussion
5.1.  Water Storage in Weathered Bedrock

Water storage in the weathered bedrock unsaturated zone (rock moisture) is seasonally dynamic to depths 
of 5–8 m. This moisture likely serves as an important water source to vegetation during the extended dry 
season. It is not evident whether rock moisture is accessed from fractures or bedrock matrix pore domains, 
but it is likely that the larger pores present in fractures would serve as the dominant water transmission 
pathways for deep penetration of water into the bedrock vadose zone. We therefore hypothesize that the 
seasonal dynamics are likely confined to fractures, while the smaller bedrock matrix pores remain at or 
close to saturation year-round.

The location of water storage dynamics in the hillslope did not appear to be confined to individual beds or 
a particular lithology across our study hillslopes. Although dynamic rock moisture occurs predominant-
ly above Interface 2, in some instances, Interface 2 extends below the depth of detectable rock moisture 
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Figure 8.  The spatial pattern of weathering fronts and moisture storage across three study hillslopes (a–c). Vegetation and surface topography are derived from 
LiDAR data. Cross-sections locations are shown in Figures 1c and 1d, and are aligned with the steepest descent of topography as opposed to the straight line 
cross-section used in Figure 2. Borehole locations are shown as vertical black lines and weathering interfaces are linearly interpolated between observations 
made at boreholes, but could take a number of forms. Interface locations at ridgetop boreholes are shown as colored circles. The maximum depth of dynamic 
rock moisture storage is shown as a blue dashed line. Inset D illustrates the weathering profile characteristics.

Interface 2 Interface 3

Hillslope L (m) Zs (m) Zs/L Depth to Z2 (m) Z2 (m) Z2/L Z2/Zs Depth to Z3 (m) Z3 Z3/L Z3/Zs

MH7 North 111.2 52.4 0.47 6.5 ± 0.8 45.9 0.41 0.88 17.5 34.9 0.31 0.67

MH7 South 85.9 53.1 0.62 6.5 ± 0.8 46.6 0.54 0.88 17.5 35.6 0.41 0.67

MH3-W1 North 64.4 25.3 0.39 6.3 ± 0.8 19 0.3 0.75 11 14.3 0.22 0.57

MH3-W1 South 39.4 18.6 0.47 6.3 ± 0.8 12.3 0.31 0.66 11 7.6 0.19 0.41

MH3-W5 North 54.4 29.2 0.54 7.5 ± 1.6 21.7 0.4 0.74 10.5 18.7 0.34 0.64

MH3-W5 South 56.1 25 0.45 7.5 ± 1.6 17.5 0.31 0.70 10.5 14.5 0.26 0.58

Z2 and Z3 represent two instances of Zb for Interface 2 and 3, respectively. Relief is measured from the adjacent channel at the topographic divide. Given the 
asymmetry of our study hillslopes, length and relief are reported for both north and south sides of the hillslope. Fractional relief of the hillslope that remains 
unweathered at the hillslope divide (Zb/Zs), the mean slope of the surface elevation (Zs/L) and fresh bedrock elevation (Zb/L) is calculated for each hillslope.

Table 1 
Length (L) of Study Hillslopes and the Relief of the Topographic (Zs) and Weathering Surface (Zb)



Journal of Geophysical Research: Earth Surface

dynamics (Figures  6 and  8). This suggests that rooting depth may not 
correspond with a weathering front depth.

5.2.  Controls on the Location of Reaction Fronts and Fractures

The depth and sharpness of individual reaction fronts are widely used 
to describe weathering patterns (Brantley & Lebedeva, 2011). In shale, 
both pyrite oxidation and carbonate (e.g., calcite) dissolution are recog-
nized as key diagnostic fronts. Pyrite oxidation results from atmospheric 
oxygen delivery to bedrock. The pyrite oxidation front (defined here as 
the transition between undetectable to detectable sulfur) is abrupt at our 
site and meters below the soil-bedrock boundary, consistent with other 
fine-grained sedimentary bedrock weathering studies (Anderson, Diet-
rich, & Brimhall, 2002; Gu et al., 2020; Jin et al., 2010; Brantley, Holleran, 
et al., 2013, 2017; Winnick et al., 2017; Wan et al., 2019). Above the py-
rite oxidation front, bedrock is extensively weathered. Across this front, 
color shifts from red hues to darker gray hues, which is consistent with a 
transition from oxidizing to reducing conditions. Some discrete fractures 
showing signs of iron oxidation persist beneath the pyrite oxidation front 
at our site. To delineate the pyrite oxidation front, we made the assump-
tion that pyrite is the only sulfur-bearing mineral. While we are not aware 

of any other sulfur bearing minerals at our site, future work could characterize mineralogy via imaging and 
X-ray diffraction to confirm that pyrite is indeed the dominant or exclusive sulfur-bearing mineral.

The location of pyrite oxidation fronts has been linked to hillslope hydrologic dynamics and the lowest 
water table elevation (Chigira, 1990; Wan et al., 2019; Gu et al., 2020). However, pyrite has also been re-
tained in matrix blocks within fractured, but otherwise poorly chemically weathered bedrock within the 
unsaturated zone (Anderson, Dietrich, & Brimhall, 2002). Across our study hillslopes, the water table is 
likely deeper than the pyrite oxidation front, because some neutron probe measurements in the unsaturat-
ed zone show moisture gains and losses beneath the oxidation front (Figure 6). Pyrite oxidation could be 
limited within the vadose zone if the bedrock matrix remains saturated or if reactive potential is exhausted 
at shallow depths within the vadose zone. Diffusive transport of oxygen to the interior of large, poorly frac-
tured matrix blocks could occur slowly enough above the water table to limit oxidation. Fracture spacing 
in this case would play a role in the pace of oxidation (Reis & Brantley, 2017). Reactive transport modeling 
results indicate that under sufficiently low infiltration rates the water table can be deeper than the position 
of oxidative weathering fronts (Lebedeva & Brantley, 2020). Further work at the site is needed to evaluate 
the relationship between the water table elevation, reactive potential in the vadose zone, and the location 
of the pyrite oxidation front.

The oxidation of rock-organic carbon is another commonly observed weathering reaction in shale (Wan 
et al., 2019; Wildman et al., 2004) that, alongside silicate weathering, plays a role in the global carbon cycle 
(France-Lanord & Derry, 1997). The organic carbon oxidation front has a similar depth penetration but 
is more gradual than pyrite (Figure 6), with relatively high organic carbon concentrations remaining at 
locations where pyrite is absent and assumed to be oxidized. This suggests that under the same weathering 
conditions, pyrite oxidizes faster than rock organic carbon. This finding is consistent with other weathering 
studies including the New Albany shale in Kentucky (Wildman et al., 2004), the Mancos shale in Colorado 
(Wan et al., 2019), and the Rose Hill shale in Pennsylvania (Brantley, Holleran, et al., 2013).

Relative to pyrite and organic carbon, we found it difficult to locate a carbonate reaction front (Figure 7). 
This may be due to cyclic dissolution and re-precipitation of calcite (similar to Wan et al., 2019), the hetero-
geneous distribution of calcite within different beds, or our low sampling frequency which may have missed 
isolated carbonate features. Overall chemical losses (see CDF, Figure 7) are observed but are highly variable 
in the upper 15 m. This variability is likely a product of the relatively large variation in parent-material com-
position of both the assumed immobile reference element, Zr, and the other individual primary rock-form-
ing elements themselves. The observed geochemical heterogeneity at great depth suggests that the indi-
vidual interbeds in the weathered bedrock also had heterogeneous parent compositions. Further work is 
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Figure 9.  Relationship between hillslope length and relief of the ground 
surface and the two weathering fronts shown in Figure 8. Points represent 
length or relief averaged across both north and south sides of the hillslope. 
Error bars represent the full range of relief or length calculated for each 
side of the hillslope. The dashed lines represent ordinary least squares best 
fit lines.
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needed to determine how and if variations in grain-size can be used to improve interpretations of chemical 
depletion profiling in sedimentary systems. Nevertheless, we observed some abrupt and gradual chemical 
reaction fronts, with elements such as Mg, K, and Na showing coherent patterns of depletion (Figure 7). 
The depletion of Mg could be associated with chlorite dissolution, and the loss of K could be associated with 
illite dissolution as observed in Rose Hill shale (Brantley, Lebedeva, et al., 2017). However, a further miner-
alogical study is needed to link these elemental patterns to mineralogical transformations and their process 
controls. We observed depletion of both Fe and Al within the weathered bedrock, as also observed in Rose 
Hill shale at the Shale Hills CZO (Gu et al., 2020) and in contrast to the greywacke underlying Coos Bay, 
Oregon site (Anderson, Dietrich, & Brimhall, 2002), where Al and Fe depletion primarily occurred within 
the soil (we note, however, that samples are not reported between 1.5 and 3 m depth at that site due to lack 
of core recovery). If we assume the landscape has been in a state of steady erosion for long time periods, the 
cosmogenic-nuclide inferred erosion rate of ∼0.072–0.131 mm yr−1 results in a 100,000-years transit time 
of mineral grains through 7–13 m without vertical strain. Therefore, the chemical mass loss and porosity 
observed today likely took place under the inferred cooler and wetter climate regime of the Pleistocene.

There is likely a relationship between the initiation of chemical weathering, pervasive fracturing, and asso-
ciated permeability generation. This correspondence between open and abundant fractures and chemical 
reaction fronts has been widely observed across a number of rock types, including sedimentary rocks (e.g., 
Anderson, Dietrich, & Brimhall, 2002; Gu et al., 2020; Wildman et al., 2004). At depths below Interface 3, 
both high and low angle fractures in otherwise unweathered bedrock are present and are typically closed 
without signs of iron oxidation. These deep, closed fractures probably do not play a major role in transmit-
ting fluids that would propagate chemical weathering fronts (e.g., Anderson, Dietrich, & Brimhall, 2002). 
Because open and oxidized fractures that are both high and low angle are observed above both Interfaces 2 
and 3, it is likely that the opening of these fractures initiates chemical weathering. Gu et al. (2020) hypoth-
esize that the generation of microfractures that promote chemical weathering may depend on long-term 
erosion rates.

5.3.  The Relationship Between Topography and Weathering

The thickness of weathering is the difference between the weathering front and the topographic surface. 
Here, we consider how these two surfaces may be related and how this relationship may vary with hillslope 
length. The relief of the topographic surface, as well as both Interfaces 2 and 3, scale with hillslope length 
(Figure 9), suggesting that the channel boundary condition at the base of the hillslope plays a role in the 
evolution of these three surfaces.

The diminishing downslope surface curvature on the study site ridges is consistent with hillslope erosion 
driven by non-linear soil transport (Roering et al., 2001). For a constant channel incision rate, the transport 
model predicts a linear relationship between hillslope length and topographic relief. Consistent with Roer-
ing et al. (2001), the mean slopes (Zs/L in Table 1) are fairly consistent across hillslopes of different length, 
such that longer hillslopes have proportionally larger relief (Figure 9). Our preliminary cosmogenic-nuclide 
erosion rates suggest possible differences in erosion rate within the MH catchment, which would influence 
both ridge-valley spacing and mineral residence time. Variability in channel incision rate over short length-
scales makes it more challenging to form direct comparisons of relief across hillslopes in the same catch-
ment. For a mean incision rate of 0.090 mm yr−1 and weathered bedrock thickness at the ridgetop ranging 
from 7 to 18 m, residence time of the bedrock that arrives at the soil-bedrock interface could range from 69 
to 194 kyr.

One mechanism by which the spatial pattern of weathering is related to topography could be through frac-
turing or fracture opening due to differential stresses associated with topography (Miller & Dunne, 1996). 
Topographically induced fractures are thought to occur in high curvature regions of the landscape, such 
as ridges and valleys (Savage & Swolfs, 1986; Slim et al., 2015). For example, topographically controlled 
jointing in channels may deepen oxidation fronts in Rose Hill shale (Brantley, Lebedeva, et al., 2017; Slim 
et al., 2015) and may lead to a feedback between channel incision, and physical and chemical weathering 
(Sullivan et al., 2016). At our site, valleys are locations of high curvature and channels are incising into 
relatively unweathered and unfractured bedrock. Deeper, more systematic drilling in valleys is needed to 
evaluate the extent to which the fractures intersected by our drilling are topographically controlled.
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Some studies predict that opening-mode fracture patterns associated with topography result from the bal-
ance between stresses associated with regional compression and local topography (Moon et al., 2017; Slim 
et al., 2015). At our site, the regional stress has turned from an east-west dominated compression due to the 
subduction of the Farallon Plate to north-south compression since the transpressional tectonic system took 
place in this region in ∼10 Ma (Atwater & Stock, 1998). At present, our study site has a relatively low-strain 
rate (<0.2 μ-strain/yr) based on GPS data (e.g., Murray et al., 2014). High regional compressive stresses are 
associated with open-mode fracture potential that mirror surface topography where the depth of weather-
ing can extend beyond the hillslope relief, whereas low regional compressive stresses are associated with 
surface parallel fracture patterns that deepen upslope (Moon et al., 2017). While our observations are more 
consistent with a weathering profile predicted for low regional compressive stresses, more direct measure-
ments of fracture density profile would be needed to evaluate these models. As there is no observation of 
offset along both high- and low-angle fractures, they are likely mode-I fractures (i.e., joints). Based on the 
strike and dip of the low-angle joints, they could be associated with the tilting of the originally horizontal 
Great Valley Sequence to the current bedding angle, which most likely occurred during the subduction of 
the Farallon Plate to the North American Plate (Atwater & Stock, 1998). Another possibility is that high an-
gle jointing could result from bedrock exhumation and unloading. Given the complex tectonic history, it is 
an open question to what extent the contemporary stress field versus the multi-million-year tectonic legacy 
controls the generation and opening of fractures across the landscape.

Another possible mechanism connecting topography and weathering is the drainage of chemically equili-
brated, stagnant pore fluid within unweathered bedrock. Rempe and Dietrich (2014) proposed that channel 
incision at the base of the hillslope couples the evolution of surface topography to the evolution of the 
weathering front. This is because channel incision drives both soil transport along the surface and the 
drainage of fluids from within the unweathered bedrock at depth. By considering steady state solutions 
to the coupled evolution of topography and bedrock drainage, Rempe and Dietrich (2014) predicted the 
combination of channel incision rate, hillslope dimensions, and soil and bedrock properties under which 
bedrock drainage may limit the depth of weathering. Rempe and Dietrich (2014) show that, for uniform 
channel incision rate and fresh bedrock properties (hydraulic conductivity and porosity), the mean slope of 
the weathering front should be constant across the landscape (i.e., the same under all hillslopes), and the 
weathering front relief increases with increasing hillslope length. This finding is consistent with our obser-
vations of both weathering fronts (Figure 9). Assuming steady state drainage of the unweathered bedrock 
is controlled by the pace of channel incision and the bedrock porosity, the hydraulic conductivity of the 
unweathered bedrock can be estimated from the mean slope of the weathering front. For the local mean 
incision rate of 0.09 mm/year and mean matrix porosity of 6.2% (Figure 6), the average inferred hydraulic 
conductivity calculated from Interface 2 and 3 across the three hillslopes is ∼2 * 10−10 m/s, which is reason-
able for a fine-grained sedimentary bedrock (Freeze & Cherry, 1979; Gleeson et al., 2011).

While this hillslope drainage mechanism could reasonably explain the relationship between topography 
and weathering fronts we observe, this mechanism necessitates that the saturation state of the bedrock in 
the hillslope is determined by the hydraulic gradient set by the combination of the channel boundary con-
dition, bedrock properties, and erosion rate. At our site, matrix blocks that retain pyrite may occur within 
the unsaturated zone, which is similar to what has been observed at a wetter site in Coos Bay Oregon (An-
derson, Dietrich, & Brimhall, 2002). Such matrix blocks would be separated by unsaturated fractures and 
therefore disconnected from the hydraulic gradient set by the channel boundary conditions. Further work 
is needed to explore the controls on the desaturation or diffusive oxidation of these matrix blocks.

6.  Conclusion
We document common patterns of subsurface bedrock weathering and water storage patterns across multi-
ple individual unit hillslopes that make up a sequence of ridges and valleys with common tectonic history, 
lithology, and climate. Two sequential weathering fronts are identified: the shallower front is associated 
with pervasive fracturing and chemical alteration, while deeper chemical weathering is largely limited to 
discrete fractures and discoloration. Rainfall is seasonally stored as rock moisture within weathered bedrock 
(Figure 8) and likely an important source of moisture to the overlying plant community. The deep seasonal 
water storage in the weathered bedrock vadose zone has important consequences for water partitioning at 
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the site by sustaining summer dry season transpiration and mediating groundwater recharge. These find-
ings can be used to investigate process coupling between bedrock weathering and landscape evolution, and 
further, provide a constraint for how individual hillslope measurements may be scaled up to watersheds 
comprised of an assemblage of hillslopes. Such scaling is needed to inform models of hillslope hydrology, 
slope stability, and earth system processes.

Data Availability Statement
All data used in the publication are cited in the references and hosted on Consortium of Universities for the 
Advancement of Hydrologic Science, Inc. (CUAHSI)’s web based hydrologic information system (https://
doi.org/10.4211/hs.d49c5e4539a64d8f8e26e7f2668bdeb3).
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