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Abstract The creation of fractures in bedrock dictates water movement through the critical zone,
controlling weathering, vadose zone water storage, and groundwater recharge. However, quantifying
connections between fracturing, water flow, and chemical weathering remains challenging because of limited
access to the deep critical zone. Here we overcome this challenge by coupling measurements from borehole
drilling, groundwater monitoring, and seismic refraction surveys in the central California Coast Range. Our
results show that the subsurface is highly fractured, which may be driven by the regional geologic and tectonic
setting. The pervasively fractured rock facilitates infiltration of meteoric water down to a water table that aligns
with oxidation in exhumed rock cores and is coincident with the adjacent intermittent first-order stream channel.
This work highlights the need to incorporate deep water flow and weathering due to pervasive fracturing into
models of catchment water balances and critical zone weathering, especially in tectonically active landscapes.

Plain Language Summary The creation of fractures in bedrock facilitates water movement through
the subsurface which breaks down rock creating porous soil and weathered bedrock. Water movement is vital
for important processes like plant growth, streamflow, and groundwater recharge. However, understanding how
fracturing, water flow, and rock weathering interact is challenging because the subsurface is difficult and
expensive to measure. Here we use observations from drilling, water level monitoring, and geophysics to
understand these interactions. Our results indicate that the subsurface is highly fractured due to the geologic and
tectonic setting. The large number of fractures makes it easier for water to flow through the subsurface and
causes chemical alteration of bedrock. This may cause water to flow outside of the catchment through the
subsurface. This work highlights the role of geologic and tectonic processes in driving fracturing, which dictates
the movement of water and subsurface weathering beneath Earth's surface.

1. Introduction

Deep weathering below Earth's surface opens pores and fractures in bedrock, altering permeability and influ-
encing how water moves through and is stored within hillslopes. Pore space created by weathering increases the
capacity of the subsurface to store water (Rempe & Dietrich, 2018), which is used by vegetation during droughts
(Callahan et al., 2022; McCormick et al., 2021). Water moving through deep flowpaths in hillslopes also con-
tributes baseflow to streams, providing refugia for aquatic organisms during dry periods (Dralle et al., 2023).
Given the importance of deep weathering to a broad range of processes, incorporating the structure of weathered
rock into conceptualizations and models of hydrology and Earth system processes is vital to understanding how
water and forest resources will respond to climate change (Fan et al., 2019). However, because weathering is
controlled by multiple and often complex processes (Riebe et al., 2017), quantifying the structure and properties
of weathered material across landscapes is challenging.

Subsurface water flow exerts a strong control on the depth and degree of subsurface weathering (e.g., Lebedeva &
Brantley, 2013). Additionally, the water table elevation may control the initiation of weathering at the base of the
critical zone (e.g., Rempe & Dietrich, 2014; Ruxton & Berry, 1959). Conversely, the depth to unweathered
bedrock is commonly assumed to impose a no-flow boundary (Freeze & Cherry, 1979) that directs water laterally
through the subsurface. In steep headwater systems it is often assumed that subsurface flow paths mirror
topography (Hubbert, 1940; Toth, 1963) directing flow to the channel and limiting interbasin transfer of water.
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These assumptions form the basis for catchment water balances which are routinely used in hydrologic studies.
However, in landscapes with deep weathering and high permeability these assumptions may not be valid and
water may exit catchments through the subsurface (e.g., Gleeson & Manning, 2008).

Many models of subsurface water flow and weathering do not account for preexisting fractures in the subsurface
which enhance permeability and provide surface area for weathering (Andrews & Navarre-Sitchler, 2021).
However, many field studies have documented the importance of fractures to chemical weathering (Krone et al.,
2021), groundwater recharge (Uchida et al., 2003), streamflow (Payn et al., 2012), and solute generation
(MclIntosh et al., 2017). Fracturing can arise due to a variety of processes including exhumation (e.g., DiBiase
et al., 2018; Molnar et al., 2007), tectonic and topographic stresses (e.g., St Clair et al., 2015), and active tectonics
(e.g., Brooks et al., 2017; Savage & Brodsky, 2011) that happen deep beneath the surface and thus remain hard to
quantify. Furthermore, understanding connections between weathering, fracturing, and water movement through
the critical zone remains a challenge due to a lack of paired measurements of hydrology and subsurface
weathering. Here we overcome these challenges by using borehole drilling, geophysical measurements, and
hydrologic monitoring to quantify subsurface stucture and water table dynamics to explore connections between
water flow, fracturing, and chemical weathering in the deep critical zone.

2. Materials and Methods

2.1. Study Site and Description

Arbor Creek Experimental Catchment herein referred to as Arbor Creek (0.04 kmz) lies within Blue Oak Ranch
Reserve located in the Diablo Mountain Range in central coastal California (Figure 1). Arbor Creek has a
Mediterranean climate with cool, wet winters and warm, dry summers. The average annual rainfall from 2012 to
2021 was 600 mm and average temperature was 14°C (A. M. Donaldson et al., 2023). Vegetation at the site varies
by aspect, with north to northeast facing slopes characterized by oak woodlands and south to southwest facing
slopes characterized by seasonal grasses (A. Donaldson et al., 2024). The geology in the region around Arbor
Creek is broadly characterized as the Franciscan Complex, which formed in the subduction zone off the west coast
of North America (Dibblee & Minch, 2005). Observations from outcrops and drill cores at the site suggest that the
bedrock within Arbor Creek is predominantly composed of metagraywacke with some sections of interbedded
shale (KJsed; Figure 1). Adjacent to Arbor Creek is a unit of heterogeneous metamorphosed sedimentary rock,
where blueschist and other metamorphic minerals are present (KJmet; Figure 1). The site is located 2 km northeast
from the Calaveras fault, a right-lateral strike-slip fault that is part of the larger San Andreas fault system
(Figure 1a). Major earthquakes have occurred along the fault as recently as October 2022, when the M5.1 Alum
Rock Earthquake occurred just 11 km from Arbor Creek (USGS, 2022).

2.2. Borehole Drilling and Core Characterization

In November 2021 we conducted a drilling campaign to directly characterize subsurface weathering, verify
geophysical survey results, collect core samples, and monitor hydrologic dynamics in the resulting boreholes. We
used augering, split-spoon sampling, and diamond-core water rotary techniques to drill 12 boreholes. Here we
focus on the two deepest boreholes, N4W1 and S3W1, where core was retrieved using water rotary drilling.
N4W1 is located on the ridge above the north-facing slope and was drilled to a depth of 40.8 m and S3W1 is
located on the ridge above the south-facing slope and was drilled to a depth of 27.7 m (Figure 1b). We also utilized
a portable gas powered drill to install an in-stream well (StW1) to monitor hydrological dynamics beneath the
stream channel. Following the drilling campaign, we dried core at ambient room temperature conditions, removed
stains by wiping each core with a wet rag and then photographed and further characterized each core box.

2.3. Seismic Refraction

To characterize how subsurface weathering varies across Arbor Creek we quantified variations in primary-wave
velocity (Vp) using active-source seismic refraction surveys. Seismic survey locations were selected to span
variations in topographic position to quantify spatial variations in subsurface weathering (Figure 1b). Seismic
surveys were conducted between August 2021 and May 2022 using 48 14-Hz vertical component geophones and
a Geode recording system. The V,, first-arrival times for each shot-geophone pair were picked using Pickwin
(Geometrics, Inc.) and inverted for V, using a THB 1j-MCMC inversion scheme developed by Huang
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Figure 1. Calaveras fault and Arbor Creek. (a) Inset map of California showing location of study site (star). Main map shows estimates of rates of ground motion in
cm yr~ " along the Calaveras fault (Charles & William, 2010) (black lines) from a Synthetic Aperture Radar interferogram (Text S2 in Supporting Information S1). The
direction of ground movement is indicated by arrows along the fault boundary. Positive values (cool colors) indicate southeast and/or uplift movement and negative
values (warm colors) indicate northwest and/or subsident movement. The Arbor Creek catchment (red outline) is less than 2 km from the main fault. (b) Locations of
geophysical surveys (blue lines) and boreholes (white circles) within Arbor Creek (red outline). Line numbers are located at the starting point of each geophysical
survey. The approximate geologic contact (white dashed line) shows boundary between sedimentary greywacke (KJsed) and mélange rocks (KJmet) with greater

metamorphism.

et al. (2021). For details on the survey geometry and inversions for each line see Text S1 and Table S1 in
Supporting Information S1.

2.4. Monitoring Deep Groundwater Levels

We measured groundwater levels in N4W1, S3W1, and StW1 every 10 min using pressure transducers placed on
kevlar cords just above the bottom of the borehole. A barometer located ~50 m away from S3W1 was used to
correct the water level data for variations in atmospheric pressure.

3. Results
3.1. Variations in Weathering From Drilling

Based on borehole drilling and previous soil pit excavations we can broadly divide the subsurface into five
different layers (Figure 2). The layers include physically mobile soil, saprolite, weathered bedrock with matrix
oxidation, weathered bedrock with fracture oxidation, and fractured bedrock with no oxidation. The depth of
mobile soil varies from 0.3 to 0.8 m (A. M. Donaldson et al., 2023). Defining the depth of saprolite is challenging
because the boundary between saprolite and weathered rock is difficult to sample and can be gradual, particularly
in sedimentary rocks (Hudson Rasmussen et al., 2023). Previous studies have defined the depth of saprolite based
on when the rock is competent enough to not collapse during drilling (Callahan et al., 2020; Flinchum et al., 2018)
(i.e., the depth when drillers switch from augering to coring). Using this definition, the depth of saprolite is 3.1 m
below the surface at NAW1 and 5.2 m below the surface at S3W 1. We identified the depth to the other weathering
layers by visually observing the cores for red and orange coloring indicative of oxidation of Fe-bearing minerals.
The deepest extent of matrix oxidation is 20.4 m below the surface at N4AW1 and 17.4 m below the surface at
S3W1. Below these depths, oxidation is minimal in the rock matrix, but fractures are oxidized. Oxidation along
fracture planes extended to 36.6 m below the surface at N4W1 and 24.7 m below the surface at S3W1. Below
these depths there are no visual signs of chemical alteration. However, the cores still have abundant fractures
through the bottom of the boreholes, which are 40.8 and 27.4 m below the surface for N4AW1 and S3W1,
respectively (Figure 2 and Figures S1 and S2 in Supporting Information S1).
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Figure 2. Observations of critical zone structure from borehole drilling. Topographic cross sections (black line) along transects (inset map) with observations from
borehole drilling at N4W1 (a) and S3W1 (f). Oxidation along fracture planes was observed 36.6 and 24.7 m below the surface (m.b.s.) at NAW1 and S3W 1, respectively.
Subsurface structure at Arbor Creek can broadly be divided into soil and saprolite (b and g), weathered rock with matrix and fracture oxidation (c and h), weathered rock
with fracture oxidation (d and i), and fractured rock with minimal oxidation (e and j).

3.2. Spatial Variations in Weathering Inferred From Seismic Refraction

To quantify spatial variations in weathering we identified the mean seismic velocities from the surveys at the
borehole locations to determine the velocity at the weathering interfaces (Figure S3 in Supporting Informa-
tion S1). The velocity at the interface between saprolite and weathered bedrock was 1.1 + 0.3 kms™' (mean = s.e.
m.) and the velocity at the interface between fractured rock with oxidation and unoxidized fractured rock was
2.4 + 0.3 km s~'. This is consistent with previous work in weathered sedimentary rocks in California which
identified velocities of 1.3 + 0.2 km s~ at the saprolite-weathered bedrock interface and 2.0 + 0.4 km s~ at the
interface between fractured rock with oxidation and unoxidized fractured rock (Hudson Rasmussen et al., 2023).
The velocity at the deeper interface is on the low end of lab measurements of unweathered sandstones (2.4—
5.6 km s™!) (Mavko et al., 2009). This is likely due to substantial bedrock fracturing at our site.

The depth to the saprolite and weathered bedrock interface (Vp = 1.1 km s™") ranges from 0 to 8 m across the
landscape and is generally thicker at ridge tops and thinner in the valley bottoms of Arbor Creek (e.g., Lines 1 and
2; Figure 3). Additionally, we observed a very thin zone of saprolite along the channel of Arbor Creek (Line 5).
Lines 3 and 4 along the ridge tops show variations in the depth to 1.1 km s™*, but do not show systematic patterns.

CALLAHAN ET AL. 4 of 10

a ‘€1 YT0T ‘LO0SYY61

:sdy woxy p

ASUSOIT SuOWIWO)) dANELAI) d[qeorjdde ayy £q paurdA0S aie sa[o1IE Y() (asn JO Sa[NI 10§ AIRIqIT dul[uQ) AJ[IAN UO (SUONIPUOI-PUE-SULId)/W0d Ko[Im°ATeIqijaut[uo//:sdiy) suonipuoy) pue suud [, ay 99§ “[+707/L0/2z] uo Areiqry aurjuQ Laip ‘Areiqiy Loamg [ea150[000) 'S’ £q 671601 TOFI0T/6TO1 01/10p/wod" Ka]im"



Ay )
M\ Geophysical Research Letters 10.1029/2024GL 109129
(@) Line 1 (b) Line 2
800
E 780
C
2 7
1
>
(0] ]
& 740
720
| | I I | I | |
0 50 100 150 200 0 50 100 150 200
Distance (m) Distance (m)
(c) Line 3 (d) Line 4
E
c
S
B
>
I
L
| | | | | | |
0 50 100 150 200 0 50 100 150
Distance (m) Distance (m)
(e) Line 5 )] Line 6
800 800
T 780 — T 780
& &
HG c——i L= g 740
720 720
| | | | | | |
0 50 100 150 200 0 50 100 150
Distance (m) Distance (m)

Figure 3. Weathering depths inferred from seismic refraction surveys. (a—f) Cross-sections of mean Vp, inferred from seismic refraction surveys. The colorbar represents
the mean Vp, from all model runs (Text S1 in Supporting Information S1). The surface topography is shown as the solid black line. White areas below the topography
represent areas without ray coverage or areas with large uncertainty. Uncertainty and velocity gradient for each survey are shown in Figures S4-S9 in Supporting
Information S1. Contour lines at 1.1 km s~' and 2.4 km s~! represent estimates of the elevation of the base of saprolite and the base of weathered rock, respectively
(Figure S3 in Supporting Information S1). The location of the line number in the inset map signifies the start of each line.

The depth to unoxidized bedrock (Vp =2.4 km s~ ranges from 3 m near stream channels (e.g., Line 6 at 40 m) to
39 m at ridgetop positions (e.g., Line 1 at 50 m). In some cases the depth of investigation of the geophysical
surveys is insufficient to capture the 2.4 km s~ velocity boundary (e.g., Line 1 at 40 m).
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3.3. Groundwater Levels in Deep Boreholes

At S3W1, the water table elevation varied between 755.7 and 756.7 m (25.2 and 24.3 m below the surface) from
October 2022 to February 2023, and showed a gradual increase throughout the rainy winter months (Figure 4). At
N4W1, the well was dry until late December. Following precipitation in December the water table elevation
varied between 753.6 and 754.5 m (37.1 and 36.2 m below the surface) with the exception of three rapid increases
in water level of ~1-2 m in late December and early January, which was likely due to water flowing down the
borehole during rainstorms. The in-stream well (StW1) shows water levels at elevations of 753.8-754.9 m (less
than a meter below ground surface) with small fluctuations in November, followed by a gradual increase in early
December before eventually reaching the ground surface elevation in mid-December and early-January.

4. Discussion
4.1. Drivers of Deep Subsurface Fracturing

The deep fracturing at Arbor Creek may be driven by the geologic history, the proximity to an active fault, or the
regional stress regime. For example, the geology in the Diablo Range is characterized by the Franciscan Complex
where sedimentary rocks have been deformed and metamorphosed before being exhumed during uplift of the
California Coast Ranges (Blake & Wentworth, 1999). The lack of a coherent bedding plane (Figure S10 in
Supporting Information S1) and the proximity of Arbor Creek to the geologic contact with mélange units with
high-grade metamorphic minerals (Figure 1b) suggests that bedrock in the region experienced substantial reor-
ganization, deformation, and fracturing during uplift of the California Coast Range (e.g., Page et al., 1998).

The close proximity of Arbor Creek to a creeping section of the Calaveras Fault may also cause significant
fracturing (Figure 1a). The uplift of coherent blocks through fault zones causes deformation that is accommodated
by significant fracturing (Molnar et al., 2007). Active tectonic processes can also cause fracturing due to the build
up of inelastic strain generated during earthquakes and during interseismic periods (Cochran et al., 2009; Pollitz
et al., 2004; Savage & Brodsky, 2011). Fault damage zones have typically been associated with areas directly
adjacent to main faults. However, recent work has documented aftershocks and surface fracturing up to 20 km
from main fault zones following major earthquakes (Rodriguez Padilla et al., 2022). Arbor Creek is only 2 km
from the Calaveras fault, suggesting that uplift through faults and active tectonic processes may cause significant
fracturing in underlying bedrock at Arbor Creek.

Subsurface fracturing has also been linked to subsurface stress fields due to the interaction of regional stresses
with topography (Moon et al., 2020; St Clair et al., 2015). The modern tectonic environment in the California
Coast Range is characterized by a series of transform faults. However, measurements of in situ stresses and
modeling of uplift show a large component of fault-normal compression in the region (Montgomery, 1993;
Zoback et al., 1987). The results from our seismic refraction surveys show large zones of low velocities beneath
ridgetops, which is broadly consistent with weathering patterns at other sites with compressive regional stresses
(St Clair et al., 2015). Given the complex geologic history and tectonic activity at Arbor Creek, the considerable
fracturing is likely a result of several processes acting together, or at different magnitudes over geologic time.

More work is needed in geologically complex landscapes to tease apart the evolution of the critical zone, which can
aid us in extrapolating these findings to other landscapes with similarly complex histories. The depth and degree of
subsurface fracturing observed at Arbor Creek is greater than at Rancho Venada, a site in northern California with
similar bedrock and climate that is located further from a major fault zone (Hudson Rasmussen et al., 2023;
Pedrazas et al., 2021). This suggests that proximity to faults may play an important role in driving subsurface
fracturing. However, more work examining how the extent of rock damage varies with distance from faults is
needed to fully quantify the role of active tectonic processes in causing subsurface fracturing. Additionally,
quantifying fracturing over greater depth would help constrain whether the fracturing is inherited before weath-
ering occurs as proposed here, or controlled by patterns of meteoric water infiltration patterns which has been
proposed in other systems (e.g., Maet al., 2021). More work is also needed to evaluate the role of topographic stress
in driving fracturing. Recent work in central Pennsylvania has suggested that fractures from topographic stresses
may play a secondary role in controlling the depth of weathering in landscapes underlain by sedimentary rock (e.g.,
Maetal.,2021; Wangetal., 2021). A direct comparison of seismic refraction surveys to models of topographic and
regional stress would help constrain the role of modern stresses in controlling subsurface fracturing at Arbor Creek.
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Figure 4. Groundwater levels and critical zone structure in Arbor Creek. Groundwater levels (blue lines) from November 2022 to February 2023 for S3W1 (a), StW1 (b),
and N4W1 (c). The elevation of oxidation observed in the cores is shown as a dashed red line and the ground surface elevation at StW1 is shown as a dashed black line.
Sharp increases in groundwater level at NAW 1 are likely due to water running down the borehole during rain events. Dashed blue line represents dry conditions. The well
locations and elevation transect from A to A’ (d) was used to create a conceptual model (e) of interactions between fracturing, chemical weathering, and hydrologic
processes based on field measurements. The core observations and geophysical data indicate a highly fractured subsurface that allows water to infiltrate deep into the
subsurface causing oxidation of fractures (brown lines) down to the water table (blue line). The water infiltrating deep into the subsurface likely contributes to a regional
groundwater system that flows at or just beneath the intermittent first-order stream channel.

4.2. Hydrologic Control on Chemical Weathering

The significant fracturing observed at Arbor Creek increases permeability and provides surface area for
weathering reactions to take place, serving an important role in initiating weathering in the critical zone. However,
in order for exposed surfaces to be chemically altered, oxygen-rich meteoric water must infiltrate and interact with
mineral surfaces (e.g., Lebedeva & Brantley, 2013). The presence of oxidation along mineral surfaces can be used
to understand subsurface flow paths of meteoric water. For example, in areas where oxidation is observed in the
rock matrix and along fracture planes, meteoric water is likely flowing. In contrast, in the deeper sections of the
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core where oxidation is restricted to fracture planes, the predominant flow paths of oxygen-rich meteoric water are
likely fracture planes. Furthermore, in areas with no signs of oxidation, the water flowing along fracture planes is
likely low in oxygen, saturated in weathering products, and unable to weather mineral surfaces. There are no signs
of oxidation along fracture planes below 36.6 m at N4AW1 and below 24.7 m at S3W1. These depths are roughly
coincident with the observed depth of the water table at N4W1 and S3W1 (Figures 4a and 4c). The lack of
weathering below the water table is consistent with previous work in sedimentary systems that has proposed that
chemical weathering is initiated by the drainage of chemically equilibrated water and subsequent infiltration of
oxygen-rich water into pore space and fractures (Rempe & Dietrich, 2014). While our observations are consistent
with oxidation being limited by the water table depth, more work is needed to understand if hydrolysis reactions
below the water table contribute to subsurface weathering (e.g., Ollier, 1988; Taylor & Eggleton, 2001). Addi-
tionally, more work is needed to understand if the relationship between the water table and the weathering front
changes with topographic positions as observed in recent field (Gu et al., 2020; Sullivan et al., 2016) and
modeling studies (Lebedeva & Brantley, 2020).

4.3. Implications for Critical Zone Hydrology

Together the observations of fracturing, oxidation, and groundwater levels suggest that fracturing enhances
permeability driving cycling of meteoric water deep beneath the surface, which has important implications for
groundwater recharge, streamflow generation, and interbasin water transfer. Since Arbor Creek is an inter-
mittent first-order basin with limited upgradient groundwater sources, the deep groundwater observed here is
likely maintained by recharge from local precipitation. The elevation of the water table was observed to be at or
below the stream channel and is on average 2 m lower at N4W1 than at S3W1, leading to a water table slope
that is ~1.5%. This downslope gradient is roughly parallel to the mainstem of the watershed that our study
system is nested within (Figure 4). Together, these observations suggest that water may be contributing to
interbasin water transfer, or may be exiting the catchment in the subsurface, which is consistent with modeling
efforts that predict large amounts of regional groundwater flow in high-relief landscapes with low ratios of
recharge to hydraulic conductivity (Gleeson & Manning, 2008). This deep water movement likely recharges a
regional groundwater system and has important implications for understanding streamflow generation
(Montgomery et al., 1997; Oda et al., 2013) and regional groundwater supplies in higher order catchments
(Fan, 2019; Shaman et al., 2004). Furthermore, this highlights the need to understand the weathering structure
of the deep critical zone when considering deep hydrologic flow paths in headwater systems (Condon
et al., 2020).

5. Conclusions

Measurements of subsurface weathering from borehole drilling and seismic refraction surveys show a highly
fractured subsurface with oxidation 25-37 m below the ground surface in the study hillslopes of Arbor Creek. The
significant and deep subsurface fracturing is likely due to a combination of factors, including rock deformation
during uplift, fracturing from active tectonic processes on the nearby Calaveras Fault, and compressional regional
stresses that may be compounded due to local conditions proximal to the active fault zone. The highly fractured
bedrock facilitates water movement along deep flow paths, potentially contributing to the regional groundwater
system and facilitating interbasin transfer of water. Additionally, the depth of oxidation is at similar depths to the
water table, suggesting that chemical weathering is controlled by drainage of equilibrated water as rock is
exhumed above the water table. Together this work yields new insights on the interplay between hydrologic flow
paths and subsurface weathering in areas where geologic and tectonic processes cause deep and extensive
fracturing in the subsurface. This work highlights the need for more measurements of subsurface weathering and
hillslope hydrology in complex geologic and tectonic environments that drive significant fracturing of underlying
bedrock.

Data Availability Statement

Geophysical data, groundwater data, and core images are available on Hydroshare (Callahan, 2024). Seismic
refraction inversion code is archived on Zenodo (Huang, 2021). InSAR data was processed using the ISCE
processing software (Rosen et al., 2018). UAVSAR images are available via the JPL UAVSAR Data Search
(https://uavsar.jpl.nasa.gov/cgi-bin/data.pl).
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