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[1] We demonstrate a case of using teleseisms recorded on
single-channel high-frequency geophones to image upper
crustal structure around the Bighorn Mountains of north-
central Wyoming, USA. Our approach produces images
that are analogous to those from a low frequency version
of conventional active source seismic reflection profiles
except that wave fields from distant earthquakes are used
as sources. After the source wavelet is removed from the
seismograms, a distinct phase, PpPdp, is evident in the
resultant record. After depth conversion, we show that this
phase correlates well with the top of the Madison Formation
under the Powder River and Bighorn Basins that flank the
Bighorn Mountains. In addition, we combine the phases
PpPdp from single-channel geophone recordings and Ps
from three-component recordings to constrain the average
Vp/Vs ratio for the sedimentary strata. Citation: Yang, Z.,
A. F. Sheehan, W. L. Yeck, K. C. Miller, E. A. Erslev, L. L.
Worthington, and S. H. Harder (2012), Imaging basin structure with
teleseismic virtual source reflection profiles, Geophys. Res. Lett.,
39, L02303, doi:10.1029/2011GL050035.

1. Introduction

[2] The teleseismic receiver function technique is widely
used to extract crustal and mantle structural information
beneath seismic stations [e.g. Burdick and Langston, 1977;
Langston, 1977; Dueker and Sheehan, 1997]. This technique
was originally developed to examine velocity structure
beneath a single three-component seismic station by decon-
volving the vertical component P-wave seismogram from
the radial component seismogram [Langston, 1979]. The
procedure removes source side signals (source, source side
structures) and emphasizes the signals of converted P-to-S
transmission waves at layers beneath the receiver. However,
deconvolving the vertical component also removes the P-wave
multiples (S-wave multiples remain) at the receiver side,
which contain independent information on the P-wave field.
[3] In the past decade, several studies have explored using

teleseismic receiver-side crustal reverberation phases to

image crustal layers. In particular, Yu and Schuster [2001]
and Sheng et al. [2003] pointed out that the reflection from
the Earth’s free surface of passive sources could be con-
sidered as virtual sources (Figure 1a). Bostock et al.
[2001] also recognized the utility of strong crustal rever-
berations to place complementary constraints on structural
images obtained from forward wave fields. These princi-
ples make it possible to use teleseismic PpPdp or SsPdp
phases recorded on dense seismic profiles to mimic con-
ventional reflection profiles, which we refer to as teleseismic
virtual source reflection (TVR) profiles. Li and Nabelek
[1999] illustrated a clear PpPmp profile (m refers to Moho
reflection) in Cascadia from an array of broadband seism-
ometers (spacing 4–8 km). Tseng and Chen [2006] were able
to image a clear Moho with PpPmp using an array of short
period vertical seismometers in southern India, and Tseng
et al. [2009] present a clear SsPmp profile reflected off
the Moho beneath the Tibetan Plateau over a broadband
array of 550 km long. In these studies, an array-averaged
vertical P-wave or S-wave source pulse is deconvolved
from individual station vertical component wave trains. In
contrast, when Langston and Hammer [2001] worked with
widely-spaced (averaged spacing >100 km) broadband
stations in southern California, they found numerous pro-
blems with finding coherent PpPmp phase (referred as
vertical component P-wave receiver functions) due to
structural complexity and non-correlated noise.
[4] In this study, we construct teleseismic virtual source

reflection (TVR) profiles at frequencies as high as 2.4 Hz.
We find that high frequency geophones can effectively
record the P waves of teleseismic earthquakes and the
records can be used to image the crustal seismic interfaces.
In particular, for earthquakes with simple source time func-
tions, TVR images can be obtained successfully from high
frequency single component geophone data. Geophone
recordings of teleseisms can thus add additional independent
datasets to active source experiments.

2. Data and Methods

[5] The data in this study were acquired during the
EarthScope FlexArray Bighorn Arch Seismic Experiment
(BASE) [Miller et al., 2010]. In addition to traditional active
and passive source seismic data acquisition, BASE included
a deployment of 850 Reftek RT125 “Texan” dataloggers
that produced continuous recording over 14 days. Ground
motion was recorded via Geospace GS-11 4.5 Hz single-
channel vertical component geophones, designed for
recording seismic waves generated by controlled sources in
either refraction or reflection surveys. The geophones were
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profile also shows a consistent PpPdp phase (Figure S1 in
auxiliary materials) suggesting that the major reflectors are
from the receiver side instead of the source side.1

[9] Because there were three high quality events from the
SE and NW back azimuth, we were able to produce a
stacked record (Figure 2c) that contains more coherent
PpPdp phases and reduced noise compared to the single
event profile (Figure 2b). These events are further enhanced
when lateral smoothing with a three-station moving average
is applied to the stacked results (Figure 2d).

3. Results and Discussion

[10] In order to determine the depth associated with
the coherent PpPdp phase, we first combine our results
with conventional Ps receiver functions to constrain the
Vp/Vs ratio. The timing between the P-wave arrival and
the phase PpPdp are solely determined by the layer
thickness H and the P-wave speed of the layer, Vp, which

is given by the equation TPpPdp�Pp ¼ 2H
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1=v2p � p2

q
,

where p is the slowness. The ratio of TPpPdp-Pp over TPs-Pp,

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1=vp2 � p2p

q
=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1=v2s � p2

p �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1=v2p � p2

q� �
, where pp is

slowness of phase PpPdp and p is slowness of phase Ps, is
independent of the layer thickness within which the P-wave
reverberates, but a function of solely Vp and Vs, or Vp and
Vp/Vs. With knowledge of both TPpPdp-Pp and TPs-Pp, a
trade-off curve between Vp and the averaged Vp/Vs can be
determined. Figure 3a shows two trade-off curves between
Vp/Vs and Vp calculated for two sample locations, one in
the Powder River Basin (Texan station 12115 and nearby
short period station SM53, blue) and one in the Bighorn
Basin (station 10415 and SM12, red). Station locations are
shown in Figure 2d. Given a sedimentary P-wave velocity
range of 2.5 to 6.0 km/s based on previous studies [Stone,
1985, 1993; Nelson, 2010], the corresponding Vp/Vs ratios
are well-limited between 1.96 and 2.21 (Figure 3a, blue).
The high Vp/Vs values are consistent with other mea-
surements and estimates of Vp/Vs ratios for sedimen-
tary rocks [e.g., Tatham and McCormac, 1991; Sheehan
et al., 1995].
[11] The published well log data in the two basins,

though not in situ along BASE01, suggest that the average
Vp is about 3.7 km/s [Stone, 1985, 1993; Moore, 1985].
We use this average Vp to generate synthetic seismograms
to model the waveforms of PpPdp and Pp, and those of
Ps receiver functions (Figures 3b and 3c). The Ps receiver
functions are obtained using data recorded by three-
component short period instruments along BASE01,
quality controlled, and then stacked for events with similar
slowness (0.07 s/km).
[12] To convert the TVR time section to a depth section,

we use an average Vp of 3.7 km/s from published well log
data for the basin area and 6.0 km/s for basement rocks
under the Bighorn Mountains (station elevations ≥ 2000 km)
[Stone, 1985, 1993; Moore, 1985] (Figure 2d). The virtual
source reflection profiles of phase PpPdp show coherent
signals beneath the two sedimentary basins on both sides
of Bighorn Mountains (Figure 2d). To the east of the

Figure 3. (a) The trade-off curves between Vp and average
Vp/Vs using TPpPdp-Pp and TPs-Pp measured at station 12115
and SM53 (blue) (blue arrow in Figure 2d) and station
10415 and SM12 (red) (red arrow in Figure 2d). Dashed
lines show the uncertainties propagated from time picking
error of �0.01 s. (b) (left) Example of TVR profile for
(top) event 2 at Texan (geophone) station 12115 vs. (bottom)
synthetic seismogram. (right) Example of (top) conventional
Ps receiver function at short period station SM53 in Powder
River Basin compared with (bottom) the synthetic. Syn-
thetics were calculated using Vp of 3.7 km/s and Vs of
1.70 km/s and sedimentary layer depth of 3.8 km. (c) Exam-
ple as in Figure 3b but for Bighorn Basin (Figure 2d) Texan
station 10415 and short period station SM12. Synthetics
were calculated to fit the data using Vp of 3.7 km/s and Vs
of 1.85 km/s and the depth of the seismic layer generating
reflection phase is 5.0 km.

1Auxiliary materials are available in the HTML. doi:10.1029/
2011GL050035.
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Bighorn Mountains, the TVR seismic profile along BASE01
(Figure 2d) shows a gentle west-dipping coherent signal at
1.5 s on the east end of the profile, to about 2 s near 106.5°W.
The individual event profile (Figure 2b) shows that this
reflector extends to about 106.9°W. The depth of the west-
ward gentle dipping interface is around 3 to 3.7 km. This
result is consistent with industry seismic reflection data
defining the top of the Madison Formation [Stone, 1985,
1993; Moore, 1985] and well-log data on the tops of the
Tensleep and Madison formations [Blackstone, 1993]
(Figure 2d). We interpret the reflector as the top of the
Madison Formation rather than the top of Tensleep Forma-
tion for two reasons. First, the limit of vertical resolution for
the TVR technique is one quarter of a wavelength, which is
not large enough to detect the Tensleep Formation. Given
that the seismic waves are centered at 1 Hz and Vp ranges
from 3–4 km/s, the layers that can be detected by these
waves are probably no thinner than 0.75-1 km. Well-log data
[Stone, 1985] in the Bighorn Basin indicate that the Tensleep
Formation is a thin layer about 300 ft (91 m) thick, much
smaller than what can be detected using the center frequency
of the teleseismic waves. Second, the velocity contrast
between the Tensleep Formation and the Madison Formation
below is probably the largest along the strata. The Tensleep
Formation consists of an important reservoir rock, the
Pennsylvanian Tensleep sandstone. The velocity of solid and
pore fluid sandstone generally ranges from 3.05 to 5.98 km/s
[e.g., Endres, 2003], while the Madison Formation is com-
prised of limestone that usually ranges from 6.4 to 7.0 km/s
[e.g., Endres, 2003].
[13] To the west of the Bighorn Mountains, the seismic

profile along BASE01 (Figure 1b) illustrates a more
complicated image than that to the east of the Bighorn
Mountains. A west-dipping interface is clear between
108.4°W and 108.8°W. The compiled top of Tensleep
Formation (red in Figure 2d) is shown for comparison.
Further to the west, multiple reflectors appear (Figure 2) at
the location of the Oregon Basin Fault. The up-dip
reflectors in the virtual source reflection profiles resemble
the reflectors in the E-W industry reflection profile across
the Oregon Basin Fault [Stone, 1985] (Figure 2). Apparent
scattering is observed off the west side of the mountains
(Figure 2) that may be due to edge effects of surface
topography.
[14] In addition to PpPdp reflections, we looked for phase

PpPmp reflected off the Moho, but did not see coherent
signals in the expected time window. The absence of clear
Moho reflections may be the result of a small impedance
contrast, a gradational Moho, or a simply attenuation of the
PpPmp phase. Results from the Deep Probe project sug-
gested a “7x” lower crust layer is above the Moho under the
Archean Wyoming province [Snelson et al., 1998; Henstock
et al., 1998; Gorman et al., 2002]. This layer is about 20 km
thick with velocity ranging between 7.05 and 7.3 km/s,
which makes the velocity contrast across the Moho only
0.65 to 0.95 km/s. In addition, the PpPmp phase has three
legs in the crust, and thus experiences attenuation about 3
times that of the direct P-wave arrival. Both a gradual Moho
transition and high attenuation of PpPmp ray paths would
contribute to the low amplitudes of the PpPmp phase. Also,
because we are using high frequency geophones with central
frequency 4.5 Hz, low frequency signals are relatively

damped compared to higher frequency signals, an effect
which makes it harder to see lower frequency signals.

4. Conclusions

[15] We successfully construct teleseismic virtual source
reflection (TVR) profiles to image the seismic interfaces in
the sedimentary basins on both sides of the Wyoming Big-
horn Mountains by using recordings of teleseisms on single-
channel high frequency geophones. Analogous to a con-
ventional reflection profile, our results show clear reflections
(PpPdp phase) interpreted to be from the top of Madison
Formations, consistent with a previously obtained industry
reflection seismic profile. Although this approach has
limitations on the thickness of detectable layers due to
the inherent frequency band of teleseisms (center fre-
quency 1 Hz), our study shows that the usage of the
TVR technique can provide additional datasets that give
complementary results to active source experiments. In
addition, the ratio of TPpPdp-Pp and TPs-Pp is independent
of layer thickness and can be used to estimate averaged
Vp/Vs ratio in the sedimentary strata.
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