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Rayleigh Wave Propagation in the Bighorn
Mountains Region, Wyoming

Jonas A. Kintner1 , K. Michael Cleveland1 , Ryan Modrak1 , and Audrey Dunham2

ABSTRACT
Short-period Rayleigh waves, Rg, provide strong constraints on the depth of shallow seis-
mic events and are of interest for monitoring small explosions. Characterizing the seismic
sources that generate Rg requires an understanding of how shallow crustal structure
affects Rayleigh wave propagation. In support of these efforts, this study utilizes observed
waveforms from small shallow explosions recorded on temporary seismic network deploy-
ments in the Bighorn region, Wyoming. We study regional near-surface geology by meas-
uring changes in surface-wave amplitude and polarization during propagation through
basins, foothills, and mountains. We develop additional insight by carrying out surface-
wave eigenfunction analyses and numerical-wave simulations, which together reproduce
many characteristics seen in the observed waveforms. Our results show how sedimentary
basins in the Bighorn region allow for amplified prograde-polarized higher-mode and
retrograde-polarized fundamental-mode Rayleigh waves, whereas adjacent mountains
only support retrograde motion. These different modes provide distinct constraints on
the Earth structure and source characteristics, potentially enabling targeted inversions
in future studies. Our findings provide insight into Rg propagation through complex
near-surface geology, improving our understanding of shallow propagation and source
effects that are relevant to explosion monitoring efforts.

KEY POINTS
• We study near-surface geology by measuring and verify-

ing surface-wave characteristics in the Bighorn region.
• Local geology, emplacement conditions, and propagation

result in radical transformation of these signals.
• Observed spatial sensitivity provides opportunities to

study near-surface geology and shallow seismic sources.

Supplemental Material

INTRODUCTION
Because of their high sensitivity to source depth and potentially
large amplitude, locally observed Rayleigh waves (Rg) are criti-
cal for monitoring shallow seismic events, including under-
ground nuclear explosions (Koper, 2019). Such phases are
typically observed in the 0.5–10 s period band from sources in
the upper crust (Dobrin et al., 1951; Bath, 1975). Rgexcitation
decreases rapidly with source depth; therefore, sources in the
middle crust or deeper generally produce little or noRgenergy
(Langston, 1987; Pattonet al., 2005). Surface-wave dispersion
studies within Wyoming’s Bighorn region (Zhou and Stump,
2004) highlight Rg’s tendency to propagate slowly relative to
body waves and long-period surface waves.Rg’s slow propaga-
tion, large amplitude, and strong source depth sensitivity make
this an ideal phase in which to study local distance explosion

discrimination (Kafka, 1990; Tibi et al., 2018; Kintner et al.,
2020), yield estimation (Bonner and Russell, 2013), and event
location (Kintner et al., 2021).

Rgsignals typically contain complex path and scattering arti-
facts (Myerset al., 1999; Zeiler and Velasco, 2009) as a result of
their sensitivity to the shallow Earth structure such as sedimen-
tary basins (O’Rourke and Baker, 2017), mountain ranges
(O’Rourke and Baker, 2018), and fault zones (Napoli and
Russell, 2018). In addition, the relatively high-frequency content
and attenuative nature of these signals require the use of obser-
vations within several hundred kilometers from the source
region (Bonneret al., 2013). Rg’s particle motion can also change
from retrograde motion to prograde motion due to near-surface
geology (Tanimoto and Rivera, 2005). Prograde Rayleigh waves
have been observed in the Bighorn region (O’Rourke and
Baker, 2017) and other thick sedimentary basin structures

1. Los Alamos National Laboratory, Los Alamos, New Mexico, U.S.A.,https://orcid
.org/0000-0002-0739-6349 (JAK); https://orcid.org/0000-0002-4336-5697
(KMC); https://orcid.org/0000-0002-0362-4340(RM); 2. University of Arizona,
College of Science– Geoscience, Tucson, Arizona, U.S.A., https://orcid.org/0000-
0001-9719-9287 (AD)

*Corresponding author: jkintner@lanl.gov

Cite this article as Kintner, J. A., K. M. Cleveland, R. Modrak, and A. Dunham
(2021). Rayleigh Wave Propagation in the Bighorn Mountains Region, Wyoming,Bull.
Seismol. Soc. Am.XX, 1–18, doi: 10.1785/0120210116

© Seismological Society of America

Volume XX Number XX – 2021 www.bssaonline.org Bulletin of the Seismological Society of America• 1

Downloaded from http://pubs.geoscienceworld.org/ssa/bssa/article-pdf/doi/10.1785/0120210116/5403471/bssa-2021116.1.pdf
by Los Alamos National Lab Research Library user
on 03 October 2021



(Malischewskyet al., 2006; Wang et al., 2006; Berbelliniet al.,
2016; Ji et al., 2021).

The Bighorn Arch region provides an excellent study site for
Rgpropagation because it contains an abundance of near-surface
seismic sources and multiple sedimentary basins, foothills, and
mountain features. Previous studies involvingRgin this region
have employed simplifying assumptions to account for propaga-
tion effects, which worked in a general sense but have been insuf-
ficient in some cases (O’Rourke and Baker, 2018; Kintner et al.,
2020). This study combines observed data and numerical mod-
eling to characterizeRg signals from industrial and chemical
explosions in the Bighorn region, work that will ultimately con-
tribute to more precise magnitude, yield, and source discrimina-
tion estimates. Using surface-wave isolation techniques, we
characterizeRg’s particle motion as it propagates across moun-
tains and sedimentary basins. Because the Bighorn region has
been used for previousRg studies (O’Rourke and Baker,
2018) and has relatively detailed crustal models (Zhou and
Stump, 2004; Yecket al., 2014; Worthington et al., 2016), this
dataset is ideal for assessing some of the observed variations
in Rgpropagation. We verify these propagation effects by con-
ducting 1D surface-wave eigenfunction analysis and 2D spectral
element simulations. This work enhances explosion monitoring
efforts by improving our understanding ofRgpropagation across
multiple geological environments. These insights allow for a
more effective, robust, and comprehensive analysis of small shal-
low explosions at local distances.

Geologic setting
Our study aims to characterizeRgpropagation in the vicinity of
the Bighorn Arch, an uplifted north–south-striking section of the
eastern Rocky Mountains (Worthington et al., 2016). The
Bighorn Mountains (BHM) are bounded by the Bighorn basin
(BHB) to the west and Powder River basin (PRB) to the east. The
sedimentary strata in the western BHB gradually dip to the west,
reaching a maximum depth of� 5 km (Yecket al., 2014; Plescia
et al., 2020). The PRB reaches a depth of nearly 3.5–4.0 km rel-
ative to topography and has a relatively uniform depth profile.
The PRB contact with the BHM consists of a master thrust fault
system, with the eastern slopes of the BHM acting as a forelimb,
overhanging the PRB in regions where the thrust faults cut
through the sedimentary strata (Stone, 1993). This system’s sur-
face trace is known as the Piney Creek thrust fault (Blackstone,
1993), but few details exist on the precise fault structure at depth.
The exposed basement in the BHM and underlying the BHB and
PRB is mostly crystalline gneiss and granites. The sedimentary
basins consist of conglomerates, coals, and shales (Love and
Christiansen, 1985; Anna, 2009; Fig. S1, available in the supple-
mental material to this article).

Data
We use data from the Bighorn Arch Seismic Experiment (BASE,
Sheehanet al., 2009) to characterizeRg propagation in this

study. The BASE consisted of an� 1.25 yr deployment between
2009 and 2010 of 38 broadband Güralp 3T 50 samples/s seis-
mometers (XV network), which supplemented the existing
Transportable Array deployment (Fig.1). We also use data col-
lected at 158 short-period Güralp 40T and Mark Products L22
100 samples/s seismometers (ZH network,Sheehanet al., 2010)
deployed over a 6–13 month period, with the sensors arrayed
along two north–south and three east–west lines. Data are
acquired from the Incorporated Research Institutions for
Seismology (seeData and Resources) archive and include all sta-
tions in the northern Wyoming region operating during the
time of each seismic event used in this study. To remove the
instrument response, we perform frequency-domain deconvolu-
tion to compute the displacement seismograms. We remove the
mean, detrend, taper, and band-pass filtered the waveforms
between 0.1 and 10 Hz before further processing.

The seismic events used in this study include industrial
mining blasts and small chemical borehole explosions (Fig.1).
We use four mining explosions, described byO’Rourkeet al.
(2016), that occurred in the PRB and have reported yields
between 200,0000 and 1,000,000 kg withML estimates ranging
between 2.0 and 3.4 (Table S1). The 24 single-charge chemical
borehole explosions have yields that range between 110 and
910 kg (Table S2), with local magnitude estimates between
ML 1.5 and 1.9.

METHODS
Observational techniques
Surface-wave particle motion. This study analyzes sur-
face-wave particle motion and signal amplitudes in the
Bighorn region using surface-wave extraction (SWE). The
technique applied for prograde and retrograde SWE (described
by Meza-Fajardoet al., 2015) exploits the Stockwell transform,
S (Stockwellet al., 1996; Stockwell, 2007):

EQ-TARGET;temp:intralink-;df1;320;302S� � ; f � �
Z

�
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d� t�
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������
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�
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The Stockwell transform is similar to a continuous wavelet
transform based on a scalable and moving Gaussian window
(centered at� ), resulting in a representation of the signal as a
function to time (t) and frequency (f) from the original time
series,d(t). We extract Rayleigh-wave particle motion by com-
puting the normalized inner product (NIP) between the com-
plex Stockwell transforms of the radial (SR) and phase-shifted
vertical components (SV̂ ):

EQ-TARGET;temp:intralink-;df2;320;133NIP �
Re�SR� � ; f ��Re�SV̂ � � ; f �� � Im�SR� � ; f �� Im�SV̂ � � ; f ��

AR� � ; f �AV̂ � � ; f �
;

� 2�

in which Re, Im, andA represent the real part, imaginary part,
and amplitude of the Stockwell transforms. We multiply the
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positive frequencies of the vertical-component Stockwell trans-
form by i � e� i�2 to phase advance for retrograde motion,
whereas prograde motion is identified by multiplying by� i �
e� i�2 to phase delay. The technique obtains filters by retaining
regions in time–frequency space with an NIP near one (we
select values� 0.80, followingMeza-Fajardoet al., 2019) and
setting the rest to zero. The desired Rayleigh-wave signal
is obtained by computing the inverse Stockwell transform
of the filtered vertical-component time–frequency space,
SV� � ; f � . Traditional methods of surface-wave isolation such
as complex trace analysis (Reneet al., 1986; Vidale, 1986; Li
and Crampin, 1991; Baker and Stevens, 2004) require signifi-
cant a priori knowledge and are ineffective when both prograde
and retrograde particle motions are simultaneously present
(Meza-Fajardoet al., 2015). This technique is also advanta-
geous because it preserves absolute phase information,
allowing for waveform reconstruction. These benefits enable
the isolation of surface waves based on either prograde or
retrograde motion and provide the instantaneous propagation
azimuth as a function of time–frequency.

Figure2 shows examples of SWE applied to borehole- and
mining-related explosions recorded at local distances. The exam-
ples demonstrate the effective isolation of prograde and retro-
grade motion from the vertical-component seismograms. We
find that this filter does not isolate surface waves exclusively.
Figure2e,gshows that the filter also isolates prograde motion
from body-wave phases. Several mechanisms may result in pro-
grade body-wave signals at these distances, such as scattering and
phase conversions or superimposed direct body waves propagat-
ing nearly horizontally from the shallow source (Howell, 1949).
The difference inRgfrequency content, duration, and amplitude
between the borehole and mining explosion in these examples is
common for events in this dataset, reflecting the significant

difference in source yield and duration between mining and
borehole explosions (Fig.2; Tables S1 and S2). The borehole
explosions are single-charge, whereas the mining events are spa-
tially distributed delay-fire detonations that consist of multiple
explosions distributed over some length and initiated in quick
succession. Example waveforms in Figure3 demonstrate the
SWE method’s ability to isolate particle motion for different
event types, noise environments, and channels, even when the
signals overlap.

The SWE method requires little a priori knowledge of the
source or local geology. The only information needed is the sense
of propagation—whether the source location is to the east or west
of the recording station. We calculate the instantaneous propa-
gation azimuth for each time–frequency tile using unrotated
components (vertical, north, and east) to differentiate between
prograde and retrograde motion.Combining the instantaneous
propagation azimuths for each time and frequency allows us
to rotate the horizontal components (to radial and transverse)
using a single propagation direction. However, we use the true
propagation direction for component rotation in this study to
increase the precision of the observed absolute amplitudes.

Borehole 
Mine blast

Seismic sources 

43°

44°

45°

46°

TA - Broadband
XV - Broadband
ZH - Short period

Seismic stations

–109° –108° –107° –106° –109° –108° –107° –106°

(b)(a)

Figure 1.Map of the (a) seismic stations and (b) events used in this study.
Diamonds and triangles in (a) show the locations of broadband and short-
period seismometers. Station labels (network-station) and lines point to the
stations used in Figures2and3. (b) Four mine blasts as gold stars with their
diameter cube-scaled by their local magnitude. The 24 borehole detonations
are shown as white stars and scaled uniformly. The alphabetical or
numerical numbering corresponds to the index number in Tables S1 and S2.
The Bighorn basin (BHB), Bighorn Mountains (BHM), and Powder River
basin (PRB) are labeled. The inset on each map shows the Bighorn region
relative to western North America. The color version of this figure is
available only in the electronic edition.
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Surface-wave amplitudes. Following the SWE analysis, we
measured the peak absoluteRgamplitude for the mine blasts
used in this study. We inspected each unfiltered (original) and
particle motion-filtered (prograde and retrograde) waveform
to remove any visually defective stations. The remaining wave-
forms were band-pass filtered around narrow frequency bands,
isolating periods 0.5, 1, 2, 3, 4, 5, 6, 7, 8, 9, and 10 s. We then
measured the maximum amplitude within the 0.3–5.5 km/s
group-velocity window. We computed the mean amplitude
of these measurements in the 2–6 s band (the primary range
of periods in which we observeRgin the Bighorns) and plot
measurements with a signal-to-noise ratio (SNR) above 1.25.
We calculated the SNR by taking the ratio between the mean
absolute amplitude of the group-velocity“signal” window and
the window between the end of the signal window and the end
of the waveform. To compareRg’s amplitude variations with
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Figure 2.Observational example of the Stockwell transform-based surface-
wave extraction (SWE) method for isolating (a–d) retrograde motion
(fundamental mode) and (e–h) prograde motion (first-higher mode) from
vertical-component seismograms. (a,c,e,g) The 900 kg borehole shot was
detonated on 19 July 2010 07:44:59 UTC (index 9 in Table S2). The signals
shown are waveforms recorded at station SM57 at a distance of 8.89 km.
(b,d,f,h) The mine blast with a yield of 221,669 kg was detonated on 16
August 2010 15:44:50 UTC (index D in Table S1) and was recorded at
station SE22 at a distance of 8.41 km. (a,b,e,f) The hatched images are
spectrograms showing the time–frequency distribution of energy. The
hatching shows the filter based on particle motion (only unhatched regions
pass the filter). (c,d,g,h) The traces show the original (gray) and filtered
(black) waveforms for each particle motion. The original waveforms are
band-pass filtered between 0.1 and 10 Hz. The color scale is separated into
two sides to represent the spectrograms’ amplitude for the borehole shot
and the mine blast. The color version of this figure is available only in the
electronic edition.
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local geology, we identified geologic provinces by gridding the
region in 0.25° increments and labeling each tile a specific
province based on its location (Fig. S2). We focus on stations
that are within the BHB, PRB, and the BHM.

Modeling techniques
We carried out 1D surface-wave eigenfunction analyses and
performed numerical-wave simulations using a 2D spectral
solver to gain further insight into the observedRgpropagation
characteristics. Rather than directly matching observed and
synthetic waveforms (e.g.,Borisovet al., 2017), these efforts
aim to understand how the Bighorn region gives rise to key
characteristics of the observed surface waves, specifically
amplitude and polarization.

Surface-wave eigenfunction analysis. We include analy-
sis of fundamental- and first higher-mode surface-wave eigen-
values to investigate the relationship between observedRg
particle motion and the Earth structure (Tanimoto and
Rivera, 2005). We use modal summation (Herrmann, 2013)
to calculate horizontal and vertical surface-wave displacement
eigenfunctions. We use a 1D Earth model with a linearly
increasing velocity profile at the top, representing basin sedi-
ments, and a constant-velocity layer at the bottom, represent-
ing the basement. U.S. Geological Survey (USGS) well logs
(Balch, 1988) located roughly 150 km north of the station
lines provide compressional wave velocities within the PRB.
We scale theP- and S-wave velocities at the surface of our

model to match the well logs
by setting them to 1400
and 639.5 m/s, respec-
tively (Fig.4a).

Following Tanimoto and
Rivera (2005), the sedimentary
basin and basement interface is
represented by an abrupt
change in slope rather than a
discontinuity. Such an interface
appears consistent with the well
logs, which show basement-like
compressional wave speeds in
the deepest part of the basin,
stopping short of the actual
interface. Relative to our model,
the presence of a discontinuity
rather than a change in slope
tends to produce larger
Rayleigh-wave amplitudes
(Moczoet al., 2018). We assume
that the PRB structure has a
thickness of roughly 4 km
(Yeck et al., 2014;
Worthington et al., 2016). The

continental crust below the sediments is represented by a
half-space using the same values asTanimoto and Rivera
(2005)with a P-wave velocity of 6500 m/s,S-wave velocity of
3600 m/s, and density of 2850 kg=m3. We conducted a similar
analysis asTanimoto and Rivera (2005)by computing the Z/H
ratio (the ratio between the vertical and horizontal depth-depen-
dent surface-wave displacement eigenfunctions at the surface) of
both the fundamental and first higher modes within our band-
width of interest (� 2–10 s; Fig.4b,c). Z/H ratios above zero indi-
cate prograde motion (Aki and Richards, 2002). Tanimoto and
Rivera (2005)demonstrated that slow surface velocities (surface
P wave speeds near 400 m/s) result in prograde fundamental-
mode particle motion in the 3–6 s period band. Slow surface
velocities may also result in first higher-mode Z/H ratios to show
strong discontinuities as one of the two displacement eigenfunc-
tions passes over zero and becomes negative (Bouéet al., 2016).
Our modified model with faster surface velocities from regional
USGS well logs (surfaceP wave speeds near 1400 m/s;Balch,
1988) predicts only retrograde motion for the fundamental mode
and only prograde for the first higher mode (Fig.4b,c). We find
that these results agree with the observations in Figures2 and3,
suggesting that the retrograde motion is primarily fundamental-
modeRgand the prograde motion is the first higher-modeRg.

Numerical-wave simulations. To better understand
observed surface-wave characteristics, we perform 2D
elastic P-SV simulations using the spectral element solver
SPECFEM2D (Tromp et al., 2008). We begin by carrying

(a) (b) (c)

Figure 3.Observational example of the particle-motion-based filtering on vertical- and radial-component wave-
forms. The displacement waveforms show the original (gray) and filtered (black) waveforms for each particle
motion. All panels are scaled between� 1 × 10� 5 and 1 × 10� 5 m. The original waveforms are band-pass filtered
between 0.1 and 10 Hz. (a) The traces from a mine blast are recorded at station XV-BH3D from a detonation on 23
June 2010 22:28.21 UTC. (b,c) Additional polarization results from two borehole explosions show signals from
stations ZH-SM15 and ZH-SM09 recording two shots on 19 July 2010 05:05:00 UTC and 19 July 2010 06:20:00
UTC, respectively. The abbreviations in the top right of each panel indicate the recorded motion and polarization.
RP is radial prograde motion, RR is radial retrograde motion, VP is vertical prograde motion, and VR is vertical
retrograde motion.
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out simulations with the simple 1D velocity model shown in
Figure 4a, which has a horizontal length of about 300 km
(roughly matching the east–west station lines in Fig.1) and
a depth of about 30 km. We then apply the SWE decomposi-
tion to synthetic seismograms from stations placed along the
model’s surface (Fig. S4). This initial step allows us to verify
simple 2D simulation results to observations and the surface-
wave eigenvalue analysis performed using the same model. We
then introduce additional structural detail by adding surface
topography and laterally varying velocities to the model (rep-
resenting mountains and sedimentary basins) and repeat the
previous analysis.

For the 1D model, we employ a structured rectangular mesh
with spectral elements of roughly 350 m by 350 m. For the
laterally varying model, we use an unstructured mesh with spa-
tially varying topographic and basin interfaces obtained by dis-
cretizing theWorthington et al.(2016)vertical cross sections.
We explicitly mesh the topographic interface but not the basin
interface. The model is uniform in the mountains and beneath
the sedimentary basins, withP-wave velocity,S-wave velocity,
and density of 6500 m/s, 3600 m/s, and 2850 kg=m3, respec-
tively. We reduce reflections from the discretized interfaces by
applying Gaussian moving-average smoothing with a horizon-
tal standard deviation of 1000 m and a vertical standard
deviation of 100 m. Although Worthingtonet al.’s inversion
suggests that the velocity does not vary significantly within
the mountain feature, the lack of faults, fractures, and other
structural variations within our model is likely the most
geologically inconsistent feature. Because of our particular
interest in changes inRgamplitude and polarization due to

interactions with sedimentary basins and mountain arch struc-
tures in the region, we do not include attenuation between
different geologies in this study. We review some of the impli-
cations of these assumptions in theDiscussionsection.

For all simulations, we use

• An isotropic explosion source
• A Ricker source time function with 0.2 Hz dominant fre-

quency
• A 0.004 s explicit time-stepping increment
• Perfectly matched layer absorbing boundaries along the sides

and bottom (Komatitsch and Tromp, 2003).

RESULTS
Observed surface-wave particle motion and
amplitude
This study’s observational data consist of seismic waveforms
from 23 borehole explosions and four mining detonations
(Fig. 1). We exclude one borehole explosion that occurred

(a) (b)

(c)

(d)

Figure 4. Modeling results using a similar linear-gradient structure as
Tanimoto and Rivera (2005)with PRB near-surfaceP andSwave
speeds. (a) ThePwave (black),Swave (red), and density (blue) as a function
of depth. We assume a basin depth of 4 km. Panels (b) and (c) show the Z/H
ratio (the ratio between the vertical and horizontal depth-dependent sur-
face-wave displacement eigenfunctions at the surface) as a function of
frequency for the fundamental and first modes, respectively. (d) The group
velocities of the fundamental mode (red) and the first mode (blue). The color
version of this figure is available only in the electronic edition.
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on 6 August 2010 05:00:00 UTC because of its remote location.
Our analysis of the remaining events includes all stations
within 40 km from a given borehole explosion and 300 km
from a given mine blast. We use a limited distance range
for the borehole detonations because of their small source sizes
and known high attenuation forRg(Myerset al., 1999; Patton
et al., 2005; Kintner et al., 2020). For each station, we used the
SWE method to filter the waveforms for prograde and retro-
grade polarization. The energy traveling with prograde polari-
zation propagates at a faster group velocity than retrograde
energy, but both have similar frequency content and generally
similar amplitudes (Fig.3).

We show signals from a mining detonation that propagated
across the PRB, BHB, and BHM in Figure5. The original
(Fig.5b), prograde polarized (Fig.5c), and retrograde polarized
(Fig. 5d) signals were recorded along the central east–west
transect of BASE stations (ZH-SM*, Fig.1). Rgis amplified in
the PRB but decreases significantly in the mountains. Prograde
particle motion appears nonexistent in the Bighorn Arch;
however, the BHB sees small amounts of progradeRgenergy
remerging. The source location of the mine blast is to the
south and east of the network stations, which may contribute
to additional path effects. Variations in amplitude may also be

attributed to the complexity of the delay-fire source mecha-
nism used in large mining events.

Using visual inspection of the filtered waveforms and
spectrogram, we catalogedRg’s presence and polarization
(retrograde, prograde and retrograde, or none). Figure6 shows
the results from this analysis applied to the mine blasts. The
most recognizable pattern is the effect of the BHM onRg
propagation. For a smaller mining source (Fig.6a), Rgenergy
is mostly no longer observable past the PRB, suggesting thatRg

(a)

(b)

(c)

(d)

Longitude

T
im

e 
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te
r 
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ig

in
Source-to-station path

Figure 5.Observed polarization results from a mine blast that occurred in the
PRB on 29 July 2010 07:32:10 UTC. The signals were recorded along the
central east–west transect (SM* stations) of the Bighorn Arch Seismic
Experiment (BASE) array (Fig.1). (a) A map of the stations (diamonds) that
transect the PRB, BHB, and BHM, the lines projected to the southeast are
the source-to-station paths for each signal (the source is roughly 30 km
south of the southeastern corner of the map). (b) The original vertical
displacement waveforms, (c) the signal’s prograde polarized component,
and (d) the retrograde polarized part of the signal. Black signals correspond
to stations in the BHB (SM01–SM23) and the PRB (SM43–SM67), and the
gray-colored waveforms correspond to stations in the BHM (SM24–SM42).
The same factor scales all signals. The color version of this figure is available
only in the electronic edition.
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only traveled through the sediments before it succumbed below
the noise level due to geometric spreading and attenuation; this
is particularly true for progradeRgenergy. When the sources
are large enough, we observe surface-wave motion in the basin
beyond the BHM.

The borehole shots in the sedimentary basins show both
prograde and retrograde particle motion (Fig.7). Borehole det-
onations closer to the BHM may only show retrogradeRgor no
observableRg motion, including stations running along the
basin–mountain border (Fig. S3). Even whenRgis observed,
stations bordering and within the mountains are generally
much noisier than stations in the basins. In addition, sources
emplaced in the BHM do not exciteRgmotion as effectively
compared with sources in the sediments. Of the weakRg
energy observed in the mountains, we only observe retrograde
motion with some low-amplitude prograde motion at select
stations.

Figure8 shows the amplitude measurements for the four
mine blasts used in this study, each column shows the average

amplitude filtered between 2 and 6 s for original, prograde, and
retrogradeRg. We find that small modifications to the period
band do not change the results significantly. The inclusion of
only short periods (1–3 s), however, results in stronger ampli-
tude differences caused by interactions with the BHM com-
pared with the use of only longer periods (7–10 s), which
samples the mid- and upper-crust rather than the sediments
and mountain features. These measurements are not corrected
for source or propagation effects. The first event (Fig.8a–c) has
a smaller source size than the other mine blasts; therefore,
much of theRgenergy has attenuated below the noise level

Figure 6.The observed distribution ofRgpolarization for four mining explo-
sions (gold star). Circles represent seismic stations, colored based on the
visual analysis of SWE-filtered signals: both retrograde and prograde
observed (blue), retrograde only (red), and no observedRg(white). Each
panel (a–d) represents the classification results for each of the four a
different mining events listed in Table S1. The color version of this figure is
available only in the electronic edition.
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once it reaches the mountains. The events within the middle
two rows (Fig.8d–i) are similar in size and location, resulting
in similar amplitude patterns. AllRg energy, regardless of
polarization, sees a decrease in amplitude in the mountains
compared with stations at equal distances within the PRB.
The drop is roughly 75%, with the most severe decrease
observed in prograde signals. Interestingly,Rgamplitudes in
the BHB slightly increases in some cases after transmitting
through the mountains (Fig.8d,g,j). The last event shown in
Figure8j–l is much closer to the BHM (Fig.1), resulting in
a much more pronounced drop inRgamplitude. We find that
the unpolarized original, retrograde polarized, and prograde
polarized motions see a respective 82%, 89%, and 92% drop
in amplitude in the BHM compared with stations having a sim-
ilar distance in the PRB. This roughly order-of-magnitude
decrease inRgamplification is similar to the observations in
Kintner et al. (2020)and O’Rourke and Baker (2018).

Surface-wave eigenfunction and spectral element
modeling
The upper sedimentary basin velocities in our PRB model
(Fig. 4) and resulting eigenfunction ratios suggest that local
surface-wave signals consist of a retrograde polarized funda-
mental mode and a prograde polarized first higher mode. To
gain insight into how near-surface wave speed and basin thick-
ness affect surface-wave particle motion, we computed the fre-
quency-dependent Z/H ratio with incrementally different
multiples ofP- andS-wave surface velocities and basin depths
(Fig.9). If the P-wave surface velocity is faster than� 900 m/s
and the basin is deeper than roughly 2000 m, the first higher-
mode Rayleigh wave only shows prograde motion. Regardless
of basin depth, the modeling suggests that the fundamental
mode is always retrograde if the surfaceP-wave velocity is
greater than 1200 m/s. The near-surface compressional wave

speed derived from borehole measurements (Balch, 1988) and
basin depths fromYecket al. (2014)and Worthington et al.
(2016)allowed us to constrain the predicted motion of the fun-
damental and first higher mode in the PRB. These results sug-
gest that the surface-wave polarization in our bandwidth of
interest (� 2–10 s) is significantly more sensitive to near-sur-
face wave speed than basin thickness.

The spectral element modeling results using a basin velocity
gradient similar toTanimoto and Rivera (2005)and surface
and mountain arch structure fromWorthington et al.
(2016)are shown in Figure10. We apply the same polarization
filter to the displacement waveforms as the observations. The
source is emplaced within the PRB, roughly 40 km from the
BHM at a depth of 10 m. Vertical displacement synthetic wave-
forms (Fig.10b–e) propagate away from the source at approx-
imately 1 km/s across the PRB. The fundamental mode and
first higher mode are seen with their respective retrograde
and prograde particle motion, as predicted in the eigenfunction
analysis and observed waveforms in the region. Once the sig-
nals reach the mountains, they appear to reflect and transmit at
the basin boundary. The reflections off the mountains appear
to flip polarity as the energy propagates backward and passes
the source location. This is an artifact of the polarization filter

Figure 7.ObservedRgparticle motion results for a collection of six borehole
detonations (gold stars). Circles represent seismic stations, colored based on
the visual analysis of SWE-filtered waves: both retrograde and prograde
observed (cyan), retrograde only (red), no observedRg(white), and not used
(gray). Each panel represents a different event. Each panel’s numbering
corresponds to the index number of each borehole event listed in Table S2.
The panel order depends on the borehole shot location: BHB on the left,
BHM in the middle, and PRB on the right. Maps showing all borehole
detonations are summarized in Figure S3. The color version of this figure is
available only in the electronic edition.
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because we must assume a single propagation direction at each
station. It should be noted that there is a low-amplitude sec-
ondary reflection that may be an artifact from the model edge
(Fig. 10b). The initial drop in the vertical nonpolarized dis-
placement amplitude between the PRB and the BHM is
roughly 65%–75%, similar to what is observed in the wave-
forms from mining detonations in the region. The energy that
remains primarily corresponds to low-amplitude high-velocity
retrograde motion (as the observed waveforms shown in
Fig. 5). BecauseRg’s transmission through the mountains
appears to be retrograde polarized, this suggests that the pro-
grade motion signal may undergo a mode conversion once it
reaches the mountains. Some fundamental-mode energy
propagating in the PRB is also transmitted through the

mountains, though the amplitudes are much smaller than
the first-mode transmission (Fig.10e). Once the energy passes
through the BHM, it amplifies and produces retrograde fun-
damental-mode and prograde first-mode surface waves within
the BHB.

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

Figure 8.Observed amplitude measurements of the original (a,d,g,j) vertical
component, (b,e,h,k) retrograde, and (c,f,i,l) prograde motion for stations in
the Bighorn region. Each row represents the amplitude measurements from
one of the four mine blasts used in this study. Red circles are stations within
the PRB, white circles are stations within the BHM, and blue circles are
stations within the BHB. Black bars are the 2� error of the 2–6 s amplitude
measurements. The color version of this figure is available only in the
electronic edition.
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DISCUSSION
This study provides insight intoRgpropagation in the Bighorn
region by utilizing SWE and amplitude measurements to
isolate and characterize local distance surface waves. These
observations are verified through surface-wave eigenfunction
analysis and 2D spectral element forward simulations. Local
distance observations of borehole and mining detonations in
the PRB and BHB (Figs.2 and 3) provide Rgsignals largely
uninterrupted by significant horizontal heterogeneities.
These signals consist of well-observed fundamental and first
higher modes with retrograde and prograde particle motions,
respectively. Using a 1D sedimentary basin model with a
P-wave surface velocity of 1400 m/s and basin depth of
4 km, we simulate these observations using surface-wave eigen-
function analysis (Z/H ratio; Fig.4) and a spectral element for-
ward simulation (Fig. S4). By analyzing the Z/H ratio of the
fundamental and first higher mode, we determined thatRg
polarization (in the� 2–10 s period band) may be driven more
by near-surface wave speed rather than basin thickness (Fig.9).
Using the results from studies that employed receiver function
analysis (Yecket al., 2014), active source imaging (Worthington
et al., 2016), and borehole well logs (Balch, 1988), we were able to
constrain and verify representative values for wave speed and
basin thickness in the Bighorn region (Fig.9).

The Rg signals from the large mining detonations cross
multiple geological features (Fig.6). O’Rourke and Baker
(2018) identify a significant drop inRg amplitude between
the mountains and sedimentary basins. That same study

subsequently compared observedRgsignals with those gener-
ated from 1D basin and mountain models. The insufficient
drop in amplitude (roughly 50% compared with the observed
80%–90% amplitude decrease) led to the conclusion thatRg
may be scattered at the basin edge. Our study revisits this prob-
lem by implementing spectral element forward modeling
(Fig. 10). This modeling predicts an� 70%–80% decrease in
Rg amplitudes in the mountains, which corroborates the
� 80% drop in the observations (Fig.8). Plots of the entire
2D wavefield at different time steps (Fig.11) provide additional
insight intoRgpropagation and scattering characteristics at the
basin edge. Before the fundamental mode reaches the moun-
tains, the first higher mode experiences a mode conversion, as
suggested in other studies that characterize surface waves over
sharp boundaries (Bouéet al., 2016). Higher-mode energy con-
servation can also cause destructive or constructive interfer-
ence with the fundamental mode (Savage and Helmberger,
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Figure 9.Modeling results from testing a range of basin depths and surface
velocities using the gradient sedimentary basin model fromTanimoto and
Rivera (2005). Panel (a) corresponds to the fundamental-mode eigen-
function ratio analysis and panel (b) corresponds to the first-mode analysis.
Colors represent the percent of prograde motion. The percentage is cal-
culated by dividing the instances with a Z/H ratio above zero by the total
number of frequency values within the 0.1–0.5 Hz bandwidth. Circles with
error bars correspond to the range ofP-wave surface velocities and basin
depths observed in the PRB. The color version of this figure is available only
in the electronic edition.
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