Passive Source Seismology of the Rocky Mountain Region
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Two recent passive source (earthquake) seismic experiments have produced a
teleseismic and regional event data set which provides constraints on the structure
of the crust and upper mantle beneath the Colorado Rocky Mountains and two
major Precambrian province boundaries. The passive source component of the Con-
tinental Dynamics of the Rocky Mountains (CD-ROM) experiment included two
dense north-south linear arrays of broad-band seismometers straddling Precam-
brian province boundaries in Colorado, Wyoming, and New Mexico. The Rocky
Mountain Front (RMF) experiment included thirty broadband seismometers spaced
uniformly throughout Colorado. Results from a spectrum of seismological imaging
and inversion techniques indicate that the Cheyenne Belt Archean-Proterozoic
boundary in southern Wyoming has signatures in both the crust and upper mantle,
while the Yavapai-Mazatzal province boundary is less clearly defined. Studies of data
from the RMF experiment show pronounced low seismic velocities in the crust and
upper mantle beneath the Rocky Mountains, and high attenuation (low Q) in the
mantle. Techniques of passive source seismology used with RMF and CD-ROM
experiment data are described here, along with reference to corresponding studies.

1. INTRODUCTION

The Continental Dynamics of the Rocky Mountains (CD-
ROM) experiment was designed to explore the geology and
geophysics of the lithosphere along a transect from Wyoming
to New Mexico. Particular emphasis was placed upon the
study of proposed Precambrian suture zones which may doc-
ument the growth and stabilization of the continent. The proj-
ect included a coordinated set of seismic experiments, utilizing
both active and passive source techniques. This paper pro-
vides an overview of the passive seismic experiments (those
using naturally occurring earthquake sources), including the
techniques, their limitations, resolution, and the models that
result from their interpretation. Active source experiments
(those utilizing energy actively put into the ground, through
explosions or other means) are described in Prodehl et al.
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[this volume]. The Rocky Mountain Front (RMF) passive
source seismic experiment provides further information on
the lithospheric structure beneath a broad area of the southern
Rocky Mountains, and two papers from that experiment are
described here. Techniques in this volume include P-wave
seismic travel-time tomography [Yuan and Dueker, this vol-
ume], receiver functions [Zurek and Dueker, this volume],
shear wave splitting [Fox and Sheehan, this volume], Pn travel
times [Lastowka and Sheehan, this volume], shear wave atten-
uation tomography [Boyd and Sheehan, this volume], and sur-
face wave tomography [Li ef al., this volume].

2. PASSIVE SOURCE EXPERIMENTS
IN THE ROCKIES

The Program for Array Seismological Studies of the Con-
tinental Lithosphere (PASSCAL) of the Incorporated Research
Institutions of Seismology (IRIS), funded by the US National
Science Foundation, provides individual investigators use of
portable, autonomous, digital seismographs with sensitive
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broad-band seismometers. Instruments from this facility were
used for both CD-ROM and RMF experiments. The broadband
seismometers are capable of recording both teleseisms and
regional earthquakes with very high fidelity. Relatively large
numbers of instruments can be deployed in an array concen-
trated geographically over the structures of interest, and the
array dimensions can be designed according to imaging den-
sity and resolution criteria.

The passive source component of the Continental Dynam-
ics of the Rocky Mountains (CD-ROM) experiment consisted
of two north-south lines of broadband seismometers cross-
ing major Precambrian province boundaries in Colorado, New
Mexico, and Wyoming. The seismometers were deployed
starting in April 1999 and removed in June 2000. The north-
ern seismic line extended from Rawlins, Wyoming to Steam-
boat Springs, Colorado and traversed the ancient suture zone
between the Archean Wyoming province and the Proterozoic
Yavapai province. The southern line extended from the San
Luis Basin in Colorado to Las Vegas, New Mexico and crossed
the suture zone between the Yavapai province to the north and
the younger Mazatzal province to the south. The southern line
is also very proximal to the Rio Grand rift and the recent tec-
tonism in the Jemez lineament. The deployment consisted of
25 instruments across the northern suture zone and 23 across
the southern suture zone. The spacing between stations was
approximately 10 km. Three-component sensors capable of
recording teleseisms across a broad frequency band were
installed at all sites, including 27 STS-2 seismometers, 15
CMG3T seismometers and six CMG40T seismometers. The
sampling rate of the experiment ranged from 10 to 20 sam-
ples/second. The sampling rate was reduced because inclement
weather would prevent the sites from being visited in the win-
ter; therefore a lower sampling rate was needed in order to
preserve field disk space.

The CD-ROM line was supplemented by the Laramie real
time array. The Laramie array consisted of 30 broadband seis-
mometers at a station spacing of 1.6 kilometers, deployed
from June 2000 to May 2001. The line crosses the Cheyenne
Belt near Laramie, Wyoming (Figure 1). Each station in the
Laramie Array consisted of Guralp 40-T seismometers record-
ing at 1, 40 and 100 samples per second. The data were teleme-
tered to the University of Wyoming in real time.

The Rocky Mountain Front experiment consisted of a
deployment of thirty-five broadband (CMG3-ESP and STS2)
seismometers distributed throughout Colorado and extend-
ing into eastern Utah and western Kansas (Figure 1). The sta-
tions were deployed from May through December of 1992.
Station spacing was approximately 75 km. Data was collected
from each station in both continuous (10 samples per second)
and triggered (20 samples per second) data streams. Numer-
ous studies utilizing data from the Rocky Mountain Front

array have been published, including shear wave velocity
tomography [Lee and Grand, 1996], surface wave tomography
[Li et al., 2002], receiver functions [Sheehan et al., 1995],
shear wave splitting [Savage et al., 1996; Savage and Sheehan,
2000], and deep discontinuity structure [Dueker and Shee-
han, 1998; Gilbert and Sheehan, 2004].

Other recent passive seismic source seismic experiments
in the Rocky Mountain and Colorado Plateau regions include
the Lodore array [Crosswhite and Humphreys, 2003], the
Deep Probe experiment [Crosswhite et al., 1999], the Col-
orado Plateau — Great Basin Experiment [Sheehan et al.,
1997], and the RISTRA experiment [ Wilson and Aster, 2003]
(Figure 1).

3. RECEIVER FUNCTIONS

The isolation of conversions from compressional to shear
waves on teleseismic waveforms can be used to determine
crust and mantle velocity discontinuity structure beneath seis-
mic stations using a technique referred to as receiver func-
tion analysis [Burdick and Langston, 1977; Langston, 1977,
Langston, 1979]. An incident P wave from a distant earth-
quake generates converted shear waves at boundaries with
impedance contrasts, such as the Moho. The delay time
between the direct P arrival and the converted S wave, called
Ps, is related to the velocity and depth to the conversion point.
The near vertical incidence of teleseismic P allows the sepa-
ration of the P and converted S wave because the converted
shear wave is large on the radial component of the seismogram
and the vertical component is dominated by the incident P
wave. The P wave record on the vertical component provides
a reference for the earthquake source and path effects, and
receiver function analysis involves the deconvolution of the ver-
tical component from the radial in order to enhance the near-
receiver mode conversions. Typically, the most significant
converted arrivals are those from the Moho, but conversions
from velocity discontinuities in the mid-crust and in the man-
tle transition zone are also common.

Basic receiver function analysis assumes that the seismic
structure of the crust and upper mantle are isotropic and com-
prised of flat lying planar interfaces. In the presence of
anisotropy and dipping layers these assumptions are not accu-
rate [ Bostock, 2003; Levin and Park, 1997; Savage, 1998].
With a good back-azimuth distribution of recorded events,
the presence of these more complicated structures may be
recognized by changes in timing and amplitude of the con-
verted phases.

High density passive seismic arrays stretching tens to thou-
sands of kilometers have become the foundation of many
modern receiver function studies [e.g., Dueker and Sheehan,
1997; Rondenay et al., 2000a, 2000b; Zurek and Dueker, this
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Figure 1. Seismograph stations of Rocky Mountain Front (RMF), Continental Dynamics of the Rocky Mountains (CD-
ROM), Laramie Array, Deep Probe, RISTRA, and Colorado Plateau-Great Basin broadband passive source seismic PASS-
CAL experiments. Open circles indicate RMF station locations, diamonds denote CD-ROM station locations, inverted triangles
Laramie Array stations, filled triangles RISTRA stations, squares Colorado-Plateau Great Basin stations, unfilled trian-
gles Deep Probe stations, and filled circles Lodore stations.

volume] in order to combat signal generated noise and to
determine high resolution lithospheric structure. Seismic
arrays recording multiple observations of the same conver-
sion point from many teleseismic events allows the employ-
ment of techniques such as common conversion point stacking
or seismic migration [e.g., Bank and Bostock, 2003; Wilson et
al., 2003]. All of these seismic imaging approaches begin
with the assumption of a seismic velocity model. The calcu-
lated receiver functions are then back projected along their
theoretical ray paths to restore the converted energy to the
point of conversion. Multiple samples from different directions
of the same conversion point are required to recover the ampli-
tude of the original conversion. In theory, the amplitude of
the conversion should provide information about the varia-
tion in seismic properties across a conversion interface. The
location restoration and amplitude recovery problem can be for-
mulated as a forward problem (common conversion point
stacking) or as an inverse problem (seismic migration) and
the choice of technique depends upon factors including the
geometry of the imaging target, the array geometry, and the
signal quality.

With data from deployments such as the RMF and CD-
ROM experiments, receiver function analysis provides a plan
view of crustal thickness variations and cross sections of
detailed discontinuity variations, which can then be inter-
preted in terms of the major structural trends exhibited in the
geology. Gilbert and Sheehan [2004] use data from RMEF,
CD-ROM, Deep Probe, and other passive source studies for
a crustal receiver function study throughout the western United
States building upon previous studies of Sheehan et al. [1995]
and others. They find a crustal thickness of 50 km beneath
the Rockies in northern Colorado, thinning to 40 km in south-
ern Colorado. Detailed crustal images from CD-ROM have
been presented in Dueker et al. [2001] and Karistrom et al.
[2002]. The Moho along the southern CD-ROM line was
found to be fairly flat, with a thickness of approximately 40
km, and a slight thickening to the north. The receiver function
results from the CD-ROM north line are more complex. A
thick crust of ~50 km is found in northern Colorado, thin-
ning to 4045 km just south of the Colorado/Wyoming bor-
der. The Moho appears to be imbricated about 30 km north of
the Cheyenne belt suture. Crust to the north of the Cheyenne



4 PASSIVE SOURCE SEISMOLOGY OF THE ROCKY MOUNTAIN REGION

belt is of ~40 km thickness. In this volume, Zurek and Dueker
present images of lithospheric receiver function discontinuities
from the CD-ROM arrays. They argue for sub-crustal dis-
continuities to 150 km depth beneath the Proterozoic litho-
sphere immediately south of the Cheyenne belt and to 100
km beneath the Jemez lineament based upon layering observed
to those depths. Mid-crustal features are also imaged under the
Cheyenne belt, and correspond with CD-ROM reflection pro-
files [Morozova et al., 2002; Karlstrom et al., 2002].

4. TOMOGRAPHY: P, S, AND SURFACE WAVES

Three papers appearing in this volume use passive wave
seismic tomography to examine crustal and upper mantle
thermal and compositional structure. Tomographic prob-
lems are inversions of a large set of linear equations. An
observation, such as P-wave travel time, is ideally the effect
of a seismic attribute integrated over space, e.g. P-wave
velocity integrated over the path the seismic wave has trav-
eled. The equations are usually of the form d=Gm where d
is the data vector, such as a set of observations like P-wave
travel times, m is the model vector which contains a set of
model parameters such as P-wave slowness in the upper
mantle, and G is the path kernel, a j by k matrix with, in this
case, the distance traveled in k£ model bins for j observa-
tions. A solution for m may be obtained by various meth-
ods [Iyer and Hirahara, 1993]. The solution is usually
determined in a least squares sense, e.g. the solution tries
to minimize the squares of the residuals between predicted
and observed data. The solution may be damped and/or
weighted and solved by gaussian elimination, singular value
decomposition, or other methods.

Some caution should be used when interpreting tomographic
images. For example, variability in the measurements will
affect the model regardless of whether the measured varia-
tion originated from within the model. A related problem is the
assumption that the measured attribute is due to variations
along the presumed seismic ray path [Dahlen et al., 2000a;
2000b]. Finally, anomalies within the tomographic model tend
to bleed along regions of poor ray coverage. Structures that dip
away along ray paths at the edge of tomographic models should
be viewed with skepticism.

Though dependence between model parameters can be
observed in the resolution matrix, checkerboard tests are a
useful guide to estimate the quality of features in the tomo-
graphic model. In this method, a synthetic model is gener-
ated and using the incomplete ray coverage of the real data,
synthetic data are produced. The synthetic data are then
inverted to see how well the input checkerboard model is
recovered. Interdependence of model parameters and poorly
resolved regions can be seen easily with this technique.

4.1. Body Wave Velocity Tomography

In Yuan and Dueker [this volume] upper mantle compres-
sional and shear wave images from the CD-ROM experiment
are presented. Two major anomalies are found. Beneath the
Cheyenne belt along the CD-ROM North Line, a north dipping
high velocity feature from the Moho to 200 km depth is found.
Travel time modeling suggests that a significant portion of
the dipping high velocity anomaly is due to anisotropy with
a dipping fast axis. Shear wave splitting measurements [Fox
and Sheehan, this volume] are also consistent with this dip-
ping seismic anisotropic model. Beneath the Jemez lineament
along the CD-ROM South Line, a 100-km wide low velocity
anomaly is imaged between the Moho and 100 km depth.

4.2. Attenuation Tomography

Utilizing the Rocky Mountain Front (RMF) broadband seis-
mic dataset, Boyd and Sheehan [this volume] derive the shear
wave attenuation structure underlying the Southern Rocky
Mountains and surrounding areas. Attenuation is measured
using differential spectra of teleseismic S phase waveforms.
Calculations of intrinsic attenuation coupled with current
velocity models aids in the determination of temperature, par-
tial melt distributions, and compositional variation [Karato,
1993]. A north-south zone of high shear wave attenuation
(low Q) is found in the mantle in south central Colorado,
along the northern reaches of the Rio Grande rift, and coin-
cides with a region of low shear wave velocity [Lee and Grand,
1996]. The correlation between the velocity and attenuation
models can be used to distinguish between thermal, compo-
sitional, and melt anomalies. Beneath the High Plains the
combined velocity and attenuation variations are consistent
with slight increases in temperature to the west, while beneath
the southwest Rockies, the presence of compositional varia-
tions and partial melt are required to explain the observations.

4.3. Surface Wave Tomography

Li et al. [this volume] present a tomographic inversion of
Rayleigh surface wave phase velocities from the RMF dataset
across the southern Rocky Mountains. Previous surface wave
work with the RMF data [Lerner-Lam et al., 1998] showed
large shear wave velocity variations across the Rocky Moun-
tain Front, with lower velocities beneath the Rockies than
beneath the High Plains. Li et al. [this volume] use the tech-
nique of Forsyth et al. [1998] and Li [2001], where the wave-
field is represented as the sum of two interfering plane waves,
and invert amplitude and phase data for phase velocity, then
invert the phase velocity for shear velocity structure. They do
not find a lithospheric lid beneath the Rocky Mountains, and



find low mantle velocities beneath the Rockies to at least 150
km. Beneath the Great Plains a fast lithosphere is found to a
depth of 150 km. The Colorado Plateau is found to have a
fast seismic lid to 100 km depth, with low velocities below 100
km, similar to results reported by Lastowka et al. [2001]. The
surface wave tomography results are broadly consistent with
the RMF shear body wave tomography work of Lee and Grand
[1996] but differ in some details, particularly with respect to
the depth extent of the velocity anomalies.

There are some differences between the surface wave derived
crustal thicknesses and the receiver function and refraction
based crustal thicknesses [Sheehan et al., 1995; Keller et al.,
1998]. These are explained in part by the large lateral varia-
tions in crustal wave speeds allowed by the Li et al. model
and differences in lateral and vertical resolution between sur-
face wave and receiver function techniques. Li et al. [this vol-
ume] do not find low upper mantle velocities beneath
west-central Colorado near Aspen to the extent reported by
Dueker et al. [2001], but instead find unusually low crustal
velocities there. A tomographic study with denser station dis-
tribution in central Colorado may be needed to resolve the
depth extent and nature of the Aspen anomaly.

5. VELOCITIES OF UPPERMOST MANTLE (Pn)

Lastowka and Sheehan [this volume] report interstation Pn
velocities from the CD-ROM array. The Pn portion of the
waveform arrives first in the distance range 2 to 16 degrees and
represents high frequency seismic energy propagating in the
uppermost mantle. It has been modeled successfully both as
a whispering gallery phase [Menke and Richards, 1980] and
as a mantle-lid refraction [Sereno and Orcutt, 1985]. Las-
towka and Sheehan [this volume] measure Pn velocities using
an interstation method. The Pn arrival times of two stations
along the same great circle path from an event are measured,
differenced, and the distance between the stations is divided
by the differential time. The interstation method reduces errors
due to hypocenter mislocation. For the southern CDROM
line, Pn is measured by constructing a travel time curve of
all of the southern line stations that recorded a single earth-
quake in Mexico, which happened to be along the same great
circle line as the stations. Such a measurement is more robust
than individual interstation measurements.

Low Pn velocities of 7.8 + 0.1 km/s were found beneath
the southern CD-ROM array, consistent with low upper man-
tle velocities and the absence of a mantle lid. This low veloc-
ity is consistent with the high heat flow in the Rio Grande
rift and the evidence for modern rifting. These data provide
independent confirmation of the low upper mantle velocities
from P wave tomography found along the CD-ROM south
line by Yuan and Dueker [this volume]. Measurements of Pn
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made in northern Colorado and in Wyoming are near the
global average Pn value of 8.1 km/s, suggesting an intact
mantle lid.

6. MANTLE ANISOTROPY

Most passive source techniques, such as tomography and
receiver function analysis, provide an image of the current
structure of the crust and mantle. In contrast, the measure-
ment of seismic anisotropy has the potential to give informa-
tion on the dynamic state of the Earth. Olivine, the constituent
mineral in the upper mantle, is highly anisotropic, and ori-
ents itself systematically during deformation under condi-
tions that allow dislocation creep. Thus, mantle anisotropy
can give images of strain in the mantle due to current processes,
or provide a history of past deformation [Blackman et al.,
2002; Karato et al., 1998; Mainprice and Silver, 1993].

The most popular method to measure seismic anisotropy
is through shear wave splitting. The polarization of a shear
wave is perpendicular to its direction of propagation. When a
shear wave enters an anisotropic region, its initial polarization
may be at an angle to the medium’s fast and slow axes, and the
component oscillating along the fast axis will propagate faster
than the component polarized along the slow axis. Eventu-
ally, the fast component will separate from the slow compo-
nent, so that the single incident shear phase is split into two
phases with identical shape. In a medium with hexagonal or
orthorhombic anisotropic symmetry, the fast and slow sym-
metry axes and therefore the corresponding split shear phases
are orthogonal to each other. Shear wave splitting techniques
measure the time delay between the fast and slow phase, delta
t, and the polarization azimuth of the fast phase, ¢ [e.g., Sil-
ver and Chan, 1988, 1991]

The phases most commonly used for this process are the core
phases SKS and SKKS. These phases convert from shear to
compressional motion in the fluid outer core, and after con-
version back to shear, travel steeply from the core-mantle
boundary to the seismic station. The analysis is simpler than
for teleseismic S since information about source-side
anisotropy is removed on the core leg. However, measured
SKS and SKKS splitting can still stem from anywhere between
the core-mantle boundary and the station. By making meas-
urements at several stations from a number of different source
areas, some depth constraints can be obtained by determining
the overlap of different ray paths [Alsina and Snieder, 1995].

Near the Rocky Mountain region, previous studies have
found fast orientations which were interpreted in terms of
asthenospheric flow beneath the Snake River Plain [Schutt et
a.l, 1998] and the Rio Grande rift [Sandvol et al., 1992].
Closer to the Rocky Mountain Front, Schutt and Humphreys
[2001] and Savage et al. [1996] found more complex splitting
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signatures, with fast orientations dependent on backazimuth
of the incident shear phase, rapid lateral variation of obser-
vations between stations, and many null measurements. A
null measurement, i.e. no observation of splitting, occurs
when the incident shear phase is already polarized along one
of the symmetry axes of the medium, or if it is propagation
along the single symmetry axis in a hexagonal medium, or if
the medium is isotropic. Savage et al. [1996] favor a verti-
cally aligned hexagonal symmetry to explain null measure-
ments and inconsistent splitting results seen in the Rocky
Mountain Front experiment. Other possible explanations given
by Savage et al. [1996] are depth-dependent anisotropy,
orthorhombic symmetry, plunging axes of anisotropy, and lat-
eral variations.

In this volume, Fox and Sheehan analyze shear wave split-
ting using a larger data set from the CD-ROM and Laramie
arrays. They find consistent fast orientations that correlate
with absolute plate motion in southern Colorado and New
Mexico, similar to that seen by Li ef al. [this volume] using
seismic surface waves. To the north of the Cheyenne belt, Fox
and Sheehan [this volume] find a complex pattern with back-
azimuthal dependence along both the CD-ROM and Laramie
arrays in southern Wyoming. With the large number of stations
and events and good azimuthal coverage, they are able to per-
form hypothesis testing for layered anisotropy and plunging
symmetry axes, and arrive at a preferred model with a steeply
plunging axis of symmetry that may be related to a high-
velocity anomaly seen in a tomographic inversion for the area
[Yuan and Dueker, this volume].

7. CONCLUSION

Detailed passive seismic studies of the Rocky Mountains
provide much information on the crust and mantle beneath
this complex orogenic region. Data from the Rocky Mountain
Front experiment have been used to determined large scale
structure, and data from the CD-ROM experiment provide
details of Precambrian province boundaries. Studies using
the Rocky Mountain Front data show that the crust is thick
beneath the Rocky Mountains and the western Great Plains,
and that P and S wave velocities in the mantle beneath the
Rockies are low. Seismic attenuation is high in this region,
consistent with both compositional and thermal origins for
the velocity and attenuation heterogeneity. Data from the CD-
ROM array show a high velocity body in the mantle dipping
to the north beneath the Cheyenne belt. The presence of this
feature is also detected with seismic shear wave splitting, and
it has a strong anisotropic signature with plunge to the north-
east. Beneath the Jemez lineament low velocities are found in
the upper mantle with both seismic body wave tomography and
Pn travel times.
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