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Abstract 

Spatial Patterns of Bedrock Weathering at the Hillslope Scale Inferred 

via Drilling and Multi-Scale Geophysical Methods 

Shawn S. Lee, M.S. Geo. Sci. 

The University of Texas at Austin, 2018 

Supervisor:  Daniella M. Rempe 

The critical zone (CZ) comprises the near-surface region of the Earth where biological, 

physical and chemical weathering processes form porous soil and weathered bedrock from 

initially fresh bedrock. The structure of the CZ plays an integral role in near-surface 

processes including water cycling, however this subsurface structure is unmapped relative 

to surface topography, outside of isolated boreholes, road cuts, and landslides.  Here, we 

characterize this structure and its variability within the Coastal Belt of the Franciscan in 

the Northern California Coast Ranges to test the hypothesis that there exists a relationship 

between weathering profile structure and topography. We compare spatially detailed data 
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from boreholes from the Eel River Critical Zone Observatory (ERCZO) with surface 

seismic refraction and electrical resistivity surveys to develop the most probable seismic 

velocities associated with interfaces between (1) saprolite and weathered bedrock and (2) 

weathered and fresh bedrock.  P-wave velocities calculated via regression ranged from 350-

610 m/s for saprolite and soil, 610-1910 m/s for weathered bedrock, and > 1910 m/s for 

fresh bedrock. Extending these results to three hillslopes lacking borehole data reveals a 

common weathering profile structure, whereby weathering depth increases upslope across 

hillslopes and weathering thickness is roughly parallel to the ground surface along 

ridgelines.  The maximum thickness of weathering, at the topographic divide, appears to 

scale with hillslope length. Significant seismic anisotropy, reflecting dominant bedding or 

fracture orientation, is evident in a subset of transects. Electrical resistivity tomograms 

reveal a consistent, shallow 2-8 m resistive layer associated with the weathered bedrock 

vadose zone underlain, in many cases, by a conductive zone which we propose reflects a 

seasonal groundwater system within weathered bedrock. Our seismic and electrical 

imaging therefore reveals a consistent structure across different hillslopes.  In this 

tectonically active environment, we find that weathering profiles penetrate deeply beneath 

hillslopes in a broadly systematic pattern. This suggests consistency in weathering process 

across the landscape that operates at the hillslope scale where channels remain fresh and 

ridgetops show deep weathering. 
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1 Introduction 

 

 

 The Critical Zone (CZ) is the near surface region, from the top of the tree canopy 

to the depth of fresh bedrock, where biological, physical and chemical processes operating 

over myriad temporal and spatial scales impact water and nutrient cycling (Anderson et al., 

2007). In headwater catchments, which are typically located in uplands environments and 

characterized by ridge and valley topography, the CZ is often comprised of a bedrock 

weathering profile which increases in porosity and concentration of secondary weathering 

products towards the surface, until it transitions into a physically mobile soil layer (Riebe 

et al., 2017). This altered near surface region is hydrologically dynamic and its water 

storage dynamics impact water availability to plants and ecosystems and communities 

downstream. In other words, the structure and extent of bedrock weathering impact how 

water is stored and released in a catchment (Welch and Allen, 2014), and the residence 

time of fluid (Maher, 2010).  Though topography is readily observable, the subsurface 

structure of a landscape is largely invisible.  Thus, hydrologists typically rely on sparse 

point observations to generate conceptual representations of subsurface structures.  

Recently, however, new theories have been proposed that suggest that topography and 

subsurface weathering profile structure may be related over large scales.  Processes such 

as reactive transport of meteorically derived fluids (e.g. Lebedeva and Brantley, 2013) and 

frost cracking (Anderson et al., 2013) may link the evolution of the ground surface and 

subsurface weathering.  For example, the balance between topographically induced and 
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regional compressive stresses may dictate the pattern of fracturing within hillslopes 

underlain by bedrock and lead to a systematic pattern of fracturing at the hillslope scale  

whereby ridges or valleys show more or less extensive fracturing (Slim et al., 2015; St. 

Clair et al., 2015).  These models have revealed that steady state weathering profile 

structures may arise for a given steady state topography (e.g. Brantley and White, 2009; 

Fletcher and Brantley, 2010). Each model for CZ structure and evolution predicts a 

particular structure to the bedrock weathering profile for a given set of conditions (e.g. 

regional compressive stress, annual temperature, parent mineralogy), however, even with 

sophisticated analytical and numerical representation of these processes, we still lack 

datasets to test these models over relevant scales and parameter spaces. This study reports 

on a dataset that can be used to evaluate such models. In particular, we seek to test the 

model proposed by Rempe and Dietrich (2014), whereby bedrock weathering profiles arise 

from coupled landscape evolution and drainage of equilibrated water within uplifting 

bedrock.  We refer to this model as the bedrock drainage model herein.  

 The bedrock drainage model posits that as channels incise into fresh bedrock (i.e. 

bedrock saturated with equilibrated pore fluid), the incision into bedrock generates a 

hydraulic gradient within the fresh bedrock such that drainage towards the local channel 

occurs.  This drainage dictates the rate at which reactive fluids can enter and weather the 

bedrock. As channel incision also drives the evolution of surface topography (��), the 

evolution of the subsurface weathering profile structure (specifically the interface between 

weathered and fresh bedrock, ��) is directly coupled to the ground surface through channel 

incision rate (Co) and hillslope geometry. To arrive at a steady state solution for the 
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thickness (H(x)) of weathered bedrock across a hillslope (i.e. H(x) = ��(x) - ��(x)), 

assumptions of uniform channel incision rate and material properties is required. These 

material properties include the soil diffusivity (length squared over time) � = ��/	, ratio 

of weathered bedrock to soil bulk density, 

�

�, fresh bedrock hydraulic conductivity, K, and 

porosity, . The analytical solution to the bedrock drainage model leads to several key 

testable hypotheses within a landscape with uniform material properties (i.e. uniform K, , 

D, 

�

� ) that is experiencing a uniform incision rate (which, at steady state is equal to erosion 

rate and uplift rate). These predications can be summarized as follows:  

For hillslopes bounded by channels incising into fresh bedrock: (i) Weathering 

thickness increases towards the topographic divide and is maximum at the divide, (ii) 

Weathering thickness along the ridgeline does not vary significantly, (iii) The thickness of 

weathering at the topographic divide is greater for longer hillslopes. In this study, we image 

the weathering profile structure under hillslopes of variable length, L, in a landscape with 

relatively uniform properties and incision rate to test these specific predictions.  We build 

on prior work at this site to develop a relationship between geophysical data, weathering 

properties, and hydrologic processes.  
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2 Methods 

 

 

2.1 Description of study site  

 

  The site of investigation is located in northern California, Mendocino County at the 

Eel River Critical Zone Observatory (ERCZO). Active erosion, channel incision, and uplift 

along with the absence of evidence of prior glaciation (Fuller et al., 2009, Sklar and 

Dietrich, 2006)  makes the region an ideal setting for observing and analyzing weathered 

bedrock development as a result of contemporary geomorphic processes. The study area is 

steep, forested terrain underlain by the Coastal Belt of the Franciscan Formation, including 

nearly vertical dipping argillite mudstone with occasional interbedded sandstone lenses 

(McLaughlin et al., 1988).  The site experiences a Mediterranean climate with warm, dry 

summers and cool, wet winters and an average annual precipitation of 2042 mm.  Overland 

flow is exceptionally rare, and infiltrating precipitation transits the thin soils and thick 

bedrock vadose zone before accumulating as fractured bedrock groundwater within the 

hillslope and running off to the stream (Salve et al., 2012; Rempe and Dietrich, 2018).  The 

vegetation is evergreen forest canopy Douglas fir (Pseudotsuga menziesii), coast redwood 

(Sequoia sempervirens), interior live oak (Quercus wislizenii), California bay 

(Umbellularia californica), Pacific madrone (Arbutus menziesii), and tan oak 

(Notholithocarpus densiora).   
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We leverage intensive characterization of a study site named Rivendell associated 

with the ERCZO to extend co-located borehole and geophysical survey (seismic refraction 

and resistivity) information from that site to other nearby hillslopes in the same geomorphic 

setting. The Rivendell hillslope is a first-order, unchanneled catchment draining directly to 

Elder Creek, which is a tributary to the South Fork Eel River (Figure 1).  Deep wells 

penetrating the seasonal groundwater system and fresh bedrock were drilled in 2007 and 

2010 (Table 1). These wells have been utilized extensively to examine water chemistry 

(Kim et al., 2014; Druhan et al., 2017), runoff (Lovill et al., 2018, Dralle et al., 2018), and 

water availability to plants (Oshun et al., 2015, Link et al., 2013, Rempe and Dietrich, 

2018). These studies highlight the importance of the weathered bedrock region underlying 

the thin soils in routing hillslope runoff and storing ground water. 

 

2.2 Geophysical surveys and inversion 

 

2.2.1 Geophysical surveys 

  We conducted eleven seismic refraction and electrical resistivity transects across 

four hillslopes (Figure 1). Lines 1, 2, 10, and 11 were positioned within the Rivendell 

experimental hillslope where boreholes are present for comparison of surface and borehole 

geophysical data. Three other hillslopes were investigated: Pete’s Backside (Lines 5 and 

6), Demon (Lines 3 and 4), and Edell (Lines 7, 8, and 9). Seismic refraction surveys were 

conducted using a 24 channel seismograph with single vertical component 40 Hz 

geophones with vertical strikes on a sledge-hammer and plate setup. Record length is 500 
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ms with a sample rate of 8 samples/ms. Survey line parameters are shown in Table 2. At 

least three shots were stacked at every shot point to reduce noise. Electrical resistivity 

surveys were conducted on an eight channel Advanced Geosciences (AGI) SuperSting 

R8/IP/SP. Electrodes were placed using a dipole-dipole array in groups of 4 stakes along 

the same topographic line as the seismic surveys. Survey dimensions and deployment 

details are shown in Table 2. Topography of each line was measured via stadia rod and 

hand-level surveys at 10 m intervals. 

 

2.2.2 Seismic refraction tomography data processing 

  We utilized Geogiga DW Tomo software (Geogiga DW Tomo, 2017) to process 

and invert the data to create 2D tomograms using a gridded ray tracing method using first 

arrivals picked on a combination of raw data and low pass Butterworth filtered waveforms 

(Figure 2). Example travel time curves for Lines 1 and 2 are shown in Figure 3. The 

regularized inversion procedure used in DW Tomo produces smoothed models without 

discrete layers (McCaughey and Singh, 1997) and corrects for elevation and topography. 

We capped iterations to 15 across all models which resulted in root mean square (RMS) 

values of < 1 to 3.5 ms which is within range of the approximately 1-3 ms errors associated 

with manually picking first arrivals. 

  To evaluate variability in tomography results due to inversion parameters, we vary 

starting velocity models, vertical and horizontal inversion cell sizes, and smoothing lengths 

and generate 29 tomograms for Lines 1, 2, 10, and 11. Starting velocity models were 

determined by analyzing travel time curves for each line. We aggregate the travel time 
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curves of all shots and derive three different layered velocity models for each line: an 

average (Figure 4 purple curve), lower (Figure 4 blue curve), and upper bound (Figure 4 

red curve) of the aggregated travel time curves for all receivers (Figure 4). The maximum 

and minimum smoothing ranges were selected to avoid tomography results with rapidly 

fluctuating velocities with depth. Horizontal and vertical smoothing ranged from 4 to 15 m 

and 1 to 3.75 m respectively (Table S1). Cell sizes for the vertical direction ranged from 

0.375 to 1.5 m and horizontal 0.5 to 1.5 m. We assign maximum velocity bounds between 

3000 and 5500 m/s based on the maximum velocities obtained from aggregated travel time 

curves (Figure 4). Minimum velocity was set at 350 m/s based on minimum direct wave 

values measured from the survey lines.  

Depth of inversion was between 1/4 and 1/5 of the surveyed map length of a 

continuous geophone spread, a conventional limit of refraction surveys (Seismic 

Refraction, 2018) and capped at 50 m depth given the high noise at far offset receivers and 

to limit fitting ray paths beyond reasonable imaging depths given the source and receiver 

setup. Table S1 in supplementary material summarizes the inversion parameters for each 

transect.  

  

2.2.3 Electrical resistivity tomography data processing 

  Resistivity surveys were processed using AGI EarthImager 2D (AGI 

EarthImager™ 2D, 2007) using a smooth model constraint least squares inversion. The 

nonlinear inverse problem was solved using the Quasi-Gauss-Newton method of least 

squares optimization with a maximum of 15 iterations. Iterations were set to automatically 
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conclude once inversion RMS error stops decreasing and begins to increase with 

subsequent iterations. Inversion cells were limited to 1/2 of the electrode spacing to prevent 

spurious artefacts and memory limitations of the program (AGI EarthImager™ 2D, 2007) 

 

2.3 Borehole characterization 

 

We analyzed geophysical well logs and drill cuttings from 12 boreholes across the 

Rivendell hillslope for signatures of transitions in density, porosity, and water storage 

dynamics (neutron moisture probe) associated with weathering profile structure (Figure 1). 

In 2007 and 2010, when the boreholes were drilled, samples of soil and rock recovered 

during drilling were analyzed in the field for evidence of weathering. Drill cutting samples 

were recovered only from specific depth intervals within the borehole (Table 1). In the 

field, the cuttings were characterized for lithology (primarily grain size), color, presence 

of weathering rinds, coatings, or precipitates, presence of roots, extent of fracturing, and 

friability. Together, these data were used to assign one of four weathering categories to the 

sampled material: Soil, saprolite, weathered bedrock, and fresh bedrock.  Soil is physically 

mobile, granular material and saprolite is extensively weathered bedrock such that it is soil 

like but retains the parent rock structure (e.g. bedding). The transition from saprolite to 

weathered bedrock is gradual.  Weathered bedrock is distinct from saprolite in that it lacks 

significant friability and secondary clay minerals, yet is fractured and shows oxidation 

along fractures.  Fresh bedrock lacks significant fracturing and evidence of oxidative 

staining.  
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Boreholes were logged periodically in 2017 at approximately 0.3 m intervals with 

gamma (CPN Instrotek 501DR) and neutron (CPN Instrotek 503DR) downhole tools. The 

active source Cesium 137 probe emits gamma particles at much higher levels than 

background mineralogical radiation.  Because denser materials slow the return of gamma 

particles to a receiver, lower gamma counts are associated with denser materials.  The 

neutron probe emits neutrons into the surrounding material where they are scattered by 

hydrogen nuclei, such that higher count rates represent larger moisture contents in the area 

of investigation around the borehole. Under saturated conditions (generally below the 

water table), moisture content measured from neutron probe is analogous to porosity. 

Rempe and Dietrich (2018) report results of multi-year neutron logging revealing depth 

intervals which dynamically store and release water over time. We use the bulk density and 

water storage information provided by the gamma and neutron logs, along with the results 

of Rempe and Dietrich (2018) to identify zones of weathering and water storage in the 

vadose and seasonally saturated zones. Groundwater levels in each well were documented 

via CS450 and CS451 pressure transducers (Campbell Scientific Inc.) for the period 2015-

2018.     

 

2.4 Probabilistic weathering profile classification via logistic regression 

 

 To extend our intensive borehole observations to sites lacking boreholes, we 

develop a relationship between surface seismic refraction tomography data and our 

weathering profile characterization. We utilize logistic regression, which calculates the 
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relationship between categorical dependent variables (i.e. in this case soil and saprolite, 

weathered bedrock, and fresh bedrock) involving � independent variables (i.e. seismic 

velocity) using a sigmoid curve. Due to the thinness of the soil layer and the presence of 

three major refractions in the data, we combined soil and saprolite into one weathering 

range. The curve is governed by the logit function, also known as the natural logarithm of 

odds ratio. As logistic regression is equivalent to linear regression on the logit function, we 

can express the generalized relation for n variables as: 

 

��������� = �|��� = �� � ��� = �|��
1 − ��� = �|�� = !" + $ !%�%

&

%'(
�1� 

 

Where !" is the intercept of the model and !% is the coefficient of the �% independent 

predictor variable. ��� = α|�� denotes the conditional mean value, or probability of 

outcome Y being in class α given the value of x such that 0 < ��� = α|�� < 1. The 

coefficients of the regression are calculated using maximum likelihood estimation (MLE) 

on specific sets of training data derived from velocity slices adjacent to boreholes. MLE 

works by maximizing a series of � + 1 likelihood functions through iterative numerical 

methods available in most statistics packages. We isolate ��� = α|�� by taking the inverse 

logit to map Equation 1 to the x domain such that 0 and 1 are bounded by the y axis: 

 

��� = α|�� = ,-./∑ -1213145
1 + ,-./∑ -1213145 �2� 
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Once we have obtained our coefficients through MLE, we can input them into Equation 2 

and calculate the probability of a getting class α( or �� given any values of � (i.e. seismic 

velocity). The generalized version of the above binomial logistic regression to multinomial 

(> 2 classes, i.e. soil and saprolite, weathered bedrock, and fresh bedrock) can be written 

as:  

 

��� = α:;�� = ,-</∑ -<=2=>=45

1 + ∑ ,-</∑ -<=2=>=45?@(A'(
�3� 

 

��� = α:;�� is the probability of an outcome of being in category j (i.e. soil and saprolite 

or weathered bedrock) in relation to a reference category (i.e. fresh bedrock), C is the 

number of response categories (i.e. three for soil and saprolite, weathered bedrock, and 

fresh bedrock�, and D is the number of predictor variables (i.e. velocity). The probability 

of the reference category can then be obtained by setting the numerator of Equation 3 to 1. 

The training dataset is obtained by assigning soil and saprolite, weathered bedrock, and 

fresh bedrock depth ranges from wells to adjacent seismic tomography data. 
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3 Results 

 

We first describe the development of our methodology for using seismic refraction 

and electrical resistivity data to infer weathering profile structure, by describing the results 

of our tomographic inversion sensitivity analysis and the comparison of our borehole and 

tomography data at the intensively characterized Rivendell hillslope. We then evaluate our 

hypotheses about weathering profile structure across all sites by applying this methodology 

to surveys collected in different hillslopes.  

 

3.1 Sensitivity of seismic velocity estimation to inversion parameters 

 

 Comparison of tomograms using different inversion parameters (Table S1) reveals 

that the largest sensitivity to inversion parameters results from varying cell size and 

smoothing. Figure 5A and 5B illustrate the impact on Line 1 of varying cell size and 

smoothing respectively.  

Standard deviations among tomograms on the northern hillslope, upslope of the 

channel were ~30 to 300 m/s while around the deep seated landslide scar at 290 to 400 m 

distance, standard deviation were ~30 to 220 m/s. Smoothing parameters had the most 

significant effect on tomograms with the largest error concentrated at Elder Creek (the 

valley). Velocity standard deviations of ~750 m/s were observed at Elder Creek due to 

smoothing (Figure 5A), compared to the 450 m/s standard deviation resulting from 
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different cell size models (Figure 5B). The high standard deviation likely results from 

relatively low ray coverage (Figure 6), especially near the channel. Core sampling via 

drilling in 2017 directly into the channel revealed fresh, sparsely fractured bedrock in Elder 

Creek (Figure S13). We conclude that interpretation of seismic tomography in streams and 

valleys in this terrain is challenging and subject to uncertainty relative to interpretation of 

ridgelines, where standard deviation between tomograms is significantly lower. Due to the 

large effect smoothing has on results, we elected to vary smoothing parameters for 

inversion of Lines 3-9 (see Table S1). 

 

3.2 Borehole characterization 

 

Figure 7 illustrates the correspondence between bulk density (BD) (via gamma 

count), relative moisture content (MC) (via neutron counts), rock moisture storage (via 

changes in neutron count over time), and weathering classification (via drill cutting logs) 

in Well 6 at Rivendell. We use Well 6 as an exemplar because it is located at the intersection 

between two lines (2 and 11). Datasets for the remaining wells are shown in Figures S1-

S11. Well 6 is located along a small fire road, and is therefore missing approximate 1.3 m 

of soil and saprolite, which are exposed in the adjacent road cut. In Well 6, at the interface 

between weathered and fresh bedrock at approximately 12.5 m, gamma count decreases 

progressively from approximately 5500 to 4000 while neutron count decreases from 2650 

to 2000. The decrease in gamma and decrease in neutron count reflect an increase in bulk 

density and decrease in porosity respectively. These transitions correspond to observations 
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of a transition from oxidized and highly fractured drill cuttings, to darker grey, fresh 

bedrock. (Note that the largest transitions in neutron and gamma count in Figure 7 are 

associated with the location of the water table at the time of measurement and do not reflect 

bedrock property changes, but rather saturation changes including water in the borehole 

itself.) Small changes in neutron and gamma over short depth intervals likely reflect 

heterogeneity in grain size, due to interbedded turbidite deposits and boudinaged sandstone 

at a variety of scales. Within the first 8 m we observe dynamic changes in MC over a period 

of seven months of ~240 counts. Figure 7 also shows 1D profiles of seismic velocity and 

electrical resistivity for locations within 5 m of Well 6. Seismic and electrical resistivity 

surveys were conducted in August 2014, when groundwater levels were receding and 

unsaturated rock moisture storage was low (Rempe and Dietrich, 2018). Figure 7 illustrates 

that high resistivity and low seismic velocity in the upper 8 m correspond to the weathered 

bedrock vadose zone and transition to the water table.  

 

3.3 Relationship between weathering extent and seismic velocity 

 

Figure 8A shows the model of the seismic refraction logistic regression function 

used to calculate probabilities given independent predictor values of seismic velocity. We 

use a multinomial model with three weathering classifications: soil and saprolite, 

weathered bedrock, and fresh bedrock. These classifications were delineated by 

extrapolating and comparing depth ranges from recovered drill cuttings to velocity ranges 

measured via seismic refraction tomography (Figure 8B). Each histogram plot in Figure 



 15 

8B contains seismic velocity values observed near boreholes using mean depth values from 

nearby tomograms (see Figure 7 for example of mean seismic values near Well 6).  From 

Figure 8B mean soil and saprolite, weathered bedrock, and fresh bedrock velocity are 526, 

1408, and 2948 m/s respectively. Median soil and saprolite, weathered bedrock, and fresh 

bedrock velocity are 489, 1258, 3123 m/s with associated standard deviation of 141, 672, 

and 433 m/s respectively. The velocities of each inversion boundary at 50% probability is 

< 610 m/s for soil and saprolite, 610 to 1910 m/s for weathered bedrock, and fresh bedrock 

> 1910 m/s. Seismic surveys on visible fresh bedrock outcrops along bedding ranged 3500 

to 4000 m/s while surveys over weathered rock ranged 1400 to 1800 m/s. 

 

3.4 Evaluating hypotheses about the spatial structure of weathering profiles 

 

To represent the probable location of interfaces between saprolite and weathered 

bedrock and weathered and fresh bedrock (Zb), we identify the location of the 50% 

probability level between units via our logistic regression. Each red and yellow line 

represents a tomogram (Figure 9-10) with different inversion parameters (Table S1) and 

blue bars represent the standard deviation among tomograms.  

Mean seismic velocity and electrical resistivity tomograms for each transect are 

shown in Figures 11-21. Black circles denote the location of the interface between 

weathered and fresh bedrock observed in boreholes and vertical lines denote the location 

of intersecting transects. Along the Rivendell hillslope (Lines 1 and 2, Figures 11-12), 

lower velocities extend to deeper depths upslope suggesting deeper weathering upslope. 
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This is confirmed by borehole data; at the base of the slope, fresh bedrock was recovered 

from Well 1 at approximately 4 m depth (Figures 11-12). Mid-slope, in Well 6, fresh 

bedrock was recovered at 13.5 m (Figures 12 and 21), while at the ridge, in Well 15, fresh 

bedrock was not recovered until 23 m (Figures 12 and 20). Other hillslope Lines (3, 4, 5, 

and 8, Figures 13-15, 18), similarly indicate deeper weathering at ridges relative to 

downslope locations. Ridgeline transects under longer hillslopes show lower velocities at 

deeper depths. Electrical resistivity tomograms across hillslope profiles (Figures 11-15, 18) 

reveal a pattern of higher resistivities (> 400 ohm-m) concentrated primarily within the top 

2-8 m roughly parallel to the topographic surface. This highly resistive layer is likely 

associated with unsaturated weathered bedrock. This is supported by water table elevation 

observations in boreholes along the Rivendell hillslope. 

Saprolite depths interpreted from geophysical data are roughly slope parallel along 

hillslopes and ridgelines, while depths to the interface between weathered and fresh 

bedrock (Zb), typically increase towards the topographic divide along hillslopes (Figure 9). 

Along ridgelines, the interface between weathered and fresh bedrock is roughly slope 

parallel, with some variability at short (5 m) length scales (Figure 10). Along hillslope 

profiles (Lines 1, 2, 3, 4, 5, and 8), the estimated Zb interface (i.e. the 50% probability line 

for fresh vs. weathered bedrock) shows the largest variability between tomograms at or 

near ridge tops (blue vertical lines in Figure 9). The standard deviation of the location of 

Zb at the ridge top (i.e. ��") ranges from ~1 to 5.5 m (Table 3 H") for hillslope profiles. 

The largest standard deviation among tomograms occurred in Line 5, though Line 8 Zb 

interface in some tomograms extended beyond the deepest depth (40 m) of the tomogram. 
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The ��" reported in Table 3 for Line 8 is therefore a minimum value and the standard 

deviation of ��" does not reflect the full possible range. Surveys conducted along ridgelines 

(Lines 6, 7, and 10) show lower standard deviation among tomograms for the Zb interface 

relative to surveys conducted across hillslopes (Lines 1, 2, 3, 4, 5, and 8) (Table 3).  

Table 3 reports parameters associated with the groundwater drainage model for 

each hillslope. The groundwater drainage model links the ground surface slope, FG, to the 

slope of the interface between fresh and weathered bedrock, FH, which are both influenced 

by the horizontal distance from channel to ridgetop L and channel incision rate I".  The 

ratio of the elevation of bedrock to the elevation of the ground surface at the ridge (��"/��") 

relative to local channel elevation can be described as the ratio of FH to FG (Figure S12).  

Given that bedrock properties (D, K, , JK  /J�) are assumed to be uniform across the site, 

the ratio between FH and FG is predicted to be controlled exclusively by hillslope length; 

longer hillslopes should have deeper weathering, and therefore lower ��"/��". 

Additionally, FH should be relatively uniform across the landscape.  

The following hillslope parameters and values are summarized in Table 3 and 

shown in Figure 9. Tomography results and regression reveal that the smallest ��"/��" 

occurs along Line 3. Deepest bedrock depth and hillslope length was found at Line 8, with 

a depth range of at least 40 m and an L of 223 m and 255 m. The second deepest ridgetop 

bedrock depth was found under Line 3 at 29 m. In Line 5, which is bounded by channels 

that differ in elevation by 20 m, asymmetry is evident where the south bedrock slope has 

an FH of 0.30 and a hillslope length L of 186 m and the north bedrock slope an FH of 0.49 

and an L of 155. Lines 1, 2, and 4 exhibit similar mean FH. The bedrock depth beneath the 
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ridgetop of Line 4 is 4 m thicker than either Lines 1 or 2 and is associated with a steeper 

topographic slope and larger L. Ridgeline and midslope transects Lines 6, 7, 9 show 

significantly lower bedrock slope, ranging from 0.02 to 0.07, compared to hillslope 

transects which range from 0.11 to 0.49. Lines 10 and 11 which have a topographic slope 

of 0.29 and 0.24 and a bedrock slope of 0.26 and 0.22, respectively, do not show a 

significant consistent increase in depth to fresh bedrock across profile. We designate FH,
FG, ��", ��"  in Table 3 to refer strictly to values derived from hillslope transects connected 

to channels, versus ridgelines or midslope locations which do not locally connect to 

channels.  

 

3.5 Evaluation of anisotropy and tomogram intersections 

 

The intersections of seismic and resistivity tomograms are shown in Figures 22-25 

as vertical slices of seismic velocity and electrical resistivity within 5 m of the intersection 

location. Shading in the resistivity and seismic depth profiles represents +-5 m around the 

intersection as well as different seismic inversions for the seismic tomography profiles. 

Red lines denote transects oriented roughly across bedding, which are approximately EW, 

while blue curves denote transects oriented approximately along bedding which is NS. For 

the intersections of Lines 1 and 10 (Figure 22), 2 and 10 (Figure 23), 2 and 11 (Figure 23), 

8 and 9 (Figure 24), velocities for lines oriented across bedding are systematically faster 

for the first 15-18 m before dropping in velocity below the NS oriented lines. For the 

intersections of Lines 1 and 11, and 7 and 8, the EW oriented lines maintain a faster velocity 
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throughout the entire inverted depth. Intersection of 5 and 6 (Figure 25) shows maximum 

velocity anisotropy up to 18 m. Velocity differences range from 700 m/s at the intersection 

of Lines 7 and 8 to < 140 m/s at Lines 2 and 10. Electrical resistivity maxima occur in the 

upper 5 m before declining to 90-270 ohm-m at 45-50 m. Electrical resistivity profiles 

conducted in different orientations do not exhibit noticeable anisotropy.  
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4 Discussion 

 

4.1 Using geophysical data to infer weathering profile structure  

 

Seismic refraction is an accessible and popular method for mapping weathering 

profile and hydrogeologic structure at the hillslope scale (Coulouma et al., 2012; Leopold 

et al., 2013). Recent studies of CZ structure and evolution conducted in crystalline bedrock 

(Befus et al., 2011; Holbrook et al., 2014; St. Clair et al., 2015) found that seismic velocities 

of ~4000 m/s were associated with the transition from weathered to fresh bedrock. This is 

significantly higher than the 1910 m/s associated with the transition into fresh bedrock in 

our argillite study site which likely reflects the stiffer bedrocks at these crystalline bedrock 

locations. Table 4 reports the results of prior seismic studies in argillaceous bedrock, 

including those conducted on shale weathering profiles via refraction (e.g. Allen et al. 

2005, Watson et al., 2005).  In the 5 refraction studies reported in the literature, none 

reported seismic velocities of weathered rock exceeding 2.3 km/s.  Mills (1990) showed 

weathered rock velocities ranging from 800 to 2000 m/s, and fresh rock > 2000 m/s. Other 

refraction studies done on weathered mud rich rocks include Allen et al. (2005) at 2100 

m/s, Watson et al. (2005) at 1000 m/s, and Samyn et al. (2012) at 500 to 1800 m/s. These 

values are within similar range to the weathered bedrock values obtained through our 

regression model and suggests that our velocity values at depth are reasonable.  
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Soil and saprolite velocities were between 350 and 610 m/s. The velocities we infer 

to be associated with soil and saprolite are consistent with velocities of disaggregated, 

highly porous material (Mills, 1990; Simon et al., 1990; Radzevicius and Pavlis, 1999). 

A large range of seismic velocities is reported for refraction studies of fresh 

argillaceous bedrock, including shale and marl, from approximately 2 km/s to greater than 

5 km/s (Table 4).  In core scale or borehole scale studies, despite scale or frequency 

dependence issues, we found an equally large range of velocities reported, as well as 

evidence of significant anisotropy. For example, Yang et al. (2013) measured argillite 

values perpendicular to bedding at 2351 m/s and 2641 m/s at 45° to bedding. Johnston and 

Christensen (1995) measured shale velocities along bedding up to 4965 m/s and 

perpendicularly up to 3598 m/s.  

At our study site, fracturing is a significant weathering process and the parent 

bedrock exposed in stream beds displays fractures along and across bedding planes. The 

presence of fractures and their effect on rock matrix porosity can play a large role in altering 

seismic velocities. Surface surveys on direct lithology have shown that weathering 

differences between fresh and weathered rock can result in a minimum velocity delta of 

1700 m/s. Clarke and Burbank (2011) showed that at depths of ~16 m in an igneous and 

metamorphic environment velocities from refraction surveys can be reduced by up to 2 

km/s from core measured velocities. They model this change to be from vertically 

distributed fracture gradients where fractures contribute 0.04 to 0.21 of the total rock 

volume in the subsurface. A wider fracture network at depth not easily observed in 

recovered drill cuttings could potentially control geophysical values through the addition 
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of more compliant (softer) cracks that result in divergence between outcrop and depth 

derived velocities. 

Though we expect faster velocities along bedding, the extent bedding plays in 

affecting seismic signals is ambiguous given the large range of values found. It is evident, 

however, from multiple intersecting surveys (Figures 22-25) that there is directional 

dependence with preferentially faster velocities on lines perpendicular to bedding within 

the initial ~13.5 to ~18 m depending on the crosslines. This is the opposite of what might 

be expected (Dürrast and Siegesmund, 1999) and might arise from fracturing preferentially 

oriented perpendicular to bedding.   

 

4.2 Hydrologic dynamics within the hillslope 

 

Generally, the introduction of fluids into pores increases compressional wave 

velocities, though certain rocks may exhibit a decrease in velocities under saturated 

conditions as clay swelling softens the rock matrix (Mavko et al., 2009). Barrett and 

Froggatt (1978) and Boitnott and Boyd (1996) measured such velocity decreases in argillite 

from 5020 to 4800 m/s and 4814 to 4662 m/s respectively under saturated conditions. 

However, this phenomenon is generally limited to several hundred m/s at most (Mavko et 

al., 2009).  Because the near surface is unsaturated for meters to tens of meters (Figure S1-

S11) fresh bedrock at the site is typically unsaturated. The deepest depths of weathered 

bedrock are seasonally saturated (Salve et al., 2012; Rempe and Dietrich, 2018), and the 

fresh bedrock is consistently saturated. While seismic methods are sensitive to changes in 
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elastic moduli and density, resistivities are highly sensitive to moisture content and pore 

fluids. In unsaturated media large porosities in disaggregate materials such as dry soil and 

saprolite contribute to a net decrease in material conductivity. Conversely, introduction of 

clay minerals, and fluids into pores and fractures increase conductivity. Olona et al. (2010), 

Leopold et al. (2013), and Holbrook et al. (2014) found resistivity of several thousand ohm-

m with resistivity generally increasing with depth. This pattern is most likely associated 

with increased compaction and lithification, while we hypothesize that the low resistivities 

(< 100 ohm-m) at deeper depths in our results likely reflects increasing pore fluid 

saturation. Ho et al. (2014) observed saturated argillite resistivity of < 300 ohm-m, similar 

to our inverted weathered and fresh bedrock resistivity values.  

We observe two major trends in gamma and neutron probe count data that 

correspond to transitions in surface electrical and seismic profiles: (1) dynamic unsaturated 

storage of rock moisture within the unsaturated vadose zone coincident in range to a high 

resistivity zone (Rempe and Dietrich, 2018) and (2) a transition from high to low porosity 

bedrock in the saturated zone (Figure 7 and S1-S11).  Primary porosity, the intrinsic pore 

space in rock, and secondary porosity formed by fracture systems contribute to the moisture 

content available in bedrock. Groundwater levels vary seasonally, but fresh bedrock 

appears to remain saturated year-round (Salve et al., 2012). These correspondences 

between hydrologic dynamics and weathering allow us to compare the depth of seasonally 

dynamic rock moisture storage and groundwater at other hillslopes in addition to the 

hydrologically monitored Rivendell hillslope.   
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  The drop in resistivity along Line 11 (Figure 21) from 300 to 50 ohm-m at ~6-10 

m depth occurs near the location of the water table at the time of the survey in Well 6.  

Above the water table, resistivities are high and velocities are low, indicative of the 

weathered bedrock vadose zone in that region. Other wells show similar trends (Figures 

S1-S11). Differences in seismic and resistivity profiles between Line 11 and Line 10 

(Figures 20 and 21) support observations of more extensive weathering in upslope wells 

(10 and 15) relative to midslope wells (5, 6, 7, 14). The lower seismic velocities suggest 

that the material at the ridgetop is more highly fractured and more extensively weathered 

and disaggregated. Below the conductive zone associated with the seasonal water table, 

discontinuous resistive bodies are observed. We propose that these may be associated with 

variability in porosity via differential fracturing or weathering in the fresh bedrock. Spatial 

variability in deep seismic velocities greater than the velocities associated with fresh 

bedrock supports this claim.  

 These observations at the Rivendell hillslope can be extended to neighboring 

hillslopes. All, but one (Edell ridge: Line 7), resistivity profile show a distinct semi-

continuous shallow resistive layer that extends between 2-8 m depth which falls within the 

saprolite and weathered bedrock zone. This depth region aligns with the 5-12 m depths of 

dynamic rock moisture storage reported by Rempe and Dietrich (2018).  Many, but not all, 

hillslope resistivity profiles show a semi-continuous conductive zone sandwiched between 

high resistivity zones that ranges between 8 to 25 m below the surface. We propose that 

deeper depths represent low porosity, groundwater saturated fresh bedrock, and the 

conductive zone represents a seasonally saturated groundwater system in weathered 
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bedrock. This is consistent with observations along the Rivendell hillslope (Salve et al., 

2012; Rempe and Dietrich, 2018). Our combined seismic and resistivity data at the 

hillslope scale, therefore, provide evidence that hillslopes throughout the landscape may 

behave hydrologically similarly and route subsurface runoff in similar ways.  

 

4.3 Evaluating models for CZ evolution 

 

While many studies have mapped weathered profiles across varying landscapes, 

few have done so from peak to channel at the hillslope scale. Fewer still have investigated 

multiple hillslopes in the same landscape (Feininger, 1971). Therefore, it is unknown to 

what extent surface topography and the depth of bedrock weathering are related. Some 

observations have been made of weathering profiles increasing in thickness away from 

channels towards topographic highs and interfluve peaks (Thomas, 1966; Feininger, 1971). 

At CZOs, studies on shales have found differential chemical weathering losses at ridgetops 

versus valley floor suggesting a relationship between weathering thickness along hillslope 

length (Jin et al., 2010; Mathur et al., 2012). Pavich et al. (1989) found saprolite thickness 

to follow a similar trend of increased thickness towards ridgetops and attributed this to a 

combination of rock composition, structure, and erosion rates. Prior studies like above have 

relied mainly on extrapolating discretely sampled information (e.g. wells, stream 

discharges) with limited seismic data. The common observation of thin weathering near 

channels incising into bedrock and thick weathering under topographic divides suggests 

that there may be a mechanism that links surface topography to bedrock weathering leading 
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to this common structure. To explain this emerging pattern, several mechanisms have been 

proposed.  

To explore these mechanisms, the concept of dynamic equilibrium is typically 

invoked. Dynamic equilibrium describes the state where the accumulation of soil and 

weathered rock is balanced by removal of soil via erosion leading to a constant soil and 

weathered bedrock thickness (Pavich, 1986; Carson and Kirby, 2009).  Prior studies 

suggest that the rate of infiltration of reactive meteoric fluids dictates the steady state 

thickness of bedrock weathering (Lebedeva et al., 2007). Generally, meteoric water 

infiltrates through soil and bedrock leading to a downward and or laterally propagating 

weathering front (Lebedeva and Brantley, 2013; Brantley et al., 2017) or with a “bottom 

up” methodology through the promotion of bedrock groundwater drainage caused by 

channel incision (Rempe and Dietrich, 2014). 

Similar to previous studies of CZ architecture (e.g. Befus et al., 2011; Holbrook et 

al., 2014; St. Clair et al., 2015, Flinchum et al., 2018), we use seismic refraction 

tomography to evaluate hillslope weathering profile structure. This study differs from 

previous studies in several key ways. We focus on hillslopes bounded by channels incising 

in bedrock, we compare multiple hillslope and ridge profiles, and we leverage an 

intensively characterized hillslope study site where direct observations of the weathering 

profile structure and hydrologic dynamics are available. Further, similar to the approach of 

St. Clair et al., we use geophysical data to evaluate a hypothesis for CZ structure.  

From our probabilistic models we see a trend of increasing weathering depth where 

weathered material are thinnest near channels and thickest beneath ridge tops. On the north 
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facing hillslopes of Lines 1 and 2, we see that bedrock slope is reasonably consistent and 

regular with a slope of 0.32 for both Line 1 and Line 2, along with approximately the same 

ridgetop bedrock depth. More variable depths on the southern hillslopes are attributed to 

thicker disaggregate material and weathered rock evident from visible landslide scarps. 

Lines 3, 4, 5, and 8 also exhibit similar weathered bedrock thickness patterns where on 

average, weathered bedrock thickness increases five times faster upslope than saprolite 

thickness. An actively uplifting and eroding tectonic environment may result in a thinner 

saprolite layer versus thicker saprolite and regolith in more ancient geologic environments 

as found by Pavich et al. (1989). 

The bedrock drainage model by Rempe and Dietrich (2014) defines a relationship 

between the mean slope of the water table, depth to bedrock, and topographic profile (FG). 

Since hillslope length L ∝ FG hillslopes further from an incising channel should expect to 

have thicker weathering profiles beneath the ridgetop with constant I" and D, ridgelines 

with low topographic variability would maintain consistent thickness across profile. An 

increasing water table slope FH and constant FG would increase the slope of fresh bedrock 

�� while an increasing topographic profile FG and constant FH would maintain a consistent 

�� but increase the depth to fresh bedrock (see Figure S12). For Lines 6, 7, 9, 10, and 11 

which ran along ridgetops with constant hillslope length, results display little consistent 

increase in weathering thickness across profile given the large similarities between FG and 

Zb. 

Line 8 of the Edell hillslope (Figure 9) had the largest bedrock depth profile beneath 

the ridgetop as well as the longest L and 2nd lowest FH. This pattern is again seen in Line 
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5 where the south hillslope is farther from channel and maintains a lower FH versus the 

north hillslope. A deeper weathering zone beneath Line 4 versus Lines 1 and 2 arises 

predictably from the model as FH is consistent across the three lines yet Line 4 L is greater 

and thusly FG is larger.  Line 3 does not fit the mold of the previous results as its short 

proximity to an incising channel coupled with the lowest FH  of all profiles suggests a large 

departure from the �� model. The sudden drop in bedrock depth is also seen Line 5 and to 

a greater extent in Line 8 and is caused by the large low velocity zones evident in the 

seismic lines. The presence of several bedrock boundaries in Line 8 reaching beneath the 

maximum inverted depth introduces ambiguity to �� and depth to fresh bedrock beneath 

the ridgetop. The low velocity zone which causes the drop in bedrock depth at the ridgetop 

as the result of either deep fractures or other mechanisms, adds an additional variable 

towards models attempting to predict weathered bedrock depth beneath hillslopes. For 

hillslope Lines 1, 2, and 4 which do not experience evident variability in bedrock depth 

between inversions underneath hillslopes, FH is relatively consistent and follow bedrock 

depth patterns up to the ridgetop consistent with the bedrock drainage model. Lines 5 and 

8 which show variability in bedrock depth underneath ridgetops between inversions still 

show consistency with the bedrock drainage model with larger L resulting in deeper 

bedrock depth. Line 3 is heavily affected by the low velocity zone and does not show 

consistency with the model. While L broadly relates to expected weathering depths beneath 

ridgetops, noticeable differences in FH and 
NO.
N�.  across hillslopes suggests another 

modulating factor, likely the low velocity zone towards model deviations.  
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It is possible that the low velocity zone imaged beneath hillslope peaks could reflect 

a similar change in material stiffness and moisture content caused by higher pore 

compliance and fluids occupying continuous fractures. The resistivity intersection of lines 

1 and 10 (x = 28 for line 10 and x = 234 m for line 1) reveal a body of resistivity < 80 ohm-

m in the low velocity zone (max velocity 2600 m/s). Resistivities > 80 ohm-m upslope of 

line 10 coincide with a smaller region of low velocities with a max velocity of 2800 m/s.  

Miller and Dunne (1996) modeled topographic stresses and their role in forming 

predictable stress regimes under hillslopes, while more recent studies have linked a 

combination of topographic and regional compressive stresses towards creating an 

environment of higher failure potential beneath ridges (St. Clair et al. 2015) that could 

potentially result in the geophysical signatures seen beneath our hillslopes. 

 

4.4 Sources of uncertainty 

 

Both seismic and resistivity tomography methods used in this study integrate 

geologic properties providing a smoothed view of the subsurface. These tomography 

techniques can image areas otherwise invisible to conventional refraction seismic 

techniques due to assumptions of increasing velocity with depth.  In the case of seismic 

refraction, tomography trades discrete layer imaging with enhanced horizontal resolution. 

The resulting inversions for seismic and resistivity tomography are non-unique, where a 

multitude of physical and chemical properties can produce the same inverted geophysical 
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signatures. Direct observations from multiple borehole methods provide constraints on 

tomographic imaging. 

Drill cuttings are not recoverable and analyzable at all depths, therefore certain 

weathering ranges shown in boreholes are extrapolated and or estimated. We can 

potentially use geophysical borehole logs to obtain a more continuous picture of the 

subsurface in place of missing core ranges. For certain wells, density and moisture content 

trends were more gradual than abrupt which suggests that at some locations the basal 

surface of weathering may be less of a sharp layer and more of a transitional zone (Thomas, 

1966). Our choice of using the 50% probability boundary between weathered and fresh 

rock thus represents a most likely estimate within a wider range of possible values.   

While seismic tomography can offer great insight into CZ structure especially in 

environments with significant horizontal variations in structure and velocity, it cannot 

distinguish between discrete layers due to the smoothing nature of regularized inversion. 

Surveys in stream channels and valley bottoms can also yield erroneous results through 

large sensitivity to input parameters. The actual topography of the hillslopes may influence 

the apparent velocity underneath near channels and ridgetops through constructive and 

destructive interference of seismic waves (Ashford et al., 1997; Lindley and Archuleta, 

1992) though exactly what effect that may have either through an increase or decrease of 

measured velocity is unknown. When evaluating the potential of the bedrock drainage 

model at this site, the slope of weathered and fresh bedrock interface can be calculated 

either through a best fit through data, or through 
NO.

P . Depending on the method used, values 

obtained will be different. Choosing differing ranges of inversion parameters than those 
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used in this study can potentially result in different depth and velocity interpretations of 

the weathering zones. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 32 

5 Conclusion 

 

Recent modeling and field mapping of hillslope weathering profiles suggests that, 

within a particular climatic and lithologic region, weathering profiles along hillslopes may 

be structured somewhat systematically as a result of the co-evolution of ground surface 

topography and subsurface weathering.  Here, we evaluate the predictions of one such 

model, the bedrock drainage model, at the landscape scale via a combination of borehole 

data and surface seismic refraction and electrical resistivity surveying. We find that soil 

and saprolite velocity is < 610 m/s, weathered bedrock velocity ranges from 610 to 1910 

m/s, and fresh bedrock velocity exceeds 1910 m/s. The thickness of the weathered zone 

and the depth extent of the vadose and seasonally saturated zone appear roughly similar 

across four hillslope study sites bounded by channels incising into bedrock. The thickness 

of weathered bedrock typically increases upslope, and is relatively uniform along ridge 

lines. We find that generally, longer hillslopes result in deeper weathering at topographic 

divides, though inconsistencies may arise from the presence of low velocity zones imaged 

beneath hillslopes. Correspondence between velocity and resistivity values between 

ridgetop and midslope transects suggests enhanced weathering near ridgetop peaks 

supported by recovered depths of weathered bedrock. We also find depth dependent 

velocity anisotropy across hillslopes where survey lines perpendicular to bedding 

experience velocities up to several 100 m/s faster than lines along bedding, potentially 

caused by fractures oriented perpendicular to bedding. The correspondence between 
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hillslope length and weathering depth across our field site suggests a certain uniformity in 

hillslope runoff processes. At the Eel River CZO, runoff timing and geochemistry is 

strongly controlled by the transit of water through weathered bedrock. This study illustrates 

that a repeatable hillslope scale subsurface structure can arise, which has implications for 

the development and testing of models of CZ weathering and quantification of hydrologic 

dynamics at the landscape scale.   
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6 Tables 

 

Table 1. Documented depths of soil, saprolite, weathered bedrock, and fresh bedrock 

observed in drill cuttings. + denotes material removed during construction of a fire road 

across the site and - - denotes locations where no data are available. 

 

Well Soil (m) Saprolite (m) 
Weathered 

bedrock (m) 
Fresh bedrock (m) 

1 0-0.75 0.75-1.0 1.0-2.75 4.0-6.0 

2 0.0-0.5 0.5-5.0 7.0-9.5 -- 

3 0.0-0.75 0.74-4.25 5.5-9.2 10.75-14.5 

5 + 1.0-1.5 2.5-11.75 13.0-23.25 

6 + + 1.3-12.0 13.5-18.0 

7 + 0.7-4.2 5.0-17.5 -- 

10 0.0-0.5 -- 4.5-10.75 21.0-24.0 

12 0.0-0.15 0.15-0.5 0.5-7.5 -- 

13 0.0-0.5 0.5-1.75 1.75-15.5 -- 

14 + 0.5-2.0 2.0-20.0 21.5-33.0 

15 0.0-0.15 0.5-3.75 3.75-23.0 23.0-34.0 

16 0.0-1.8 1.8-3.0 3.0-14.5 31.0-31.5 
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Table 2. Seismic refraction and electrical resistivity survey parameters. Survey length is 

measured along topographic contour to the ground surface. Seismic Lines l and 2 were 

deployed in two stages. 

 

Hillslope 

name 
Line 

Strike 

(heading 

from N) 

Total 

seismic 

survey 

length (m) 

Total 

resistivity 

survey 

length (m) 

Seismic 

shot 

spacing 

(m) 

Receiver 

spacing 

(m) 

Electrode 

spacing 

(m) 

Rivendell 1 170° 

stage 1: 0-

237.5 

stage 2: 

240-417.5 

388 10 2.5 4 

Rivendell 2 170° 

stage 1: 0-

237.5 

stage 2: 

240-480 

444 10 2.5 4 

Demon 3 245° 190 165 10 2 3 

Demon 4 200° 240 220 10 2.5 4 

Pete’s 

backside 
5 356° 190 165 10 2 3 

Pete’s 

backside 
6 70° 285 276 10 3 4 

Edell 7 294° 285 272 10 3 4 

Edell 8 16° 237.5 220 10 2.5 4 

Edell 9 286° 142.5 144 5 1.5 3 

Rivendell 10 93° 141 122 6 3 4.5 

Rivendell 11 88° 117.5 108 5 2.5 4 
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Table 3. Comparison of the estimated depth of weathering across four hillslopes. The locations of hillslope profiles are shown 

in Figures 1 and 9.  Lines 5 and 8 are divided into north and south hillslopes. Values for H0 are given as mean +/- one standard 

deviation among different tomograms, with the exception of Line 8, where the standard deviation represents the standard 

deviation across entire profile rather than at only the ridgetop. Weathering thickness measured from topographic surface down 

to mean depth of fresh bedrock. Relief is measured relative to the elevation of the channel at the base of the hillslope.  The mean 

slope of the bedrock surface is reported as the ratio of the fresh bedrock relief to the hillslope length (Zb0/L) and also via linear 

regression of the fresh bedrock surface estimated via seismic tomography (denoted as best fit).   

 

Hillslope 

name 

Location or 

orientation of 

profile  

Hillslop

e length 

Relief 

of 

ground 

surface  

Weathering thickness at 

topographic divide and midslope 

inferred from refraction 

tomography 

 

Relief of 

bedrock 

surface at 

topographic 

divide  

Ratio of 

bedrock 

to 

surface 

relief 

Mean slope 

of the 

topographic 

surface, Zs 

Mean slope of  the  

bedrock surface, Zb 

 

 

H
illslo

p
e
 

R
id

g
e 

M
id

-slo
p

e 

L (m) 
��" 

(m) 

H0  

From 

Hillslope 

profile  

(m) 

H0  

From 

Ridge 

profile 

(m) 

H  

Midslope 

profile  

(m) 

��" = ��" −Q" hillslope 

profile (m) 

��"��"  FG =  ��"�  FH = ��"�  Best fit 

Rivendell 
1 

10 11 165 73 
20+/-

0.98 

21.9 +/-

1.13 

10.8 +/- 

0.48 
53 0.72 0.44 0.32 0.50 

2 

Demon 1 3 -- -- 199 51 
29 +/- 

2.5 
-- -- 22 0.43 0.26 0.11 0.26 

Demon 2 4 -- -- 210 107 
24 +/- 

1.5 
-- -- 83 0.78 0.51 0.40 0.50 

Pete’s 

backside 

5 

(north) 
6 -- 

155 100 
23.5 +/-

5.5 

19.2 +/- 

0.5 

-- 76.50 0.76 0.65 0.49 0.45 

5 

(south) 
186 80 -- 56.50 0.70 0.43 0.30 0.37 

Edell 

8 

(north) 
7 9 

223 117 
>40 +/- 

2.43 

30.8 +/- 

0.9 

 

9.7 +/- 

0.8 

77 0.66 0.52 0.35 -- 

8 

(south) 
255 110 70 0.64 0.43 0.27 0.35 
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Table 4. Reported seismic velocity for clay-rich sedimentary bedrock. Symbols *, **, and *** denote measurements conducted 

parallel, perpendicular, and at 45 degrees to bedding or foliation respectively. 

 

  Source 
Lithologic 

Description 

Velocity 

(km/s) 

Measurement 

method 
Depth (m) Location  

W
e

a
t
h

e
r
e

d
 

Samyn et al. (2012) black marl 0.5-1.8 

refraction 

< 25 
South French Alps, Terres Noires Formation 

(landslide) 

Mills (1990) shale 0.8-2.0 
variable, up to 

~30 

Appalachians, VA, Reedsville (Martinsburg) 

Formation 

Allen at al. (2005) shale 2.12 -- Riesel, TX, Ozan Formation 

Watson et al. (2005) shale 1 -- 
Field Research Center, Oak Ridge Reservation, 

TN 

Tonnizam et al. (2011) shale < 2.3 -- Johor Bahru, Malaysia  

Gardener (1992) mudstone  1.7-2.1 borehole  < 25 Cardiff Bay, Wales 

F
r
e

s
h

 

Caris and Van Asch 

(1991) 
black marl 2.586-3.049 

refraction 

-- 
French Alps, Terres Noires Formation 

(landslide) 

Overmeeren (1981) sandy shale 5 ~150 Central Sudan, Umm Ruwaba Formation 

Mills (1990) shale > 2.0 > ~30 
Appalachians, VA, Reedsville (Martinsburg) 

Formation 

Rumpf et al. (2012) marlstone 3.0-4.2 ~ 20-50 Austrian Alps, Säntis nappe sequence 

Samyn et al. (2012) black marl 1.8-3.0 > 25 
South French Alps, Terres Noires Formation 

(landslide) 

Allen at al. (2005) shale  6.12 -- Riesel, TX, Ozan Formation 

Watson et al. (2005) shale  1.5-2.0 -- 
Field Research Center, Oak Ridge Reservation, 

TN 
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Table 4. Continued 

 

Fresh 

Boitnott and Boyd (1996) argillite 4.662 

Ultrasonic 

core, 

unsaturated 

326 Geysers Geothermal field, CA 

Boitnott and Boyd (1996) argillite 4.414 326 Geysers Geothermal field, CA 

Barret and Froggatt 

(1978)* 
argillite 5.02-5.03 -- Victoria Land, Antartica, Robertson Bay Group 

Yang et al. (2013)** argillite 2.351 557 
Meuse–Haute-Marne, France, Callovo-

Oxfordian argillite 

Yang et al. (2013)*** argillite 2.641 557 
Meuse–Haute-Marne, France, Callovo-

Oxfordian argillite 

Barret and Froggatt (1978) 

* 
argillite 4.83-5.09 

ultrasonic 

core, 

saturated 

-- Victoria Land, Antartica, Robertson Bay Group 

Johnston And Christensen 

**(1995) 
argillite 3.598 

ultrasonic 

core, 

unsaturated 

>  6000 New Albany Shale, Illinois Basin 

Johnston And Christensen 

*(1995) 
argillite 4.965 

ultrasonic 

core, 

unsaturated 

>  6000 Chattanooga Shale, Eastern Tennessee 

Pugin et al. (1999) shale 2.5-3.5 reflection ~150 Southern Ontario, Whitby Shale 

Japsen et al. (2007) shale 4 log and core > 4000 North Sea; < 10%  
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7 Figures 

 

 

Figure 1. Topographic map of the Eel River Critical Zone Observatory (ERCZO) field 

site with 11 geophysical survey lines and 12 wells. Blue lines are extent of seismic survey. 

Orange lines at extended topographic profiles beyond seismic survey ranges as shown in 

Figure 9. Bedding was observed roughly along NS strike. Lines were instrumented on four 

main hillslopes: Rivendell (lines 1, 2, 10, 11), Demon (3, 4), Pete’s Backside (5, 6), and 

Edell (7, 8, 9). Stream channel passes perpendicular through lines 1 and 2, 18 m north of 

well 1. 15 m contour interval on topographic map, 1 m contour interval on map inset.  
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Figure 2. Travel time curves for Lines 1, 2. Dashed lines are manually picked first 

arrivals. Lines 1 and 2 are shown with 0 gain. X axis is map length receiver location in 

meters. Y axis is travel time in ms. Lines 1 and 2 inversions were done on combined 

travel time data from two separate split-spread surveys done end to end. Shots shown 

above were on the second spread and are not static corrected or filtered. 
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Figure 3. Travel time curves for all shots on Lines 1 and 2. Red highlighted curves 

correspond to the shots shown in Figure 2. 
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Figure 4. Aggregated offset travel time curves for line 2 in green. Purple curve is the 

average travel time curve. Thinner yellow curve is the average curve calculated by DW 

Tomo. Red curve is the upper travel time curve envelope, and the blue curve is the lower 

bound travel time curve. The average, upper, and lower bounds were used in tomogram 

inversions as starting velocity models.  
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Figure 5. Comparison of the effect of cell size and smoothing parameter variability on 

inversion results on Line 1. The colorbar represents the standard deviation between 

different tomograms (in units of velocity) for constant cell size (A) and constant smoothing 

parameters (B). Inversion parameters are shown in Table S1.   
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Figure 6. Example of ray coverage for Line 1 Model 28 (see Table S1) inversion with ray 

paths overlying tomography results. Note the relatively low ray path density through the 

channel at 95 m relative to locations away from the channel.  
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Figure 7. Borehole information for Well 6. Gamma counts are inversely proportional to 

bulk density (BD) while neutron counts are proportional to moisture content (MC). The 

location of the water table at the time of the surveys are denoted as dashed lines. Vertical 

profiles of seismic velocity and electrical resistivity are taken from Lines 2 and 11 which 

intersect with the borehole. The location of the water table at the time of the resistivity 

survey is denoted by a dashed line. The far-right column illustrates the location of 

recovered drill cuttings as solid colors, and the colors denote the weathering categorization 

assigned. Top 1.3 m of ground surface removed for road work near Well 6. The maximum 

and minimum water table (WT) position between 1/2014 and 2/2018 is denoted by light 

and dark blue lines respectively and are plotted on top of BD and MC. Closest surveyed 

WT depth to the date of the geophysical survey lines (8/22/2014) are plotted on top of the 

resistivity slice. Resistivity bounds encompass +-5 m around closest survey line within 10 

m to well location, while seismic bounds encompass +-5 m around the closest survey line 

point within 10 m to well location and multiple model inversions. See Table S1 for the 

inversion models used in the seismic lines.  
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Figure 8. (A) Multinomial logistic regression model of the probability of a given seismic 

velocity obtained via a seismic refraction survey representing saprolite, weathered 

bedrock, or fresh bedrock. (B) Histogram of seismic velocity values observed near 

boreholes using mean depth values from nearby tomograms (see Figure 7 for example of 

seismic depth slices from tomograms). Each value in the histogram represents the seismic 

velocity obtained from relating weathering ranges in Table 1 to nearby averaged seismic 

tomography slices of Lines 1, 2, 10, and 11 tomograms and associated inversions.   
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Figure 9. The interface between (i) saprolite and weathered bedrock and (ii) weathered and 

fresh bedrock are shown as yellow and red lines respectively. Each line represents a 

different inversions (Table S1) and vertical blue lines represent the standard deviation 

among tomograms. The location of the interface between fresh and weathered bedrock 

observed in boreholes is shown as black dots. Note that the vertical scale is the same across 

all panels. Elevations are relative relief from the start of the seismic profile.  
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Figure 10. The interface between (i) saprolite and weathered bedrock and (ii) weathered 

and fresh bedrock are shown as yellow and red lines respectively. Each line represents a 

different inversion (Table S1) and vertical blue lines represent the standard deviation 

among tomograms. The location of the interface between fresh and weathered bedrock 

observed in boreholes is shown as black dots. Note that the vertical scale is the same across 

all panels.  
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Figure 11. Seismic refraction (left) and electrical resistivity (right) tomograms along Line 

1 across the Rivendell hillslope. Seismic tomogram shown is the mean of all inversions in 

Table S1 for the respective line. Black circles denote the location of the interface between 

fresh and weathered bedrock observed in boreholes. Vertical lines denote the locations 

intersecting seismic transects (Lines 10 and 11). Line length corresponds to the maximum 

inversion depth of the intersecting transect. Note that the seismic velocity color scale is 

linear, while the electrical resistivity color scale is logarithmic. Areas with low ray 

coverage are shaded transparently. Contour intervals are 368 m/s. 

 

 

 

Figure 12. Line 2 surveys at Rivendell hillslope with Lines 10 and 11 intersecting. Seismic 

tomogram shown is the mean of all inversions in Table S1 for the respective line. 
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Figure 13. Line 3 surveys at the Demon hillslope. Seismic tomogram shown is the mean 

of all inversions in Table S1 for the respective line. 

 

 

Figure 14. Line 4 surveys at the Demon hillslope. Seismic tomogram shown is the mean 

of all inversions in Table S1 for the respective line. 

 

 

Figure 15. Line 5 surveys at the Pete’s backside hillslope with Line 6 intersection. Seismic 

tomogram shown is the mean of all inversions in Table S1 for the respective line. 
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Figure 16. Line 6 surveys at the Pete’s backside hillslope with Line 5 intersection. Seismic 

tomogram shown is the mean of all inversions in Table S1 for the respective line. 

 

 

Figure 17. Line 7 surveys at the Edell hillslope with Line 8 intersection. Seismic tomogram 

shown is the mean of all inversions in Table S1 for the respective line. 

 

 

Figure 18. Line 8 surveys at the Edell hillslope with Line 7 and 9 intersection. Seismic 

tomogram shown is the mean of all inversions in Table S1 for the respective line. 
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Figure 19. Line 9 surveys at the Edell hillslope with Line 8 intersection. Seismic tomogram 

shown is the mean of all inversions in Table S1 for the respective line. 

 

 

Figure 20. Line 10 surveys at the Rivendell hillslope with Line 1 and 2 intersection. 

Seismic tomogram shown is the mean of all inversions in Table S1 for the respective line. 

 

 

 

Figure 21. Line 11 surveys at the Rivendell hillslope with Line 1 and 2 intersection. 

Seismic tomogram shown is the mean of all inversions in Table S1 for the respective line. 
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Figure 22. Vertical profiles of seismic velocity and electrical resistivity at the location of 

intersecting Lines 1, 10 and 1, 11 at the Rivendell hillslope.  Lines denote the mean 

seismic velocity and electrical resistivity value +-5 m within the location of the 

intersection, and shading denotes the full range of values within +/- 5 of the intersection. 

The seismic velocity profiles include all tomograms (Table S1). Red curves are from lines 

oriented approximately EW while blue curves are oriented approximately NS.  
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Figure 23. Vertical profiles of seismic velocity and electrical resistivity at the 

location of intersecting Lines 2, 10 and 2, 11 at the Rivendell hillslope.   
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Figure 24. Vertical profiles of seismic velocity and electrical resistivity at the location 

of intersecting Lines 7, 8 and 8, 9 at the Edell hillslope. Line 8 bounds exclude 

inversion model 7 due to artefact issues near the inversion depth limit.  
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Figure 25. Vertical profiles of seismic velocity and 

electrical resistivity at the location of intersecting Lines 

5 and 6 at the Pete’s Backside hillslope.  
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8 Supplementary Information 

 

Table S 1. Inversion values. Models 14, 17, 20, 28, 29, 30 used in smoothing analysis in 

Figure 5. Models 25, 28, 31, 42, 43, 44 used in cell size analysis in Figure 5. Line 1 models 

42-44 not used in regression model. 

 

 
model 

numb

er 

Max 

Depth 

(m) 

Min 

vel 

(m/s) 

Max 

vel 

(m/s) 

Horizonta

l Spacing 

(m) 

Vertical 

Spacing 

(m) 

Hor 

smoothi

ng (m) 

Vert 

smoothi

ng (m) 

 

 

Li

ne 

1 

13 45 350 3300 1 1 12 1.5 

 

14 45 350 3300 1 1 12 2 

15 45 350 3300 1 1 12 3 

16 45 350 3300 1 0.4 12 1.5 

17 45 350 3300 1 0.4 12 2 

18 45 350 3300 1 0.4 12 3 

19 45 350 3300 1 0.7 12 1.5 

20 45 350 3300 1 0.7 12 2 

21 45 350 3300 1 0.7 12 3 

22 45 350 3300 1.25 0.625 8 1.5 

23 45 350 3300 1.25 0.625 8 2 

24 45 350 3300 1.25 0.625 8 3 

25 45 350 3300 1 0.5 9 1.75 

26 45 350 3300 1.25 0.5 9 1.75 

27 45 350 3300 1.5 0.5 9 1.75 

28 45 350 3300 1 0.5 12 2 

29 45 350 3300 1.25 0.5 12 2 

30 45 350 3300 1.5 0.5 12 2 

31 45 350 3300 1 0.5 15 1.75 

32 45 350 3300 1.25 0.5 15 1.75 

33 45 350 3300 1.5 0.5 15 1.75 

34 45 350 3500 1 0.5 10 1.75 

lowerbound 

curve velocity 

model 

35 45 350 3500 1 0.5 10 1.75 

upperbound 

curve velocity 

model 

36 45 350 3300 1 0.5 5 1.75 

 

37 45 350 3300 1 0.5 5 2.25 

38 45 350 3300 0.5 0.5 5 2.25 

39 45 350 3300 0.5 1.5 5 2.25 

40 45 350 3300 1 0.5 5 3 
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Table S 1. Continued 

 

 

41 45 350 3300 0.5 1 5 3 

 42 45 350 3300 1 0.5 10 3 

43 45 350 3300 1 0.5 9 2.5 

44 45 350 3300 1 0.5 12 3 

Line 2 

7 45 350 3300 1 1 12 1.5 

 

8 45 350 3300 1 1 12 2 

9 45 350 3300 1 1 12 3 

10 45 350 3300 1 0.4 12 1.5 

11 45 350 3300 1 0.4 12 2 

12 45 350 3300 1 0.4 12 3 

13 45 350 3300 1 0.7 12 1.5 

14 45 350 3300 1 0.7 12 2 

15 45 350 3300 1 0.7 12 3 

16 45 350 3300 1.25 0.625 8 1.5 

17 45 350 3300 1.25 0.625 8 2 

18 45 350 3300 1.25 0.625 8 3 

19 45 350 3300 1 0.5 9 1.75 

20 45 350 3300 1.25 0.5 9 1.75 

21 45 350 3300 1.5 0.5 9 1.75 

22 45 350 3300 1 0.5 12 2 

23 45 350 3300 1.25 0.5 12 2 

24 45 350 3300 1.5 0.5 12 2 

25 45 350 3300 1 0.5 15 1.75 

26 45 350 3300 1.25 0.5 15 1.75 

27 45 350 3300 1.5 0.5 15 1.75 

28 45 350 3500 1 0.5 12 1.75 lowerbound curve velocity model 

29 45 350 3500 1 0.5 12 1.75 upperbound curve velocity model 

30 45 350 3300 1 0.5 5 1.75 

 

31 45 350 3300 1 0.5 5 2.25 

32 45 350 3300 0.5 0.5 5 2.25 

33 45 350 3300 0.5 1.5 5 2.25 

34 45 350 3300 1 0.5 5 3 

35 45 350 3300 0.5 1 5 3 

Line 3 

1 40 350 4500 1 0.5 5 1.75 

 

2 40 350 4500 1 0.5 5 2.25 

3 40 350 4500 1 0.5 9 1.75 

4 40 350 4500 1 0.5 9 2.25 

5 40 350 4500 1 0.5 12 1.75 
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Table S 1. Continued 

 

 

6 40 350 4500 1 0.5 12 2.25  

7 40 350 4800 1 0.5 5 2.25 upperbound curve velocity model 

8 40 350 4800 1 0.5 5 2.25 lowerbound curve velocity model 

Line 4 

9 45 350 5500 1.25 0.625 8 2.5 

 

10 45 350 5500 1.25 0.625 8 3 

11 45 350 5500 1.25 0.625 10 2.5 

12 45 350 5500 1.25 0.625 10 3 

13 45 350 5500 1.25 0.625 13 2.5 

14 45 350 5500 1.25 0.625 13 3 

15 45 350 5500 1.25 0.625 12 3 upperbound curve velocity model 

16 45 350 5500 1.25 0.625 12 3 lowerbound curve velocity model 

Line 5 

1 40 350 4300 1 0.5 5 2 

 

2 40 350 4300 1 0.5 5 2.5 

3 40 350 4300 1 0.5 9 2 

4 40 350 4300 1 0.5 9 2.5 

5 40 350 4300 1 0.5 12 2 

6 40 350 4300 1 0.5 12 2.5 

7 40 350 4300 1 0.5 7 2.5 upperbound curve velocity model 

8 40 350 4300 1 0.5 7 2.5 lowerbound curve velocity model 

Line 6 

1 50 350 3000 1.5 0.75 8 3 

 

2 50 350 3000 1.5 0.75 8 3.75 

3 50 350 3000 1.5 0.75 12 3 

4 50 350 3000 1.5 0.75 12 3.75 

5 50 350 3000 1.5 0.75 15 3 

6 50 350 3000 1.5 0.75 15 3.75 

7 50 350 3000 1.5 0.75 12 3.75 upperbound curve velocity model 

8 50 350 3000 1.5 0.75 10 3.75 lowerbound curve velocity model 

Line 7 

1 50 350 3300 1.5 0.75 8 3  
2 50 350 3300 1.5 0.75 8 3.75 

3 50 350 3300 1.5 0.75 12 3 

 4 50 350 3300 1.5 0.75 12 3.75 

5 50 350 3300 1.5 0.75 15 3 

6 50 350 3300 1.5 0.75 15 3.75 

7 50 350 3800 1.5 0.75 12 3.75 upperbound curve velocity model 

8 50 350 3300 1.5 0.75 12 3.75 lowerbound curve velocity model 

Line 8 

1 45 350 3300 1.25 0.625 5 3 

 2 45 350 3300 1.25 0.625 5 2.5 

3 45 350 3300 1.25 0.625 9 3 
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Table S 1. Continued 

 

 

4 45 350 3300 1.25 0.625 9 2.5 

 5 45 350 3300 1.25 0.625 12 3 

6 45 350 3300 1.25 0.625 12 2.5 

7 45 350 4400 1.25 0.625 7 2.5 upperbound vel model 

8 45 350 3300 1.25 0.625 7 2.5 lowerbound vel model 

Line 9 

1 30 350 3000 0.75 0.375 4 1.4 

 

2 30 350 3000 0.75 0.375 4 1.9 

3 30 350 3000 0.75 0.375 6 1.4 

4 30 350 3000 0.75 0.375 6 1.9 

5 30 350 3000 0.75 0.375 8 1.4 

6 30 350 3000 0.75 0.375 8 1.9 

7 30 350 3000 0.75 0.375 7 1.5 upperbound vel model 

8 30 350 3000 0.75 0.375 7 1.5 lowerbound vel model 

Line 10 

7 30 350 3300 1 0.4 12 1 

 

8 30 350 3300 1 0.6 12 1 

9 30 350 3300 1 0.8 12 1 

10 30 350 3300 1 0.4 12 1.5 

11 30 350 3300 1 0.4 12 2 

12 30 350 3300 1 0.4 12 3 

13 30 350 3300 1 0.7 12 1.5 

14 30 350 3300 1 0.7 12 2 

15 30 350 3300 1 0.7 12 3 

16 30 350 3300 1.5 0.75 8 1.5 

17 30 350 3300 1.5 0.75 8 2 

18 30 350 3300 1.5 0.75 8 3.25 

19 30 350 3300 1 0.5 9 1.75 

20 30 350 3300 1.25 0.5 9 1.75 

 

21 30 350 3300 1.5 0.5 9 1.75 

22 30 350 3300 1 0.5 12 1.75 

23 30 350 3300 1.25 0.5 12 1.75 

24 30 350 3300 1.5 0.5 12 1.75 

25 30 350 3300 1 0.5 15 1.75 

26 30 350 3300 1.25 0.5 15 1.75 

27 30 350 3300 1.5 0.5 15 1.75 

28 30 350 3300 1 0.5 12 1.75 lowerbound curve velocity model 

29 30 350 3300 1 0.5 12 1.75 upperbound curve velocity model 

30 30 350 3300 1 0.5 5 1.75  
31 30 350 3300 1 0.5 5 2.25 
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Table S 1. Continued 

 

 

32 30 350 3300 0.5 0.5 5 2.25 

 33 30 350 3300 0.5 1.5 5 2.25 

34 30 350 3300 1 0.5 5 3 

35 30 350 3300 0.5 1 5 3 

Line 11 

7 25 350 3300 1 0.4 12 1 

 

8 25 350 3300 1 0.6 12 1 

9 25 350 3300 1 0.8 12 1 

10 25 350 3300 1 0.4 12 1.5 

11 25 350 3300 1 0.4 12 2 

12 25 350 3300 1 0.4 12 3 

13 25 350 3300 1 0.7 12 1.5 

14 25 350 3300 1 0.7 12 2 

15 25 350 3300 1 0.7 12 3 

16 25 350 3300 1.25 0.625 8 1.5 

17 25 350 3300 1.25 0.625 8 2 

18 25 350 3300 1.25 0.625 8 3 

19 25 350 3300 1 0.5 9 1.75 

20 25 350 3300 1.25 0.5 9 1.75 

21 25 350 3300 1.5 0.5 9 1.75 

22 25 350 3300 1 0.5 12 1.75 

23 25 350 3300 1.25 0.5 12 1.75 

24 25 350 3300 1.5 0.5 12 1.75 

25 25 350 3300 1 0.5 15 1.75 

26 25 350 3300 1.25 0.5 15 1.75 

27 25 350 3300 1.5 0.5 15 1.75 

28 25 350 3300 1 0.5 12 1.75 lowerbound curve velocity model 

29 25 350 3300 1 0.5 12 1.75 upperbound curve velocity model 

30 25 350 3300 1 0.5 5 1.75 

 

31 25 350 3300 1 0.5 5 2.25 

32 25 350 3300 0.5 0.5 5 2.25 

33 25 350 3300 0.5 1.5 5 2.25 

34 25 350 3300 1 0.5 5 3 

35 25 350 3300 0.5 1 5 3 
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Figure S 1. Borehole information for Well 1. Gamma counts are inversely proportional to 

bulk density (BD) while neutron counts are proportional to moisture content (MC). The 

location of the water table at the time of the surveys are denoted as dashed lines. Vertical 

profiles of seismic velocity and electrical resistivity are taken from Line 2 which intersect 

with the borehole. The location of the water table at the time of the resistivity survey is 

denoted by a dashed line. The far-right column illustrates the location of recovered drill 

cuttings as solid colors, and the colors denote the weathering categorization assigned. The 

maximum and minimum water table (WT) position between 1/2014 and 2/2018 is denoted 

by light and dark blue lines respectively and are plotted on top of BD and MC. Closest 

surveyed WT depth to the date of the geophysical survey lines (8/22/2014) are plotted on 

top of the resistivity slice. Resistivity bounds encompass +-5 m around closest survey line 

within 10 m to well location, while seismic bounds encompass +-5 m around the closest 

survey line point within 10 m to well location and multiple model inversions. See Table S1 

for the inversion models used in the seismic lines. 
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Figure S 2. Well 2 with seismic and resistivity data from Lines 1 and 2. Max WT is at 

the surface of the borehole. Dynamic seasonal variations in relative MC are evident in the 

top 8 m coincident with higher values of resistivities. 
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Figure S 3. Well 3 with seismic and resistivity data from Line 2. Max WT is at the 

surface of the borehole. 
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Figure S 4. Well 5 with seismic and resistivity data from Lines 1, 2, and 11. Top 1.0 m 

data removed from road construction. 
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Figure S 5. At ~13 m there is a steady increase in bulk density and decrease in moisture 

content beneath the water table due to transition into less porous bedrock. 
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Figure S 6. Well 10 with seismic and resistivity data from Line 2. 
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Figure S 7. Well 12 with seismic and resistivity data from Line 1. 
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Figure S 8. Well 13 with seismic and resistivity data from Line 1. 
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Figure S 9. Well 14 with seismic and resistivity data from Line 1 and 11. Top 0.5 m 

removed from road construction. 
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Figure S 10. Well 15 with seismic and resistivity data from Line 2 and 10. 
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Figure S 11. Well 16 with seismic and resistivity data from Line 2. 
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Figure S 12. Example of the effect of increasing RS (topographic slope) from L (hillslope 

length) and increasing RT (water table slope) on the ratio UVW/UXW. Taken from Rempe 

and Dietrich (2014). 
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Figure S 13. Core retrieved from the Elder Creek channel bed at the base of the Rivendell 

hillslope.  The depth interval shown is approximately 0.2-0.6 m and lacks significant 

fracturing or evidence of weathering. 
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