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ABSTRACT
Hotspot: The Snake River Geothermal Drilling Project was undertaken to better
understand geothermal systems across the Snake River Plain volcanic province. A
series of surface and borehole seismic profiles were obtained to provide insights into
volcanic stratigraphy and test the capabilities of engineering-scale seismic imaging
in such terranes. The Kimberly site drilled through 1.9 km of mostly rhyolite, with
thin sedimentary interbeds in the upper part of the section. The Kimama site drilled
through 1.9 km of mostly basalt with sedimentary interbeds at �200 m depth and
1700 m depth. The Mountain Home site contained numerous sediment and volcanic
rock layers. Downhole and surface vibroseis seismic results suggest sedimentary in-
terbeds at depth correspond with low-velocity, high-temperature zones that relate to
reflections on seismic profiles. Our results suggest that eruption flow volumes can be
estimated and flow boundaries can be imaged with surface seismic methods using rel-
atively high-fold and wide-angle coverage. High-frequency attenuation is observed at
all sites, and this deficit may be countered by acquisition design and a focus on signal
processing steps. Separation of surface and body waves was obtained by muting, and
the potential for large static effects was identified and addressed in processing. An
accurate velocity model and lithology contacts derived from borehole information
improved the confidence of our seismic interpretations.

Key words: Seismic Imaging, Geothermal, Volcanic Rocks.

INTRODUCTION

Project Hotspot is an international collaborative effort to
explore the heat distribution within the Snake River Plain
volcanic province (Shervais et al. 2011), which is one of the
highest heat flow regions of North America (Fig. 1). The geo-
logic framework for this intermountain province was strongly
influenced by the passing Yellowstone hotspot (e.g., Shervais
and Hanan 2008) and contains a complex distribution of
eruptive volcanic centres, rhyolite and basaltic flows, sedi-
mentary layers, and fracture systems, Because the geothermal
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resources are located at depth with little to no surface expres-
sion, Project Hotspot has utilized geophysical, geological,
and geochemical techniques to better understand the heat
distribution and to identify pathways for fluid flow. Here, we
discuss surface and borehole seismic data that were acquired
to identify key lithologic and hydrogeologic boundaries
that are relevant to geothermal exploration in this volcanic
province. We focus our study on geothermal resources located
in the upper 2 km. To date, seismic imaging within such
complex geological environments has been limited, in part,
by the large seismic velocity and density contrasts between
volcanic rocks and the often thin sediment interbeds, and the
large lateral variations in volcanic flow boundaries. These
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Figure 1 Digital topographic map of Southern Idaho and surrounding area of the U.S. Pacific Northwest (inset map) showing location of
eruptive centres related to the track of the Yellowstone Hotspot (revised from Shervais and Hannan 2008). The Kimberly and Kimama sites (red
stars) are located on the perimeter of the Twin Falls eruptive complex. The Mountain Home site (blue star) is located on the eastern margin of
the western Snake River Plain graben.

complexities lead to scattering, partitioning, attenuation, and
large travel-time delays of the seismic wavefield (e.g., Pujol,
Fuller, and Smithson 1989; Pujol and Smithson 1991; Planke,
Alvestad, and Eldholm 1999; Ziolkowski et al. 2003).

One objective of our project was to assess seismic imag-
ing capabilities and limitations at a number of unique geolog-
ical sites within the Snake River Plain (Fig. 1). In particular,
we explore for permeable pathways using a small vibratory
source to image thin kilometre-deep fractures and sedimen-
tary interbeds along the margins of a buried caldera and blind
geothermal system. One site, Kimberly, is drilled into a thick
rhyolite sequence that lies beneath a basalt/sediment cover.
Another site, Kimama, is located in thick, overlapping se-
quence of basalt flows originating from a series of vents. The
final site, Mountain Home, is located in a fault-bounded sed-
imentary basin with both surface and buried basalt layers.
Here, we discuss surface and borehole results using vertical
seismic profiling (VSP) and surface seismic methods to show
that major flow boundaries can be imaged in these complex
geologic environments. At these sites, we acquired surface
and borehole seismic data using a 2720 kg peak force IVI
Minivib source and 240–360 vertical 14 Hz single-sensor geo-
phones spaced at 4 m. Our downhole (VSP) seismic data were
acquired with a Sercel Slimwave three-component borehole

geophone at 2 m spacing at the Kimberly and Kimama sites
and a single-component vertical geophone at the Mountain
Home site. We conclude that high-fold low-frequency wide-
angle surface seismic data are needed to image volcanic flow
boundaries. We show that seismic imaging methods can shed
light on the distribution of volcanic rocks, that we can identify
major volcanic flow boundaries, and that we can characterize
the geometry of permeable pathways that may be conduits for
upwelling geothermal waters.

KIMBERLY S ITE

The Kimberley site, located along the southwest margin of
the Twin Falls volcanic complex (Fig. 1), is well known for
its low-enthalpy geothermal resources. Here, the ground wa-
ters are recharged in the mountains to the south and seep
deeper into the crust where the water is heated, and then up-
wells to form an artesian system (Street and deTar 1987). The
borehole and surface seismic profiles are located along the
west flank of Hansen Butte, immediately south of the Snake
River (Fig. 2). The site lithology includes basalt and sediment
interbeds above 0.4 km and a continuous rhyolite sequence
from 0.4 km to a total drilled depth of 1.95 km (Shervais et al.

2011; Fig. 2). A few isolated and thin sediment zones appear
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Figure 2 (a) Topographic map showing the Kimberly drill site and seismic profile locations on the northwest flank of Hansen Butte near
Kimberly, Idaho. (b) Lithologic log from the Kimberly borehole. (c) Aerial photo of the Kimberly site. Seismic data were collected along farm
fields.
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within the rhyolite sequence, and these higher permeability
volcanic boundaries are of interest as geothermal targets (e.g.,
Lindholm 1996; Welhan, Clemo, and Gégo 2002; Fig. 2).

Kimberly borehole seismic results

A 1.9-km-deep vertical seismic profiling (VSP) at the Kim-
berly site shows clear first arrivals on the vertical geophone
component using a 20–160 Hz sweep P-wave vibroseis source
(Fig. 3). We acquired four-fold data at a 2 m vertical station
spacing, whereas the source was stationed approximately
17 m from the borehole. Using a simple bandpass filter
for display (Fig. 3a), the first arrivals suggest relatively low
attenuation of the P-wave seismic energy at the dominant
frequency of 30–40 Hz. The less coherent arrivals on the hor-
izontal component of the downhole data (discussed below)
suggests that significant shear wave energy was not generated
directly with our vibroseis source. On the vertical-component
data at higher frequencies, we observe significant attenuation
with increasing depth. Although we acquired data to above
100 Hz, significant direct arrival energy above this frequency
was not recorded at depths greater than 0.4 km (Fig. 4). At
these higher frequencies, low-velocity tube-wave arrivals (at
near drilling mud velocity) and multiple downgoing arrivals
that parallel the first break direct P-wave arrival dominate
the VSP wave field. Although tube waves are not an issue for
a surface seismic campaign, this analysis suggests that little
high-frequency coherent seismic energy is returned to the
surface from below the upper basalt/sediment interbeds at 0.4
km depth. However, the VSP containing a high cut filter of
60 Hz shows coherent signal to our maximum geothermal tar-
get of 2.0 km depth (Fig. 4). This high-frequency attenuation
is consistent with other seismic studies conducted in volcanic
regions (e.g., Pujol and Smithson 1991; Ziolkowski et al.

2003) and with our measurements at Kimama and Mountain
Home sites. This suggests that near-surface heterogeneities
can limit thin bed imaging at greater depths. With an average
seismic velocity of 4500 m/s at 1 km depth (Fig. 3c), a 60 Hz
signal would result in a wavelength of 75 m. Although we can
resolve seismic boundaries at a fraction of a wavelength (e.g.,
Widess 1973), meter-scale flow boundaries at these depths
likely require higher frequencies to be clearly resolved.

We picked first arrivals to estimate P-wave interval ve-
locities (Fig. 3c). A first-order least squares fit of first-arrival
times suggest a general increase from 4000 m/s near the sur-
face to 6000 m/s at 1.9 km depth. Very large velocity varia-
tions appear within the upper basalt/sediment sequence, but
the general increase in velocity with depth is typical of seismic

velocity measurements with increasing confining pressure for
similar igneous rocks (e.g., Christensen 1982). Low-velocity
zones appear where sediment interbeds are identified in the
lithologic log (Shervais et al. 2012), and many of these zones
correlate with fluctuations in downhole water temperature
(Fig. 3c; Nielson, Delahunty, and Shervais 2012). The calcu-
lated velocity values for the thin sedimentary interbeds are
likely overestimated due to the influence of the high rhyo-
lite seismic velocities that lie above and below the interbeds,
and a smoothing filter used to calculate interval velocity val-
ues. However, thick sedimentary interbeds observed at depths
of 0.4 km and 0.6 km record interval velocities of 2000–
3000 m/s and represent fine-grained unconsolidated sediments
that were logged within these zones (Shervais et al. 2011). In
summary, we observe a general increase in seismic velocity of
approximately 1000 m/s per km within the rhyolite sequence
and slow seismic velocities that correlate with sedimentary in-
terbeds at the Kimberly site. The temperature log for this well
(Fig. 3c) suggests that many of these sediment interbeds con-
tain higher temperatures than the surrounding rocks (Nielson
et al. 2012), making these zones an exploration target for our
surface seismic campaign. One exception to this seismic veloc-
ity/sediment interbed correlation is where a low-velocity zone
observed at 1.65 km depth that does not correlate to a litho-
logic change on the core log (Shervais et al. 2012). Downhole
temperature fluctuations at this location suggest that a key
stratigraphic boundary may be present, perhaps related to a
fracture zone, and this zone is of potential interest for geother-
mal exploration and can be mapped with seismic methods.

Removal of the downgoing VSP seismic energy using a
median subtraction filter highlights (upgoing) reflections from
seismic boundaries at depth (Fig. 3d). We identify reflections
that intercept the VSP first arrivals at a range of geophone
depths. These arrivals indicate that reflecting boundaries are
present at the Kimberly site and tie to low-velocity sediment
interbeds both within the VSP depth range and presumably
below borehole depths. Next, we show a corridor stack
(Fig. 3e) by doubling of the travel time from the filtered and
stacked VSP. This display can be directly compared with a
synthetic seismic response derived from the VSP interval ve-
locity measurements, can provide a direct comparison of well
depth to two-way travel time, and can be compared with our
surface seismic reflection results. In particular, we correlate
reflections within the outer corridor region (the zone closest
to the first arrivals) to lithologic boundaries identified from
core to conclude that surface seismic imaging may capture key
geothermal target boundaries. These boundaries include most
identified sediment interbeds and the low-velocity zone at
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Figure 3 (a) Stacked and filtered vertical com-
ponent of the Kimberly VSP to emphasize direct
downgoing arrivals. (b) Generalized borehole
log for the Kimberly well. (c) Interval velocity
log picked from first arrivals from (a). Borehole
measured temperature log shows warmer wa-
ter at some sediment interbeds compared with
background values (from Nielson et al. 2012).
(d) Downgoing arrivals were removed through
signal processing to emphasize reflected (upgo-
ing) arrivals. Green line represents first-arrival
travel time picks and the shaded area high-
lights primary reflected signals. (e) Corridor
stack in two-way time used to correlate surface
seismic travel time to depth. The highlighted
zone represents the outside corridor region that
minimizes reflection artifacts such as multiples.
We highlight key lithologic boundaries (dashed
lines) from the borehole log to emphasize pri-
mary reflections.

1.6 km depth. This outer corridor region emphasizes primary
reflection energy and can be compared with the inner corridor
area that may contain both primary, multiple, and mode-
converted reflection energy (e.g., Burton and Lines 1997).

Beyond the outside region of the corridor stack, primary
reflected arrivals should appear flat, lying, or return at the
same travel time from all receiver depths on our corridor
stack (Fig. 3e). If these reflected arrival times vary with

receiver depth, these travel-time delays may imply a more
complex velocity distribution than the direct first arrivals
suggest. Static time shifts occur when large seismic velocities
are encountered and particularly where a 1D velocity model
does not accurately represent subsurface geologic conditions.
To examine static or travel-time effects with surface seismic
methods, we acquired a three-component walkaway VSP (Fig.
5). These data were collected by moving the vibroseis truck at
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Figure 4 Filter panels from the vertical component of the Kimberly VSP showing attenuation of high-frequency signals with increasing depth.
Note that little first-arrival signal above 100 Hz appears below 300 m depth.

4 m intervals along the road adjacent to the Kimberly borehole
for a length of 0.42 km and for a range of receiver depths. The
Kimberly borehole was located at surface position of 0.31 km.
Our first-arrival picks on the vertical component of Fig. 5(a)
show a large and repeatable pattern of travel-time shifts that is
consistent with large lateral velocity changes within the upper
few hundred metres of depth. When removing the geometrical
moveout for each source/receiver pair using the velocity model
shown in Fig. 3(c), static measurements of more than 60 ms
(two-way travel time) appear within lateral distances of less
than 50 m, and these travel-time variations are nearly identical
for all depths below 0.5 km (Fig. 5b). Our analysis suggests
that the majority of static effects occur in the upper few hun-
dred metres and are likely related to lateral changes in shallow
volcanic flow boundaries. At the location of the borehole,
we observe two-way travel-time static shifts of nearly 30 ms,
consistent with the observed fluctuations in corridor stack
reflection travel times. For a centre frequency of 30 Hz, these
static shifts equate to more than one wavelength and suggest
that a residual static approach to surface seismic imaging may
not be adequate to address these long wavelength effects.

To succeed with surface seismic imaging techniques
to image deeper stratigraphy, these static effects must be

addressed. Typically, these long-wavelength statics effects
can be addressed with a refraction static analysis via turning
ray tomography methods (e.g., Cox 1999; Schijns et al.

2009). However, in a province where velocity inversions
from shallow volcanic layers are common, the assumptions of
first-arrival tomography to extract a near-surface velocity
distribution are violated. Under these conditions, borehole
measurements with a layer stripping or pre-stack migration
approach to reflection processing may provide the best
imaging results (e.g., Martini and Bean 2002). Therefore, un-
derstanding the near-surface velocity distribution is essential
to accurately image deeper strata. Borehole controls to obtain
accurate seismic velocity information is therefore a critical
component to high-quality surface seismic measurements.
Walkaway VSP information may also provide a useful
resource to understanding lateral changes in near-surface
velocities.

In addition to the vertical-component data shown in
Fig. 5(a), we also show the horizontal component VSP results
from the walkaway test. Our results show that the relative
amplitude on the horizontal components is similar to vertical-
component amplitudes at many depths. Although some hor-
izontal P-wave energy is expected in a VSP experiment due
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Figure 5 (a) Relative amplitude walkaway seismic profiles recorded at a range of geophone depths for horizontal (S1 and S2) and vertical (V)
receivers. Orange circle represents the surface location of the Kimberly borehole. (b) Static effects from the vertical component of the walkaway
survey showing two-way travel time delay times from a range of receiver depths. These data were calculated by subtracting the average direct
wave velocity calculated at each receiver depth. Surface source locations were along Profile 2, and the borehole is located at position 0.31.

to non-vertical ray paths from velocity inversions and other
geometrical considerations, we would expect identical travel-
time arrivals for all components if we only recorded P-wave
energy. Given an average Vp/Vs ratio for similar rocks (e.g.,
Christensen 1982), we would expect to see primary S-wave
first arrivals at about 1.7 times the P-wave first-arrival time.
Because we do not see a consistent arrival near this travel
time, we conclude that primary S-wave energy was not gener-
ated with our seismic source. However, coherent horizontal-
component signals that appear after the P-wave first arrivals
and not on the vertical-component data suggest that mode-
converted shear-wave energy is present. This observation is
consistent with additional reflections that appear within the
inner window of the corridor stack (compared with the outer

corridor region) and suggests that a multi-component ap-
proach to seismic imaging may be beneficial to improving vol-
canic flow boundaries or identifying fractures (e.g., Hannsen
et al. 2003; Stewart et al. 2003; Behara 2006). Utilizing shear-
wave signals may help to better resolve thin sedimentary in-
terbeds similar to what appears beneath the Snake River Plain.
However, since we acquired only vertical-component data in
profile, these converted waves are not further discussed with
our surface seismic results.

Kimberly surface seismic results

Vertical-component surface seismic profiles from Kimberly
were acquired along a road shoulder adjacent to the Kimberly

C© 2015 European Association of Geoscientists & Engineers, Geophysical Prospecting, 1–18
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Figure 6 (a) West–East Profile 1. (b) North–South Profile 2. Migrated and depth converted surface seismic profiles from the Kimberly site with
surface elevation profiles. Synthetic seismogram computed from VSP velocity profile is superimposed at the Kimberly well location on Profile
2. Note the volcanic and sedimentary rock interbeds between depths of 0.3 km and 0.6 km are imaged with surface seismic methods on both
profiles. (c) Shot gather from Profile 1. (d) Shot gather from Profile 2. We identify reflections (r) on the shots that correlate with the stacked
image. Stacking velocities for these reflections are consistent with VSP results.

borehole (Fig. 2). The maximum source–receiver offset with
our 360-channel survey ranged from 0.72 km to 1.44 km,
providing relative wide-angle coverage for the target depths
upwards of 2 km. The west-to-east Profile 1 was acquired
along a farm field access road, approximately 0.3 km north of
the Kimberly borehole (Fig. 2). This 2-km long profile crosses
seismic Profile 2 at position 1150 and Claiberne Road at posi-
tion 1320. The 1.7-km-long north-to-south Profile 2 was ac-
quired along the Kimberly well access gravel road. The profile
crosses a highway at position 2200 and crosses the borehole
location at position 2150. We processed these data using a
standard processing approach that included pre-correlation
gains to recover high-frequency signals, deconvolution,

detailed velocity analyses, a focus on residual and horizon
statics, and post-stack Kirchoff migration. We muted surface
waves and stacked only wide-angle reflections to produce the
Fig. 6 stacks. The data were depth converted using velocities
derived from the VSP survey (Fig. 3).

Interbedded basalt, rhyolite, and sedimentary interbeds
in the upper 1 km below the land surface provide large
seismic impedance contrasts to produce a highly reflective
zone observed on both Profiles 1 and 2 (Fig. 6). Profile
1 shows a near-continuous reflector that varies between
depths of 0.3 km and 0.6 km and is likely associated with
the sequence of near flat-lying interbedded basalt, rhyolite,
and sediments observed in core and from the VSP (Fig. 3).
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Figure 7 (a) Topographic map from the Kimama site showing borehole and surface seismic locations near multiple volcanic vents that flank
the east side of the Twin Falls volcanic complex (Figure 1). (b) Generalized lithologic log from the Kimama borehole. (c) Aerial photo from the
Kimama site with seismic profile and borehole locations.

These reflections are observed on most individual shot gath-
ers (Fig. 6) and correlate with reflections from the VSP corri-
dor stack (Fig. 3e). Deeper and more discontinuous reflectors
may be associated with sedimentary interbeds observed in the
borehole cores and geophysical logs (Fig. 3). A better image
of these deeper interbeds may have benefited from advanced
processing steps. However, poor seismic velocity estimates for
the deeper reflections, in part due to a limited reflection aper-
ture (beyond the surface-wave window) precluded a pre-stack

migration approach. Although these interbeds measure less
than 20 m in the Kimberly core log, lower velocity flow
tops and bottoms may broaden the low-velocity zone to pro-
duce coherent arrivals at frequencies well below one seismic
wavelength. These interbeds may also change thickness away
from the Kimberly borehole to produce the variable reflection
quality.

Profile 2 shows a package of south-dipping reflec-
tors associated with the top of volcanic rock/sediment flow
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Figure 8 (a) Vertical-component VSP results from Kimama borehole. (b) Downgoing arrivals were removed through signal processing to
emphasize (upgoing) reflected arrivals. Green line represents first-arrival picks. (c) Outer corridor stack in two-way travel time is used to tie
VSP results to surface seismic results. Generalized borehole lithologic log showing the correlation between reflections and sediment interbeds.
The tube waves were removed from this plot and the lithologic log plot was scaled to match the corridor stack from (c). (d) Interval velocity log
(black line) derived from first-arrival VSP picks. Downhole temperature log (from Nielson et al. 2012) is also shown that tie thermal variations
with seismic reflectors. The blue arrow represents the base of the Snake River cold water aquifer.

boundaries. This reflector topography on the shallower layers
may suggest that the last eruptive flow associated with Hansen
Butte was deposited on pre-existing topography that shallows
to the north. Reflections below 0.5 km depth are more discon-
tinuous and likely result from sedimentary interbeds observed
in the borehole logs (Fig. 3), and we observe a more transpar-
ent zone of reflectivity below 1 km depth. This deeper zone
is consistent with a few flow boundaries noted in the Kim-
berly borehole (Shervais et al. 2012). Large static shifts were
accommodated with a residual static approach and iterative
velocity analyses. This approach did not optimally address the
long-wavelength static corrections (Fig. 5) but significantly
improved the stack.

At the location of the Kimberly borehole on Profile 2
(Fig. 6), we inserted an acoustic synthetic seismogram derived
from VSP first-arrival picks. This synthetic seismogram was
derived using a 30 Hz zero-phase Ricker wavelet, similar to
the observed centre-frequency recorded signals. We observe
a strong correlation between reflections observed on the sur-
face profiles and borehole seismic measurements and suggest
that surface seismic imaging techniques successfully identified
relatively thin volcanic flow boundaries. Because these flow
boundaries and related sediment interbeds are related to fluid
flow pathways and increased temperatures compared with the
rhyolite sequences, we believe our surface seismic data identi-
fied geothermal targets at the Kimberly site.

C© 2015 European Association of Geoscientists & Engineers, Geophysical Prospecting, 1–18
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Figure 9 (a) Kimama south to north seismic Profile 1 with simplified well log at borehole location. (b) Shot gather (in time) from immediately
east of the Kimama borehole. Note the reflections (r) that appear between surface wave and first-arrival windows (triangular regions) that
correlate with interpreted reflections on the stacked profiles. (c) West-to-east seismic profile 2. Simplified lithology for the Kimama borehole
shows basalt (black) and sediment interbeds (yellow). Profile locations are shown in Fig. 7.

K I M A M A S I T E

The Kimama site is located on the eastern Snake River Plain
along the eastern limits of the Twin Falls volcanic complex
(Fig. 1). The surrounding region contains thick overlapping
basalts that originated from a series of nearby vents (Fig. 7).
The Kimama site was chosen for our studies because it sits
on an axial volcanic zone that is defined by high topography
to the east and by a buried basalt ridge underlying the topo-
graphic high (Lindholm 1996). The Snake River Plain cold
water aquifer (Hubbell et al. 1997) underlies the site (Fig. 8).
The aquifer is in part recharged by flow of water from the
mountains to the north with the general underground flow to
the southeast with significant discharge into the Snake River.
The flow of these fluids cools the aquifer zone, resulting in

the conductive heat transport zone not appearing until depths
of about 1 km. Below the base of the Snake River aquifer
at approximately 1 km depth, a higher geothermal gradient
represents the geothermal exploration target of interest. The
general lithology at Kimama consists primarily of basalt flows,
interbedded with wind-blown sediments deposited during vol-
canic hiatuses in the upper 200 m and fluvial sediments at
about 1700 m depth (Fig. 8; Shervais et al. 2012).

Kimama borehole seismic results

The Kimama vertical seismic profile (VSP) was acquired be-
tween depths of 0.2 km and 1.2 km with the same acquisition
parameters described for the Kimberly survey. The data were

C© 2015 European Association of Geoscientists & Engineers, Geophysical Prospecting, 1–18
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collected with the source stationed approximately 20 m from
the borehole. Access with the VSP tool to depths less than
0.2 km and greater than 1.2 km were not possible due to the
borehole conditions at the time of our seismic survey.

The vertical component from our borehole seismic results
shows strong P-wave first arrivals with a seismic response sim-
ilar to the Kimberly survey (Fig. 8). On the vertical geophone
component, a first motion arrival time of 0.37 s at 1 km depth
suggests an average P-wave velocity of 2700 m/s. Interval ve-
locity measurements derived from first-arrival picks between
depths of 0.2 km and 1.0 km suggest that seismic velocities
increase from �3000 m/s to �5000 m/s with an average in-
terval velocity in this depth range of 4150 m/s. This velocity
increase equates to an average seismic velocity gradient of
2500 m/s per km in the upper 1 km, resulting from a combi-
nation of seismic velocity with increasing confining pressure
(e.g., Christensen 1982) and the presence of unconsolidated,
unsaturated sediments and fractured basalts independently
logged to a water table depth of 80 m (Twining and Bartholo-
may 2011). Although we did not survey within the vadose
zone, dry unconsolidated sediments can have P-wave seismic
velocities of less than 500 m/s, whereas dry basalts and other
igneous rocks have measured velocities of 10%–50% below
saturated rocks of the same composition (e.g., Christensen
et al. 1973; Christensen 1982).

The coherent arrivals that parallel the first arrival on the
VSP image are likely from seismic energy trapped between the
low-velocity unsaturated near-surface layer and underlying
higher velocity, more competent, and saturated basalt layers
below (Fig. 8a). A strong series of slower velocity downgoing
arrivals matches water velocity speeds (�1500 m/s) and is
consistent with tube-wave energy coupled to the borehole.

Removal of the downgoing first-arrival seismic energy
using a median subtraction filter highlights the upgoing re-
flections to depths that approach 2 km depth (Fig. 8b). Many
of the prominent reflections that we identify from the cor-
ridor stack (Fig. 8c) lie below the VSP sampling depth but
within the depth where core was recovered. These reflections
within the outside corridor region correlate with flow bound-
aries and sediment interbeds that are logged in the Kimama
well (Shervais et al. 2012). One reflector at 0.7 km depth
correlates with a warm temperature zone, but this reflector
does not correlate with a major volcanic flow boundary or
sediment interbed, and we do not identify this reflector from
our surface seismic results. A zone between depths of 1.1
and 1.6 km (with two-way travel time from 0.9 s to 1.2 s)
contains numerous reflections and is consistent with the tran-
sition from relatively uniform Snake River Aquifer volcanic

rocks to a zone that includes numerous sedimentary interbeds
with higher water temperatures (Fig. 8e; Nielson et al. 2012).
Our VSP results at Kimama again suggest that sedimentary
interbeds and volcanic flow boundaries at geothermal target
depths within volcanic terranes can be seismically mapped.
However, we observed no clear change in seismic velocity at
the base of the cold water aquifer (Fig. 8e), suggesting that
this boundary does not consist of a measureable change in
seismic velocity or rock density.

Kimama surface seismic results

We acquired three 360-channel surface vibroseis profiles
along gravel roads near the Kimama borehole (Fig. 7). We ac-
quired two 1.4-km-long south-to-north profiles that we term
Profile 1. The two profile segments are separated by a rural
highway. The Kimama borehole is located immediately north
of the highway along the southern limit of the northern pro-
file segment (Fig. 9). The 2.0-km west-to-east Profile 2 crosses
to within a few metres of the Kimama borehole. The western
portion of this profile was acquired on an unimproved dirt
road, whereas the eastern portion of the profile was shot on a
regularly travelled gravel road. We processed each profile by
in a similar manner to the Kimberly profiles.

Surface seismic results show reflections associated with
shallow (< 0.2 km) sedimentary/basalt interbeds (Fig. 9) that
were logged in the Kimama borehole but were not imaged
in the VSP due to our survey restrictions (Fig. 8). These
reflections that mostly appear between the surface wave and
first-arrival window (Fig. 9b) suggest considerable flow topog-
raphy in the upper few hundred metres depth away from the
Kimama borehole that may reflect changing eruptive sources
from different nearby volcanic vents (Fig. 7). These reflec-
tions from volcanic flow boundaries suggest that the younger
(shallower) flows were deposited on pre-existing topography
or the result of surface erosion. More coherent reflections to
the north of Kimama borehole within the upper 0.5 km when
compared with the profile to the south may be related to a
straighter road geometry (and thus higher fold) compared
with the winding road to the south (Fig. 7). Profile 2 (Fig. 9)
shows reflections that match shallow sedimentary interbeds,
with increasing reflector topography towards the east. The far
eastern portion of this profile suggests an additional volcanic
unit may sit upon the flows logged in the Kimama borehole.
Deeper reflections are best observed on the west–east profile
where coherent reflections are observed between depths of
1.1 km and 1.5 km or two-way travel time of 0.8 s and
1.1 s. These reflections in both VSP (Fig. 8) and the surface
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seismic results (Fig. 9) show a surprising coherency that
represent this sedimentary interbeds observed in the borehole
logs. Poor data quality below 1.5 km depth likely represents
a decrease in signal returns, perhaps from more complex
wave-field conditions, and a narrow aperture with respect
to imaging depths and optimum reflection window beyond
the surface-wave window. To provide an improved image of
the deeper targets, longer profiles would provide this greater
ray path aperture by recording longer source–receiver offsets.
Profile orientation in this complex geologic environment may
also be a factor (Fig. 9). For example, acquiring a seismic
profile along an orientation that minimizes flow boundary
topography between may help reduce the effects of scattering.

MOUNTAIN H OME S I T E

The Mountain Home site (Fig. 1), located on and adjacent
to the Mountain Home Air Force Base, Idaho, is a site with
the planned installation of a binary power system (Fig. 10).
The primary goal of the Mountain Home drill core was to
assess the regional geothermal potential, building on results
from earlier geothermal test wells (e.g., Arney et al. 1982).
A bottom-hole temperature of 192°C was encountered at a
nearby well at a depth of 2.9 km, and similar temperatures
and geothermal gradient were anticipated at the Mountain
Home site. Geologically, the Mountain Home borehole sits
upon surface Quaternary basalt flows that range in thickness
to more than 0.2 km (e.g., Jenks, Bonnichsen, and Godchaux
1998). Below, near-shore sediments that occupy the western
Snake River Plain are found to depths that exceed 0.6 km (e.g.,
Wood 1994; Figs. 1 and 11). Below 0.7 km depth, Tertiary
basalts and sediment interbeds are encountered to the bottom
of the borehole at 1.83 km depth.

Mountain Home borehole seismic results

A 1.2-km-deep vertical seismic profile (VSP) at the Mountain
Home site shows clear first arrivals using a vibroseis source
stationed approximately 15 m from the Mountain Home bore-
hole (Fig. 11). The first arrivals in the upper 0.3 km show a
high-velocity arrival related to the steel casing that masks the
underlying (and slower) direct arrival through the formation.
As with the Kimberly and Kimama wells, we observe relatively
low attenuation of the P-wave seismic energy at the dominant
frequency of 30 Hz–40 Hz, but at higher frequencies, we ob-
serve similar attenuation as shown in Fig. 4.

We picked first arrivals to estimate P-wave interval
velocities (Fig. 11). A first-order least squares fit to the

calculated interval velocities suggests a general increase from
3000 m/s near the bottom of casing to �5000 m/s at 1.0 km
depth. The direct velocity measurement at the bottom of cas-
ing suggests the upper 0.3 km contains an average velocity of
2800 m/s. This velocity is consistent with near-surface basalt
layers that appear in nearby boreholes and are mapped on
the surface (e.g., Jenks et al. 1998). The sediment-dominated
zone between 0.4 and 0.7 km depths are paleo-lake Idaho
strata (Wood 1994). Due to the required smoothing filter, the
seismic velocities for the thin volcanic rock interbeds within
this zone are likely undervalued. Below 0.9 km depth, we
observe higher seismic velocities, consistent with a zone that
contains more basalt than the overlying lithogies.

Removal of the downgoing VSP seismic energy shows
many reflections that tie to sediment interbeds both at and be-
low VSP depths. Our corridor stack (Fig. 11c) shows two key
seismic boundaries at depth of 0.75 km and 0.89 km represent
the top of volcanic layers and suggest these Tertiary basalts
can be imaged with surface seismic techniques. A tempera-
ture log recorded moderate temperatures in the upper 1 km
depth (Nielson et al. 2012; Fig. 11) and confirmed that higher
temperatures needed for power generation require drill-hole
depths greater than 1.2 km. We acquired our surface and
borehole seismic data primarily as an imaging assessment for
characterizing volcanic stratigraphy in the upper 1 km at this
site.

Surface seismic results

Seismic reflection results show high-amplitude arrivals
and diffractions at near-surface depths, consistent with
near-surface interbedded basalt and sediment layers (Fig. 12).
Below the shallowest layers of Quaternary basalts (Qb), we
identify a relatively transparent reflection zone. At depths
from 0.6 km to more than 1 km, we identify a reflector that
matches the depth of the Tertiary basalt (Tb) top, where a
nearby deep borehole logs basalt and sediment interbeds to
more than 3 km depth (Arney et al. 1982). This reflection is
more clearly imaged south of the Snake River. A large step in
the Tb surface appears immediately south of the Snake River
that we identify as a down-to-the-north normal fault. This
interpretation is consistent with surficial geologic maps (Jenks
et al. 1998). Poor data quality north of the river precludes a
detailed interpretation of the Tb surface topography.

We observe a higher reflection coherency south of the
Snake River when compared with the shot gathers acquired
to the north of the river, as observed on shot gathers shown
in Fig. 12. We attribute this change in data quality to a more
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Figure 10 Topographic map for the Mountain Home area showing seismic profile locations (dots), location for Profile A-A′ (Figure 12), and
generalized geological map for the region south of the Snake River (from Jenks et al. 1998).
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Figure 11 (a) Vertical-component VSP
from Mountain Home to emphasize direct
downgoing arrivals. (b) Downgoing ar-
rival removal to emphasize reflected (up-
going) arrivals. Note that casing extends
to 310 m depth and interferes with first
arrival. Green line indicates first-arrival
picks. (c) Corridor stack in two-way travel
time is used to tie VSP results to surface
seismic results. (d) Generalized borehole
log from Mountain Home well. (e) Syn-
thetic seismogram derived from interval
velocities measured on (a) (f) Interval ve-
locity log derived from first-arrival picks
showing low velocities associated with
lake sediments and higher velocities as-
sociated with basalt layers. Temperature
log (orange line) below 700 m depth (from
Nielson et al. 2012).

complex near-surface volcanic rock distribution and greater
water table depths to the north of the Snake River compared
with the area to the south. Both profile segments were ac-
quired on hard packed gravel roads. Whereas we acquired seis-
mic data on dry desert roads with water table depths logged
to greater than 100 m to the north of the river, saturated
farm fields located south of the Snake River provided an ideal
coupling environment for both source and receiver. This re-
sult emphasizes that saturated materials that contain seismic

velocities more similar to the shallow volcanic rock sequence
reduce scattering and energy trapped in near-surface layers.

D I S C U S S I O N

Although significant energy loss is observed from frequency
attenuation, scattering, and mode conversions, we were able
to image some flow boundaries related to volcanic processes
at all three sites from surface and borehole seismic methods.
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Figure 12 (a) Seismic reflection depth stacks from the Mountain Home area. Two P-wave seismic profiles that characterize surface Quaternary
basalts (Qb), near-shore lacustrine sediments related to paleo Lake Idaho and underlying Tertiary basalts (Tb). Borehole logs are derived from
nearby water wells. (b) Travel-time stack and surficial geologic map from the southern portion of the seismic profile (right-hand side of panel a)
highlighting sediment and basalt reflections and reflector offsets across a mapped fault. (c) Shot gather from the northern and southern profile
segments. Note the prominent reflectors on the southern profile shot gather from buried basalt layers. These reflections stack at approximately
1500 m/s and are not clearly identified on the profile north of the river.
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We believe seismic imaging in volcanic terranes can be used
to accurately map flow boundaries related to past eruptions,
and if these flow boundaries are laterally continuous and are
conduits to high-temperature fluid flow, seismic methods can
be used to image targets related to geothermal exploration.
That said, not all flow boundaries or sediment interbeds were
imaged at all or with high confidence. This range of imag-
ing capabilities highlights a significant problem with imaging
in such complex environments. High-frequency signals are
quickly attenuated at depth, suggesting that low-frequency
signals are needed to image target depths of more than 1 km.
Sediment interbed zones can also rapidly change thickness or
material properties due to depositional or erosional condi-
tions. Thus, reflection strength and static effects may simply
vary along profiles to reflect subsurface conditions.

Wide-angle reflections that contain higher amplitude re-
turns are beneficial to obtain quality reflection signals (e.g.,
Emsley, Boswell, and Davis 1998). Thus, our focus on re-
flected signals from offsets that approach imaging depths help
produce interpretable results in the upper kilometre from all
sites. However, without the use of geophone groups, reflec-
tions within the surface-wave window limited our reflection
fold by muting the surface-wave window. A tie between bore-
hole seismic measurements and subsurface physical property
measurements may provide the necessary link between reflec-
tivity and key target zones for geothermal exploration, par-
ticularly where mode conversions may appear. Additionally,
a data acquisition strategy of large fold and possibly inline
or 3D receiver groups may help attenuate both coherent and
random noise, and improve data quality (e.g., Regone 1997),
if only to be selective for the offsets that are included in the
stack. Longer vibroseis sweeps that input a greater amount of
high-frequency signals may also improve imaging results to
resolve thin beds at great depths. As with other trends in re-
flection seismology, however, having lower frequencies would
both improve penetration and resolution. Unfortunately, our
source is not able to provide signal at frequencies below about
12 Hz. Processing steps that include a velocity model from
borehole measurements, a layer stripping approach to build
an accurate velocity model away from the borehole to ad-
dress large static problems, and pre-stack migration methods
may provide an improved seismic image in complex volcanic
terranes.

CONCLUSIONS

Our seismic results suggest that a small vibroseis source is ca-
pable of imaging to geothermal target depths at a range of

volcanic depositional environments. Surface and borehole
seismic data show seismic imaging in the Snake River Plain
sequence of volcanic rocks can identify some key stratigraphic
horizons but requires a focus on detailed processing and acqui-
sition design. Vertical seismic profiling results show increasing
seismic velocities with depth within the volcanic rock sequence
and suggest that low seismic attenuation at relatively low fre-
quencies and large velocity contrasts are present. Surface seis-
mic images show these large velocity contrasts are imaged, but
data quality diminishes with increasing depth and confidence
also decreases away from borehole locations. High fold to ob-
tain wide-angle coverage is necessary, and high-frequency at-
tenuation suggests that a focus on lower frequency acquisition
will provide improved results. The potential for large static ef-
fects need to be addressed in processing, and with an accurate
velocity model tied to borehole information, improved seismic
imaging may be achieved with pre-stack migration methods.
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