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Seismic Constraints on Criti cal 
Zone Architecture, Boulder Creek 
Watershed, Front Range, Colorado
We use a minimally invasive, shallow geophysical technique to image the structure of the 
criti cal zone from surface to bedrock (0–20 m) in two small drainages within the Boulder 
Creek Criti cal Zone Observatory (BcCZO). Shallow seismic refracti on (SSR) surveys provide a 
three-dimensional network of two-dimensional cross-secti ons (termed quasi-3D) of criti cal 
zone compressional wave velocity (Vp) structure within each catchment, yielding a spati al 
descripti on of the current criti cal zone structure. The two catchments, Betasso and Gordon 
Gulch, represent contrasti ng geomorphic histories within the Front Range: Betasso shows hill-
slope response to a late Cenozoic increase in fl uvial incision of Boulder Creek, while Gordon 
Gulch represents more steady erosion. The mean depth to fresh bedrock in both catchments 
is roughly 15 m. Unique subsurface features in each catchment refl ect acti ve geomorphic 
processes not suggested by similariti es in mean interface depths. Betasso contains thick 
disaggregated materials high in the drainage that are nearly absent near the outlet. This pre-
sumably refl ects the impact of base-level lowering, which we suggest has progressed roughly 
500 to 1000 m up into the catchment. Aspect-driven diff erences in the subsurface within 
each catchment add complexity and overprint the broader geomorphic signals. Shallow seis-
mic refracti on subsurface structure models will guide future investi gati ons of criti cal zone 
processes from landscape to hydrologic modeling and are invaluable as connecti ons between 
ti me-consuming point measurements of physical, chemical, and biological processes.

Abbreviati ons: BcCZO, Boulder Creek Criti cal Zone Observatory; ERT, electrical resisti vity tomography; GPR, 
ground-penetrati ng radar; Ma, megaannum; quasi-3D, a three-dimensional grouping of two-dimensional 
surveys; SSR, shallow seismic refracti on.

Shallow seismic refracti on allows minimally invasive, broad spatial investigations 
of the subsurface (Leopold et al., 2008b). We use this geophysical technique to pair surfi -
cial evidence of geomorphic processes with physical and chemical weathering signatures 
interpreted from SSR surveys.

Th e interactions between weathering and transport processes sculpt terrestrial landscapes. 
Hillslope processes that include downslope movement of material by rain splash, frost creep, 
biological activity, and other gravity-driven mechanisms serve to redistribute material that 
is freed from the underlying bedrock by weathering processes. Th e hillslopes are in turn 
coupled to adjacent streams, which serve as their boundary conditions. Th is highly coupled 
geomorphic system therefore encompasses the majority of hydrological, geochemical, and 
biological activities that can all change in effi  ciency and in dominance through time.

Recently, the term critical zone (CZ) has been applied to the shallow terrestrial environ-
ment spanning from the lowest extent of groundwater to the top of the vegetation canopy 
(Brantley et al., 2007; Anderson et al., 2007) (Fig. 1). Th e defi nition of the CZ is inher-
ently scale-dependent both spatially and in time. Within the CZ, rock evolves through 
various stages of decay and is overlain by soil and sediment. Together they support the 
local ecosystem. Th e properties of the weathered rock, sediment layers, and soil horizons, 
including biological activity, control water fl ow character, slope stability, active chemical 
reactions, and how the subterranean ecosystems interact with the local materials. Th erefore, 
CZ structure exerts a fi rst-order control on both subsurface and surface processes. Road 
and riverbank cuts, as well as cliff  edges, allow partial insight into subsurface structure, but 
as these are unique hillslope boundary conditions they may not be representative of the 
broader hillslope. Quantitative descriptions of the three-dimensional CZ architecture can 
constrain both the potential volume and spatial distribution over which specifi c physical 
and chemical processes are either active or probable in the subsurface.

Seismic refracti on surveys were used 
to characterize subsurface (0–20 m) 
criti cal zone structure in two variably 
eroded catchments. These geophysi-
cal snapshots show greater depth to 
fresh rock both on north-facing slopes 
in a steadily eroding catchment and in 
the headwaters of a catchment that 
has undergone recent fl uvial incision 
at its base.
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In general we wish to avoid signifi cantly altering the active pro-
cesses in the attempt to quantify or understand them. Capturing 
the present architecture of the CZ without upsetting the system 
therefore becomes a challenge even where riverbanks, road cuts, 
and cliff s provide good insight into pieces of the geologic frame-
work. Pits and trenches allow restricted insight into the structure 
and processes at depth, but once the material is replaced, the 
immediately adjacent system is likely to have been aff ected. Core 
collection results in a disturbed system with altered or enhanced 
water fl ow paths. Despite the potential disruption of the subsur-
face, boreholes, pits, and trenches are crucial for interpreting the 
results of shallow geophysical methods, where the geophysical 
signal of the subsurface can be matched with the physical prop-
erties and stratigraphy of the excavated materials. Geophysical 
surveys can guide such excavations to the most useful locations, 
potentially minimizing the number of disturbances. Geophysical 
surveys, anchored to physical measurements from limited exca-
vations, can be applied over large areas to produce broad spatial 
coverage of the geologic framework to depths of tens of meters, 
quickly and cheaply.

Rock decays through a combination of physical, chemical, and 
biological processes, collectively termed weathering, that govern 
the evolution of the CZ. Th is disintegration and decomposition 
of rock supplies inorganic materials to the mobile layer that are 
then transported downslope. Previous studies of weathering either 
employ physical and/or chemical datasets from bedrock exposures, 
surface deposits, and boreholes or focus on the weathered character 
of soils (e.g., Birkeland et al., 2003; Dethier and Lazarus, 2006; 

Egli et al., 2006; Rossi and Graham, 2010; Jin et al., 2010). Th ese 
methods may fail to sample properly a target landscape and pair the 
results with either regional geomorphic processes or the character 
of bedrock weathering at depth. Jin et al. (2010) linked weathering 
and hillslope evolution at ridgetop locations with a single slope 
transect of soil cores. While geophysical surveys also allow us to 
explore fi nite volumes of the subsurface dependent on the survey 
setup, they can be applied across large, continuous profi les or three-
dimensional volumes with minimal disturbance of the CZ.

Geophysical techniques have been used to classify soils and local 
geology through their geophysical properties, thicknesses, and stra-
tigraphy for more than 25 yr in sensitive and remote environments 
(e.g., Olson and Doolittle, 1985). Schrott and Sass (2008) reviewed 
geophysical applications in geomorphology that include determin-
ing sediment thickness over bedrock, mapping the thickness of 
the seasonal permafrost freeze–thaw layer, outlining landslides, 
sensing seasonal variations in soil fl uid content, and quantifying 
permafrost geophysical properties. Tye et al. (2011) applied mul-
tiple geophysical methods with other geologic analyses to describe 
geologic features in the subsurface. Several studies detail the geo-
physical methods eff ective at delimiting permafrost presence and 
depth of the active layer, as outlined by Kneisel and Hauck (2008).

Streams draining the eastern fl ank of Colorado’s Front Range 
show evidence of base-level lowering near the range front that has 
propagated upstream over the past 5 megaannum (Ma) related to 
changes in climate (Anderson et al., 2006; Wobus et al., 2010). 
In this predominantly crystalline bedrock setting, the CZ’s geol-
ogy in fi rst-order catchments should be predominantly controlled 
by the production rates of physical and chemical weathering and 
the transport of material downslope. We used SSR surveys to 
characterize the geologic framework of the CZ in the Betasso 
and Gordon Gulch catchments of the Boulder Creek Critical 
Zone Observatory (BcCZO), Colorado Front Range, USA (Fig. 
2). Although Betasso and Gordon Gulch both drain directly to 
Boulder Creek, they appear to have significant differences in 
base-level lowering rates (Schildgen et al., 2002; Anderson et 
al., 2006): Betasso joins the creek in a deep canyon, suggesting 
recently increased incision rates, whereas Gordon Gulch joins the 
creek in a broader canyon upstream of Boulder Creek’s knick-
point, where incision rates are apparently lower. Th ese diff erences 
of base-level lowering histories may be refl ected in diff erences in 
the geomorphic framework of the CZ and may alter the thickness 
of the CZ on the hillslopes. Because presently we have only crude 
models of the evolution of the critical zone in its full architecture, 
information about the thickness of regolith and about the depth 
of weathering within the rock mass beneath it will constrain the 
development of process-based models. For example, if enhanced 
base-level lowering in Betasso has resulted in a thinning of the CZ, 
we should see that Gordon Gulch has a thicker mantle of regolith. 
Also, if stripping material off  hillslopes related to base-level lower-
ing has not yet propagated to the broader headwaters of Betasso, 

Fig. 1. Th e critical zone (CZ) spans from the lowest extent of groundwa-
ter fl ow to the top of the local vegetation canopy, requiring site-specifi c 
defi nition. We consider the CZ to extend through regolith and partially 
into fresh bedrock, where the transition from regolith to unweathered 
bedrock is defi ned as the bedrock weathering front. Estimates of Vp for 
each material composing the local CZ’s geologic framework allow inter-
pretation of shallow seismic refraction results.
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regolith thickness should increase as a function of distance from 
the catchment’s outlet. We hypothesize that there is a strong con-
nection between the long-term geomorphic history of a catchment 
and development of the CZ that in turn refl ects the long-term 
history of the Front Range. We hypothesize that Gordon Gulch 
should display a deeper and more uniform distribution of weath-
ered bedrock than Betasso. We also hypothesize a transition in 
the development of the weathered profi le in Betasso—thick in the 
headwaters but truncated near the outlet. Th is study of the subter-
ranean CZ architecture provides the geologic framework for the 
active hydrologic, biological, and geochemical processes aff ecting 
CZ development and should serve as a guide for future detailed 
investigations.

Overview of Shallow Seismic Refracti on (SSR) 
and Criti cal Zone Structure
Shallow seismic refraction techniques use diff erences in seismic 
wave speeds, by convention called velocities, of unique subsurface 
materials (Burger et al., 2006). Th e density, shear modulus, and 
bulk modulus of the material together determine the seismic veloc-
ity measured by SSR (Telford et al., 1990). Since the subsurface 
oft en contains discrete layers (e.g., sediments, regolith, bedrock) 
with diff erent densities and elastic moduli, seismic wave travel 
times from a seismic energy source to the sensors (geophones) can 
be used to recover interface depths and subsurface velocity struc-
ture. Seismic energy sources (e.g., sledgehammer in our case) can 
allow investigations to depths of tens of meters, with depth of pen-
etration also infl uenced by seismic array geometry and subsurface 

properties of the target of investigation (Burger et al., 2006). Th e 
resolvability of a single layer depends on its thickness, the contrast 
in seismic velocity with adjacent layers, and the geophone spacing. 
Shallow seismic refraction requires increasing seismic velocity of 
material with depth. “Hidden” layers or other artifacts occur where 
the velocity contrast is too low or the layer is too thin compared to 
the sensor spacing, as well as when a low velocity layer underlies 
a higher velocity layer (Burger et al., 2006). Th ese layers confuse 
the results and require supplemental data from boreholes or other 
exposures to guide interpretation.

We employ SSR surveys to determine the compressional or “P” 
wave velocities (Vp) for distinct materials and their distribution 
within two catchments of the Boulder Creek watershed. Dense 
survey networks contribute to the development of a quasi-3D 
depth to bedrock model for the study areas, where quasi-3D refers 
to a three-dimensional grouping of two-dimensional surveys for 
delineating three-dimensional subsurface features. Linkage of 
stratigraphic, chemical, and physical properties from boreholes 
and other exposures with SSR surveys can provide estimates of 
weathering front depths and CZ architecture development on the 
catchment scale for the full CZ thickness.

In the broadest sense, the subterranean CZ is composed of bedrock 
with overlying regolith (Fig. 1). Formally, regolith consists of all 
material above unaltered parent material, crystalline bedrock for 
this study. Th e defi nition of unaltered bedrock depends on the 
goals, and not just scale, of the study, where physical, chemical, 

Fig. 2. Th ree study catchments lie within the mountainous portion of the Boulder Creek Critical Zone Observatory. Each catchment resides within 
areas with unique recent and ongoing geomorphic processes. Glacially scoured valleys (e.g., upper Green Lakes Valley, and others outlined) lining the 
continental divide were last occupied during the last glacial maximum (LGM) (Madole et al., 1999). Enhanced river incision moving headward from 
the range front resulted in steep slopes (>20°) along river valleys. Between these geomorphic regimes, the low relief (<10°) upland “Rocky Mountain 
surface” persists with some deeply weathered sections (Dethier and Lazarus, 2006). Th e Betasso catchment resides on the boundary between height-
ened river incision and the upland surface. Th e Gordon Gulch catchment lies completely within the low relief surface.
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and mobility boundaries may be assigned between regolith and 
the parent material (Brantley et al., 2011). We separate regolith 
into three broad constituents: weathered bedrock, saprolite, and 
mobile regolith. Bedrock weathering products include soil, grus, 
saprolite, and oxidized bedrock that may retain original bedrock 
structures and are unmoved from the original weathering loca-
tion. Mobile regolith represents any material on the hillslope that 
has been transported from its original site of weathering and may 
include soil, alluvium, colluvium, or other transported sediment. 
Saprolite is rock weathered to the point of being physically weak 
enough to dig or auger through, but that has not been transported, 
while weathered rock includes any intact, relatively strong weath-
ered rock. While the seismic signal does travel through soils and 
mobile regolith, the minimum distance between the sensor and 
shot (1 m) in this study allows marginal sensitivity to material 
within 0.5 m of the land surface. Shallow seismic refraction surveys 
in this study cannot accurately image soils and mobile regolith 
where they are thinner than 0.5 m. Reducing the geophone spacing 
may allow imaging of shallower material, but decreases the total 
survey length and the maximum depth of the investigation. Th e 
horizontal and vertical resolutions of SSR results are also related 
to the geophone spacing, frequencies created by the seismic source, 
and frequency range measured by the geophones. For this study, 
the maximum resolution is slightly less than 1 m in the horizontal 
and vertical directions based on the seismic frequencies recorded. 
Th erefore, both small (<0.5 m) corestones and sparse bedrock frac-
tures could not be imaged.

Estimated P wave velocity (Vp) values for the subsurface interfaces 
of the model CZ for this study are outlined in Fig. 1. Relatively 
disaggregated materials generally have low seismic velocity values 
(Vp < 700 m s−1) but will be higher if compacted (Vp > 1000 m 
s−1); materials with these velocities include mobile regolith, soils, 
and grus. Unweathered (i.e., intact or jointed) granite and gneiss 
velocities range from 3500 to 7500 m s−1 and are generally >4000 
m s−1 (Barton, 2006; Telford et al., 1990). We estimate saprolite to 
have a velocity around 1400 m s−1, but in fact it will span the veloc-
ity range between disaggregated materials and oxidized bedrock 
(2000 m s−1). Th us, subsurface layers with intermediate velocities 
(700–3500 m s−1) represent various grades of weathered crystalline 
bedrock and compacted weathering products (i.e., sediment, soil, 
and grus). Th is classifi cation scheme is consistent with three layer 
Vp models developed within an alpine environment of the Boulder 
Creek watershed (Leopold et al., 2008a,b).

 Setti  ng
Th e BcCZO encompasses 1160 km2 of the Boulder Creek water-
shed in north-central Colorado and spans 2500 m of elevation 
from the mountainous headwaters at the continental divide to 
the High Plains (http://czo.colorado.edu/, verifi ed 20 June 2011). 
Th e BcCZO spans a broad climate spectrum of both temperature 
(mean annual temperature of −4°C in the alpine to 11°C in the 

plains) and precipitation (mean annual precipitation of 102 cm in 
the alpine to 46 cm in the plains) (Birkeland et al., 2003). Soils 
in the Front Range show a strong dependence on the direction 
the slope faces (slope aspect), with Alfi sols on north-facing slopes 
and Mollisols on south-facing slopes within the cryic tempera-
ture regime and ustic moisture regime, overlying mainly oxidized 
bedrock (Birkeland et al., 2003). Th ree small catchments sample 
landscapes characteristic of the mountainous portion of the 
Boulder Creek watershed as part of the BcCZO (Fig. 2). Anderson 
et al. (2006) described three geomorphic regimes within the Front 
Range of Colorado: (i) glacially ornamented valleys along the ridge 
crest, (ii) a low relief upland “Rocky Mountain surface” (2500–
2750 m) that retains deeply weathered profi les up to 15 m thick 
(Isherwood and Street, 1976; Dethier and Lazarus, 2006), and (iii) 
catchments bounded by deep bedrock gorges refl ecting enhanced 
river incision near the range front. All carve into Precambrian crys-
talline bedrock exhumed during the Laramide orogeny (65–45 
Ma) of mainly granodiorite (1.7 Ga) and older biotite gneisses 
(Lovering and Goddard, 1950). Whereas the BcCZO catchments 
were chosen to represent each of these geomorphic regimes, we 
focus here on the Betasso and Gordon Gulch catchments.

Th e Betasso catchment is located 3.2 km upslope from the range 
front and drains an area of 0.46 km2 directly into Boulder Creek 
with an average elevation of 1924 m and vertical range of 240 m. 
Th is catchment’s steep, thinly mantled slopes near the confl uence 
with Boulder Creek Canyon refl ect the hypothesized high ero-
sional potential caused by the increased river channel incision of 
Boulder Creek (Anderson et al., 2006). However, further up the 
catchment, the slopes shallow, with much thicker profi les of weath-
ered bedrock and soil predicted. Ponderosa pine (Pinus ponderosa 
P. Lawson & C. Lawson) forest covers most of Betasso with some 
small grassy meadows. Immediately adjacent to the Betasso catch-
ment are several other drainages with grassy gentle slopes that shift  
to pine forest on steeper slopes closer to the bounding stream chan-
nels. Th is transition may mark the contact of the Rocky Mountain 
surface with the landscape experiencing the eff ects of the increased 
channel incision of Boulder Creek. Betasso is underlain by the 1.7 
Ga Boulder Creek granodiorite, which outcrops along the ridges 
and on the steep slopes where the catchment joins Boulder Creek 
Canyon. A prominent bedrock tor on the western ridge shows the 
granodiorite to be highly fractured, with generally less than 1.5 
m spacing between cracks (E. Dengler, personal communication, 
2008). Multiple ravines coalesce, and an ephemeral stream drains 
the occasional snowmelt out of the catchment through a central 
gully running northwest to southeast. Some ravines are large and 
cut down more than 5 m through colluvium to saprolite.

Th e Gordon Gulch catchment lies within the Rocky Mountain 
surface and covers an area of 2.7 km2. Gordon Gulch has an aver-
age elevation of 2716 m and vertical range of 325 m. Gordon Gulch 
is split into upper and lower sections that both drain west to east 
with a north–south connection linking them. A dichotomy in 
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vegetative cover on the slopes strongly refl ects this orientation, with 
dense lodgepole pine (Pinus contorta Douglas ex Loudon) forest on 
the north-facing slopes and sparse ponderosa pine with some grassy 
undergrowth on the south-facing slopes. Aspen (Populus tremu-
loides Michx.) and shrubs occupy much of the valley fl oor in the 
upper catchment. Gordon Gulch therefore represents an excellent 
study area for determining the eff ect of aspect on CZ development 
related to vegetation and catchment structure. Th e aspen groves in 
the valley fl oors accompany marshy conditions with water fl owing 
in the stream year-round. Somewhat inconsistent with the concept 
of an old slowly eroding upland surface, Gordon Gulch contains 
steep topography with many bedrock exposures of Precambrian 
granites, gneisses and schists, especially in the lower portion of 
the catchment.

 Methods
Field Descripti on
For each geophysical line, we used a tape measure, compass, and 
inclinometer to ensure proper geometry for acquisition and pro-
cessing. We recorded line descriptions, especially noting vegetation 
and bedrock outcrop locations. Handheld GPS points mark fi rst 
and last sensor locations for each individual setup (spread).

Seismic Methods
Shallow seismic refraction surveys were recorded with a 24-chan-
nel Geometrics Stratavisor seismograph and twenty-four 40-Hz 
vertical component geophones. A 5-kg sledgehammer produced 
the seismic source of energy when striking a 10- by 10- by 7-cm, 
15-kg steel plate on the ground surface. Leopold et al. (2008b) 
calculated that such a source yields vertical blow energy valid 
for a survey depth range of 2 to 40 m. We used a 2-m geophone 
spacing resulting in 46-m spread lengths with an approximate 
20-m minimum depth of investigation (although this depends on 
the subsurface velocity structure). Five shots within each spread 
improved resolution both at shallow depth and for lateral varia-
tions along the line, while off -end shots 2 and 5 m from the end 
geophones provide deeper coverage and expand the total spread 
length to 56 m (Burger et al., 2006). Multiple spreads generally 
composed a single line, in which case the fi nal geophone of the pre-
vious spread became the fi rst geophone of the next spread, allowing 
continuity of results across spreads (Fig. 3). At each shot and geo-
phone location, up to 5 cm of organic surfi cial debris was removed 
to better couple the shot plate and geophones with the ground sur-
face. Also, three hammer blows secured the plate and compacted 
additional organic matter or loose sediment to improve the plate’s 
coupling with the ground. Ten hammer blows were stacked at each 
shot location to reduce uncorrelated noise and increase the ampli-
tude of the seismic signal (Schrott and Sass, 2008).

Seismic data were processed using the SeisImager/2D package 
(OYO Corporation, 2006). P wave first arrivals were picked 
automatically and adjusted manually. To capture the subsurface 

complexities in these mountainous terrains, we employed a travel 
time tomographic simultaneous iterative reconstruction technique 
inversion scheme with network ray-tracing in SeisImager/2D 
(Hayashi and Takahashi, 2001). Time-term inversion and a delay-
time reciprocal method were also used in SeisImager/2D to create 
three layer velocity models that were consistent with the tomo-
graphic results but lacked lateral variations within individual layers 
(Befus, 2010). Tomographic inversion allows lateral heterogeneities 
that layered inversion schemes cannot represent (Sheehan et al., 
2005). In tomographic systems, the cross-section of the subsurface 
to model is discretized into a grid of cells for both the forward and 
inverse steps. For our SSR models, all cells were 1 m thick and 
increased in height from 0.5 m at the surface to 2 m at the lower 
boundary. Th e large number of shots per spread ensures dense 
raypath coverage and more complete sensitivity to the subsurface 
(Fig. 3). If the observed travel times are longer than the modeled 
travel times, the modeled raypath travels through higher velocities 
and/or takes a shorter path in the subsurface than the observed 
data suggest. Travel time tomography suff ers from nonuniqueness 
associated with inverting geophysical datasets, making reasonable 
values for the initial model and other inversion parameters essential 
for recovering the maximum amount of information (Ivanov et al., 
2005a,b; Palmer, 2010). We set a standard pseudo-gradient initial 
model with layers composed of cells of equal velocity that become 
thicker and increase in velocity with depth and range from 300 m 
s−1 at the surface to 5000 m s−1 at 10 m depth, where the velocities 
are standard values for disaggregated material and unweathered 
crystalline bedrock, respectively (Barton, 2006). Velocity models 
from the time-term and the reciprocal inversions were also used as 
initial models for the tomographic inversion with consistent results 
to the pseudo-gradient initial model (Befus, 2010). Ten iterations 
of the inversion yielded a root mean square error of less than 3 ms, 

Fig. 3. Seismic travel time plot of P wave fi rst arrivals (colors) for the 
westernmost Betasso shallow seismic refraction line in Transect 1 (Fig. 
5). Steeper slopes of time vs. distance signify slower velocities (slope 
= velocity−1). A high density of shots per line ensures a more detailed 
representation of the subsurface in the fi nal velocity profi le than the 
standard three-shot setup (i.e., forward, middle and reverse). Th e 
dashed black line represents the calculated travel times from network 
ray-tracing. RMS misfi t = 0.88 ms.
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on par with the 1- to 3-ms uncertainty associated with manually 
assigning P wave arrival times. Errors in fi tting the travel times 
with the inverted model will also contribute to a larger root mean 
square error and can be related to the tomographic discretization. 
To keep from overfi tting the data (i.e., fi tting noise in the data), a 
three-point moving, weighted average of horizontal triplets of cells 
between inversion steps smoothed lateral diff erences between cells, 
where the central cell contributes one-half the smoothed velocity 
value. No regularization technique was applied within the inver-
sion, only horizontal smoothing between iterations. Raypath 
coverage provided an estimate of the depth sensitivity and resolu-
tion of individual cells in the inverted section, but raypaths are 
infl uenced by the selected initial model (Palmer, 2010).

 Results
Geophysical data were collected between May and August of 2009. 
We collected 8.9 km of SSR lines within the two study areas (Fig. 
4). Primarily slope-perpendicular transects were selected for SSR 
surveys where topography and vegetation allowed access in the two 
catchments. Single SSR lines oriented slope-parallel crossed the 
larger transects to provide insight into three-dimensional seismic 
structure of the hillslope.

We purposely avoided exposed bedrock and other rocky terrain due to 
diffi  culty in installing geophones. Th is biases our results toward areas 
with more regolith overlying bedrock. However, many geophysical 
lines start near bedrock outcrops to anchor geophysical results to our 
estimates of local bedrock velocities. Soil pits were dug to refusal in 
upper Gordon Gulch to a maximum depth of 1.5 m, where saprolite 
was noted. Multiple boreholes were started in both catchments with a 
lightweight drill (Shaw Tool Ltd., Yamhill, OR; www.backpackdrill.
com/), but loss of engine power from high elevation and the hard-
ness of the weathered crystalline bedrock prevented drilling to depths 
greater than 2 m. Large boreholes are planned in both catchments to 
guide future interpretation of the geophysical results.

Th e product of an SSR inversion is a two-dimensional cross-section 
of the best-fi t subsurface seismic velocity structure based on the 
inversion parameters and discretization. To describe trends in 
Vp structure in the catchments, we use two approaches based on 
the depth to the CZ interface Vp estimates. First, we average the 
depths to each Vp interface (contoured from the gridded inversion 
output) for all SSR lines in a catchment and calculate the stan-
dard deviation for the whole catchment. Second, we calculate the 
average depth to each interface across individual SSR lines, noting 
the line-specifi c standard deviations. Considering individual lines 
allows the separation of diff erences between opposing hillslopes 
and locations within the catchments.

Results from Betasso Catchment
A total of 4.5 km of SSR surveys were conducted in the Betasso catch-
ment. Th ree main transects of SSR lines cross the Betasso catchment 
toward the headwaters, center, and mouth of the drainage area (Fig. 
5). Continuous lines were not possible because of a steep gully run-
ning down the center of the catchment, smaller ravines, and roads.

Figures 6 and 7 provide an overview of SSR results in Betasso across 
the whole catchment and by consolidating individual line results, 
respectively. Shallow seismic refraction profi les in Betasso located 
the line-average depth of high velocity material (Vp > 3500 m s−1) at 
7.2 to 15.0 m depth, with all the data marking this interface at 12 ± 
2.8 m depth. In general, intermediate velocity material (2000 m s−1 
< Vp < 3500 m s−1) appeared closer to the surface further upslope 
from the valley center, with a catchment-average depth of 6.0 ± 2.4 
m. Slightly lower velocity material (Vp = 1400 m s−1) appeared at 
average depths of 1.3 to 7.3 m per line, and 3.4 ± 1.8 m over the 
whole catchment. Th e lowest velocity materials (Vp < 700 m s−1) 
were found to average depths of 0.3 to 3.3 m of each SSR line, but 
extended to 5 m depth toward the top of the catchment. Overall 
in Betasso, 700 m s−1 was found at 0.94 ± 0.8 m depth and is in 
most places shallower than the SSR survey’s sensitivity for the 2 m 
geophone spacing we employed.

Fig. 4. Overview of shallow seismic refraction (SSR) lines collected May through August 2009. Numbered black lines show transect locations for Fig. 
5 and 8. Note diff erent scales and slight changes in orientation.
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Fig. 5. Th ree shallow seismic refraction transects 
through the Betasso catchment with locations 
shown in Fig. 4. Low velocity (red) values are thick 
in the upper transect but are thinner in the lower 
two transects.

Fig. 6. Summary of all shal-
low seismic refraction lines 
in both catchments. Each 
value was computed from all 
the data points within each 
catchment marked by the 
depth of the velocity value, 
where n refers to the number 
of velocity data points used 
to compute the statistics.

Fig. 7. Summary of catchment 
line averages. Depths to the 
velocity values for individual 
lines were fi rst averaged, and 
then these line-averages sta-
tistics were found, where n 
refers to the number of lines 
in each catchment. Line-aver-
age results reveal variability 
related to line location or local 
weathering features. Mean 
line statistics show overall 
shallow seismic refraction line 
trends in the catchments.
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Th e three SSR transects across Betasso reveal the Vp structure of 
the upper 20 m of the hillslopes with increasing distance from 
the catchment mouth. Th e uppermost transect (#1) marks high 
velocities (Vp > 3500 m s−1) mainly at depths of 12 m deep with 
short convexities (<10 m) where the interface shallows to depths 
of 8 m. Intermediate velocities (Vp = 1400 m s−1) are found at 
depths no deeper than 7 m. Low velocity values (Vp < 700 m s−1) 
range from 1 m up to 5 m depth. Th ese thicken toward the valley 
center. In the upper transect SSR profi les showed less than 2 m of 
low velocity materials in general, although these materials lie in 
the poorly constrained portion of the model. Intermediate velocity 
values extended no deeper than 5 m in the middle transect. High 
velocity materials were found at depths that shallowed downslope 
but remained mostly constant at 8 to 10 m depth. Moderately high 
velocity (>2000 m s−1) knobs in the middle transect approached 
the surface. In the lowest transect, less than 2 m of low velocity 
material were present in the profi les. Intermediate values ranged 
between depths of 2 and 7 m. High velocity values were modeled 
mainly 8 m from the surface but reached depths of 17 m near the 
western ridge crest.

From the upper to middle transects, the low and intermediate 
velocity interfaces appeared to shallow. A valley-center SSR line 
between these two transects revealed a shallowing of the high 
velocity interface 50 m down-catchment from the upper transect, 
from 12 to 4 m depth. For the middle and lower transects, the prin-
cipal gradients in interface depths appeared to be along contour 
rather than up- and downslope.

Gordon Gulch Results
A total of 4.4 km of SSR surveys were con-
ducted in the Gordon Gulch catchment, 
concentrated in the upper half of the drain-
age. Four sets of SSR lines ran across the 
drainage, three in the upper portion and 
one in the lower drainage (Fig. 8). Low 
relief in the upper catchment allowed con-
tinuous transects across the catchment.

Figures 6 and 7 provide an overview of SSR 
results in Gordon Gulch. Across the 35 SSR 
lines in Gordon Gulch, line-average depths 
to high and intermediate material were 
5.3 to 15.8 and 1.0 to 8.8 m, respectively. 
Moderately high velocities (>2000 m s−1) 
were encountered at depths of 5.8 ± 2.7 m, 
and line-averages ranged between 2.6 and 
10.3 m. Overall, high velocity (presumably 
unweathered) materials were imaged at 11.7 
± 3.1 m depth. Intermediate velocity mate-
rials were found at an average 3.2 ± 1.9 m 
depth in the catchment. Th e lowest veloc-
ity materials varied between line-averages 

of 0.3 and 2.5 m thick and 0.9 ± 0.7 m thick for the catchment. 
Intermediate velocities were encountered to greater depths on the 
southern slope (10.9–15.3 m) compared to both the valley center 
(8.4–11.9 m) and northern slope (10.9–12.9 m).

Th e four transects in Gordon Gulch revealed a transition from 
uniform deep high velocities in the uppermost portion to a con-
sistent diff erence between deeper high velocities on the southern 
slopes and shallower high velocities on the northern slopes. In the 
uppermost transect (#1), high velocity materials were imaged at 15 
m depth across the catchment with <2 m of low velocity material. 
Intermediate velocity material ranged from 2 to 4 m deep on both 
slopes, with a 60-m-wide, high velocity mound on the southern 
slope. Th e second transect crossed through an open meadow 400 
m up-drainage, where high velocity values on the southern slope 
appeared at 19 m depth. In the central valley these velocities occur 
at a depth of 13 m and shallow to 8 m for most of the northern 
slope, and are interrupted by a 50-m-long deepening to 15 m depth. 
Intermediate velocity material spanned from 4 to 6 m depth on the 
southern slope and was thinner (?2 m) on the northern slope. Low 
velocity material reached a maximum thickness of 2 m under the 
central meadow but was generally <1 m thick.

Th e third transect was the lowest in upper Gordon Gulch, 300 m 
down-drainage from the second transect. Th e northern slope had 
thin low velocity material (<1 m) with 1400 m s−1 at 4 m depth. 
High velocity values were imaged at 10 m depth with a broad 75 

Fig. 8. Four shallow seismic refraction transects across the Gordon Gulch catchment with locations 
shown in Fig. 4. North-facing slopes show consistently deeper low velocities (<2500 m s−1) and likely 
describe deeper weathering fronts compared to the profi les on the south-facing slope.
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m knob of material > 2000 m s−1 that reached to within 4 m of 
the surface. In the valley center, high velocity values were imaged 
within 5 m of the ground surface but deepened to 16 m along the 
southern slope. Intermediate velocity materials on the southern 
slope remained 2 m from the surface, except in pockets deepening 
the interface to a maximum 8 m depth. Low velocity material was 

<1 m thick. Th e fi nal transect (#4) ran 500 m from the outlet of the 
Gordon Gulch watershed. On the northern (south-facing) slope, 
SSR imaged 3500 m s−1 and greater velocities at 14 m depth, with 
moderate velocities  >2000 m s−1) reaching to within 3 m of the 
ground surface. Th e SSR transect showed abundant intermediate 
velocity values at 5 to 7 m depth, but these materials were at 3 m 
depth for the majority of the line. Th e southern (north-facing) 
slope profi le showed high velocity values at 19 m depth that shal-
lowed to 13 m near the valley center. Low velocity material was 
generally 3 m thick but less than 1 m toward the top of the south-
ern slope. Th e northern (south-facing) slope SSR lines revealed fast 
velocities at consistently shallower depths than on the southern 
(north-facing) slope for the lower three transects (#2–4).

 Discussion
Th e SSR lines cover a large portion of two catchments studied in 
the BcCZO, documenting the Vp structure of the subsurface. Th e 
classifi cation scheme outlined in Fig. 1 was applied to both catch-
ments, allowing quasi-3D subsurface geologic interpretation of 
SSR profi les (Fig. 9). Generally, unweathered bedrock appeared 
within 20 m of the ground surface. Even so, the CZ may extend 
beyond our defi nition of fresh bedrock, as joints and fractures 
could provide water pathways where biological and chemical pro-
cesses advance the weathering process. Bedrock geology varies 
across the catchments, and includes granodiorite, schist, and gneiss 
that could introduce complexity in interpreting the depth to fresh 
bedrock. However, as both fresh and weathered Vp values for these 

rock types are nearly identical (Barton, 2006), we expect that this 
variability of bedrock type does not dominate the signals we have 
documented.

The shallowing of fresh bedrock between the upper (#1) and 
middle (#2) transects in Betasso suggests that the transient signal 
of enhanced erosion associated with a lowering in base level has not 
reached the upper transect: thicker disaggregated material (1.33 ± 
0.8 m) and saprolite (4.0 ± 1.4 m) remain high in the catchment 
compared to below transect 2 (0.6 ± 0.2 and 2.9 ± 1.0 m, respec-
tively). Th ese data suggest increased sediment stability, which is 
supported by ravine exposures with 4 m of layers of sediment, a 
paleosol, and new soils dating back to 18 ka above the uppermost 
SSR transect (Leopold et al., 2011). Alternatively, the upper tran-
sect represents a snapshot of the subsurface where the signal of 
increased transport could be active but only for a short period of 
time. Th us, the eff ect of the rejuvenated incision of Boulder Creek 
appears to extend a maximum of 1000 m up the Betasso drainage 
basin, but no less than 500 m.

Th e SSR lines on the western slope show slightly deeper weathering 
than those on the eastern slopes in the lower portion of the catch-
ment. Aspect-related conditions provide a plausible explanation, 
as the western slope faces northeast and is shadowed more oft en 
than the eastern slope. Th is could lead to less evaporation and more 
water availability for weathering processes in the subsurface. Even 
with weathering visible in the SSR profi les, the majority of weath-
ering products in Betasso are effi  ciently transported downslope to 
the valley center, where they either reside unaff ected by the fl uvial 
incision or are fl ushed out of the catchment.

Perhaps the largest signal in Gordon Gulch is associated with the 
aspect of the slope. Diff erences between the north- and south-facing 
slope Vp structure in Gordon Gulch may result from either diff erent 

Fig. 9. Velocity assignments for geologic materials yield a quasi-3D network of interpreted critical zone architecture. Select shallow seismic refraction 
lines from the upper Gordon Gulch catchment reveal subsurface structure over 0.5 km2 to a depth of 20 m.
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susceptibilities of the substrate to weathering or a diff erence in 
weathering rates. Within the low relief upper Gordon Gulch, inter-
preted weathering to 20 m depth and the buildup of more than 4 m 
of disaggregated material in the valley center may mean this area is 
transport-limited. Lower in the catchment the north-facing slope 
consistently displayed much deeper weathering (1400 m s−1 at 4.2 
± 1.4 m and 2000 m s−1 at 8.1 ± 1.5 m depth) than the south-facing 
slope (1400 m s−1 at 1.9 ± 0.5 m and 2000 m s−1 at 3.8 ± 1.0 m 
depth). Weathered bedrock values (2000 m s−1 < Vp < 3500 m s−1) 
extended to depths greater than10 m on the north-facing slope, but 
to depths of 5 to 7 m at the valley fl oor and on the south-facing slope. 
In the lower drainage of Gordon Gulch, a similar pattern showed 
weathered bedrock velocities beyond 15 m depth on the southern 
(north-facing) slope and 5 to 10 m on the northern (south-facing) 
slope. Th is diff erence in depth of weathering may refl ect greater 
moisture retention of the north-facing slope that is promoted by 
denser vegetation cover and longer lasting snowpacks. On the other 
hand, higher erosion rates on the south-facing slope would effi  ciently 
remove weathering products and yield similar results. If south-fac-
ing slopes were steeper, this would explain such effi  cient removal 
of detritus; however, SSR lines were collected where valley slopes 
were similar (see Fig. 4 and 8). Alternatively, Pleistocene periglacial 
activity, such as solifl uction, may explain shallower bedrock on the 
less shadowed south-facing slope, where higher solar radiation allows 
more intense periglacial activity, as weathering products would be 
more effi  ciently transported downslope during the summer (Raab et 
al., 2007). Evidence of periglacial activity is present in multilayered 
slope debris sections near Gordon Gulch (Völkel et al., 2011). While 
we cannot discriminate between these alternative interpretations 
with shallow geophysics alone, the CZ architecture we have revealed 
strongly constrains models of hillslope and CZ development.

If Betasso and Gordon Gulch are catchments with weathering 
patterns that are characteristic of the regional erosional regimes, 
the interpreted geologic framework of the CZ in each catchment 
can be compared with regional studies of CZ structure in those 
regimes. Using an areally extensive array of well logs, Dethier 
and Lazarus (2006) documented a mean highly weathered 
regolith thickness of 3.3 m, and a mean depth to fresh bedrock 
of 7 m depth in the low relief Rocky Mountain surface. Th ese 
match well with the valley fl oor and south-facing slope veloc-
ity profi les in Gordon Gulch, but not the deeper weathering on 
north-facing slopes suggested by the SSR results. However, the 
data of Dethier and Lazarus (2006) may not capture the bimodal 
pattern of weathering related to aspect suggested by the velocity 
models as they reside mainly on south-facing slopes and in val-
leys. Dethier and Lazarus (2006) did mention large local areas 
of weathered regolith thickness exceeding 10 m, but provided 
no information about aspect. Even so, the geophysical lines were 
laid out to avoid bedrock outcrops and very rough terrain that 
complicate or prevent the insertion of geophones. Th is bias likely 
results in an overestimation of the thickness of the weathered 
zone above bedrock.

Both Betasso and Gordon Gulch contain weathering fronts that 
extend to an average depth of about 12 m, assuming our assign-
ment of fresh bedrock is correct. Th is result is not consistent with 
our working hypothesis where Gordon Gulch would contain 
deeper sections of weathered material and more advanced weath-
ering fronts than found in Betasso. Shallow seismic refraction 
results in Betasso set the mean depth to each subsurface interface 
consistently, though marginally, deeper than in Gordon Gulch 
(Fig. 6). However, the observation of greater regolith thicknesses 
high in the Betasso catchment and the strong contrast in depth 
of weathering of north- and south-facing slopes in Gordon Gulch 
complicate these results. Th us, we cannot reject the possibility 
of deeper weathered sections over the low relief upland surface 
compared to areas under the infl uence of enhanced Boulder Creek 
channel incision.

Layered velocity models, rather than tomographic models, con-
tinue to be the standard method of interpreting SSR data, 
requiring only an interpretation of predominantly vertical velocity 
transitions (e.g., Leopold et al., 2008a,b; Schrott and Sass, 2008; 
Travelletti et al., 2010). Layered velocity models can be constructed 
with fewer shot locations that reduce acquisition time, where SSR 
tomography needs dense shot locations to ensure raypath cover-
age within the modeled area. Th is tomographic inversion method 
also applies a velocity gradient whether or not one exists in real-
ity, making interpretation more diffi  cult (Sheehan et al., 2005). A 
constant-value initial model with little regularization could return 
a rough or blocky inversion output that may or may not have real 
world signifi cance. However, tomographic inversion captures hori-
zontal and vertical velocity heterogeneities that may prove critical 
where true velocity gradients exist in the subsurface, as is the case 
in weathered profi les. In this case, high vertical velocity gradients 
would mark discrete interfaces that may transform into a low 
velocity gradient, smooth weathered profi le along the same line 
(Fig. 10). Layered velocity models from time-term and reciprocal 
method inversions showed consistent, broad velocity structures in 
the tomographic results without capturing any lateral heterogene-
ity within layers (Befus, 2010).

Other Methods
Multiple geophysical methods applied to the same location can 
provide complementary datasets for outlining subterranean struc-
ture (Schrott and Sass, 2008). Ground-penetrating radar (GPR) 
utilizes the refl ection of high frequency (1–1000 MHz) electro-
magnetic waves to obtain a detailed image of subsurface interfaces. 
Scattered GPR reconnaissance lines were collected and support our 
SSR results (Leopold et al., 2009). Electrical resistivity tomogra-
phy (ERT) surveys employ multi-electrode confi gurations to probe 
the electrical resistivity structure of the subsurface and are very 
sensitive to water and clay content. We collected 2.75 km of ERT 
surveys mainly in the Betasso catchment (Leopold et al., 2009). 
Th ese data lack information on some subsurface structure gained 
from the SSR surveys in Betasso for two reasons. First, the data 
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were collected during a very rainy period and may capture areas 
of increased water content that mask the subsurface resistivity 
structure. Second, many of the surveys in Betasso cross or pass 
very close to buried steel pipes that create artifacts and confuse 
the inverted profi les. However, ERT lines in Gordon Gulch show 
equivalent subsurface structures when compared with SSR profi les 
(Leopold et al., 2009). Seismic refl ection surveys would provide 
data that are similar to GPR but require suffi  cient seismic velocity 
contrasts that are oft en absent in undisturbed weathered profi les. 
Few discernable refl ections were visible in our data associated with 
velocity interfaces.

Shallow seismic refraction surveys capture the subterranean 
spectrum of weathering across each study area. Th e initial phases 
of in situ bedrock weathering are inherently diffi  cult to study 
when fresh bedrock lies well below the land surface and is rarely 
the target. However, dynamic landscapes, such as those in the 
Boulder Creek watershed, require a fi rm understanding of both 
surfi cial and subterranean processes that may tend to stabilize or 
weaken individual landscape parcels and hillslopes. Th e quasi-3D 
framework of SSR lines begins to describe trends in the weath-
ering front development and the thickness of disaggregated 
materials. Boreholes and other excavations guided by the SSR 
results can be used to sample the weathering signature of the 
physical, chemical, and biological processes that shape the CZ at 
the most informative locations and provide critical information 
on the true geologic framework that will allow more quantita-
tive interpretation of the geophysical results. If these processes 
leave distinct enough geophysical footprints, measuring their 
three-dimensional extent to understand their distributions in 
a catchment would no longer require an expensive network of 

boreholes. Instead, measurements from well-sited boreholes and 
other excavations should guide the interpretation of geophysical 
surveys in the context of those processes, especially in diffi  cult 
drilling environments.

 Conclusions
The CZ represents the life-sustaining realm of the terrestrial 
surface. As such, the processes that control the development 
and consequent transformation of the CZ are important to 
the continued health of the planet as the breadth of human 
inf luences on the system continues to grow. A first-order 
requirement for understanding the CZ is knowledge of the geo-
logic framework of the subsurface. This subterranean structure 
ref lects the operation of both modern and past processes. We 
employed shallow seismic refraction to detect the Vp distribu-
tion in the subsurface with minimal disruption of either the 
materials or the operative processes. In addition, SSR covers 
large areas in less time and at less expense than measurements 
from boreholes or deep soil pits. Such labor-intensive measure-
ments nonetheless provide ground truth and critical constraints 
for interpreting the geophysical results.

Shallow seismic refraction surveys throughout two catchments 
within the Boulder Creek watershed capture snapshots of the 
subsurface architecture that are relevant to the understanding 
of weathering and transport processes. Characteristic P wave 
velocities were estimated for disaggregated materials (<700 m s−1), 
saprolite and compacted sediment (700–2000 m s−1), weathered 
bedrock (2000–3500 m s−1), and crystalline bedrock (>3500 m 
s−1). We used networks of SSR profi les to construct quasi-3D 

Fig. 10. Vertical velocity gradient models (c and d) reveal discrete interfaces (high gradient) and smooth gradations (low gradient) in subsurface mate-
rial properties. Initial model parameters (a and c) infl uence the inverted profi les but are guided by the inversion toward a subsurface velocity model (b 
and d) that minimizes the misfi t of the model with the data (RMS misfi t = 0.66 ms). Dashed lines emphasize high vertical gradients where discrete 
geological interfaces are most likely.
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networks (fence diagrams) of CZ architecture and the depth to 
bedrock in each fi eld area.

Geophysical profi les in the Betasso catchment suggest a break in 
the overburden thickness that fi ts the broader geomorphic context 
(i.e., upward carving fl uvial incision) of the catchment within the 
Boulder Creek watershed. Interpreted SSR lines show a break to 
relatively thin sections of disaggregated materials within 1000 to 
500 m of the catchment outlet. In contrast, deep weathering to 
depths of 23 m occurs throughout the remainder of Betasso and 
displays a pattern suggesting that bedrock is nearer the surface fur-
ther upslope from the center of the catchment. On average across 
the catchment, P wave velocities corresponding to fresh bedrock 
appeared at a depth of 12.1 ± 2.8 m. Geophysical surveys and care-
fully chosen excavations guided by these results can now be applied 
to constrain more tightly the apparent progression of an erosional 
wave upward into the catchment.

Geophysical results in the Gordon Gulch catchment displayed 
deep (>15 m) and extensive weathered profi les, supporting the 
hypothesis that the CZ here refl ects the subsurface expression of 
a broad low relief upland Rocky Mountain surface. Weathering 
front advance in Gordon Gulch is dependent on slope aspect, espe-
cially on steep slopes. Across the catchment, bedrock appeared at 
an average depth of 11.7 ± 3.1 m. Shallow slopes toward the top 
of Gordon Gulch also display thick disaggregated materials (4 m) 
and deep weathering (>15 m).

Th e results from these two subcatchments reveal subsurface snap-
shots of a well-developed CZ in a landscape sculpted by dynamic 
and connected geomorphic processes. Overall, Betasso and 
Gordon Gulch display similar mean interface depths, suggesting 
similarity in the weathering process rates and the time over which 
these processes have been active. Th e Betasso site spans the bound-
ary between the low relief upland surface and the ongoing incision 
of Boulder Creek at its catchment exit. In detail, the SSR lines 
reveal complexities within both catchments related to aspect and 
catchment geometry that together inspire and provide quantita-
tive constraint on process-related research in the Boulder Creek 
watershed aimed at understanding the breakdown and exhuma-
tion of bedrock.
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