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ABSTRACT

Dense array seismic techniques can be applied to multiple types of seismic data to
understand regional tectonic processes via analysis of crustal velocity structure, imaging
reflection surfaces, and calculating high-resolution hypocenter locations. The two regions
presented here include an intraplate seismogenic fault zone in Virginia and a steep cratonic
margin in eastern Oregon and Idaho.
The intraplate seismicity study in Virginia consisted of using 201 short-period verticalcomponent seismographs, which recorded events as low as magnitude -2 during a period of 12
days. Dense array analysis revealed almost no variation in the seismic velocity within the
hypocentral zone, indicating that the aftershock zone is confined to a single crystalline-rock
terrane. The 1-2 km wide cloud of hypocenters is characterized by a 29° strike and 53° dip
consistent with the focal mechanism of the main shock. A 5° bend along strike and a shallower
dip angle below 6 km points toward a more complex concave shaped fault zone.
The seismic study in Idaho and Oregon was centered on the inversion of controlledsource wide-angle reflection and refraction seismic P- and S-wave traveltimes to determine a
seismic velocity model of the crust beneath this part of the U.S. Cordillera. We imaged a narrow,
steep velocity boundary within the crust that juxtaposes the Blue Mountains accreted terranes
and the North American craton at the western Idaho shear zone (WISZ). We found a 7 km offset
in Moho depth, separating crust with different seismic velocities and Poisson's ratios. The crust
beneath the Blue Mountains terranes is consistent with an intermediate lithology dominated by
diorite. In the lower crust there is evidence of magmatic underplating which is consistent with
the location of the feeder system of the Columbia River Basalts. The cratonic crust east of the
WISZ is thicker and characterized by a felsic composition dominated by granite through most of
the crust, with an intermediate composition layer in the lower crust. This sharp lithologic and
rheologic boundary strongly influenced subsequent deformation and magmatic events in the
region.
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GENERAL AUDIENCE ABSTRACT

Dense array seismic techniques involve using many instruments deployed closely
together to record natural or man-made ground shaking. These techniques can be applied to
different types of seismic data to understand the regional composition and behavior of the
Earth’s crust, and identify locations where earthquakes have occurred. The two regions presented
here include a zone in Virginia known to have small earthquakes and a location in eastern
Oregon and Idaho where younger crust meets older crust across a very steep boundary.
The seismicity study in Virginia consisted of using 201 instruments to record earthquake
aftershocks with very small magnitudes during a period of 12 days. Dense array analysis
techniques revealed almost no variation in the speed that seismic waves travel within the zone of
aftershocks, indicating that the aftershocks are confined to a single crystalline-rock region. The
1-2 km wide zone of sub-surface aftershock locations is consistent with the rupture orientation of
the main earthquake on 23 August 2011. The zone’s slightly concave shape indicates a complex
region of rock movement.
The seismic study in Idaho and Oregon was centered on analyzing seismic waves that are
generated by explosions and travel through the crust, bending and reflecting when they pass
through variations in the rock. We imaged a narrow, steep boundary that juxtaposes the younger
Blue Mountains crust and the older North American craton at the western Idaho shear zone
(WISZ). We found a sharp ~7 km step between the thicknesses of the two regions and different
seismic velocities on either side of the boundary. The crust beneath the Blue Mountains terranes
is consistent with an intermediate rock type dominated by diorite. In the lower crust there is
evidence of a layer that is consistent with un-erupted material from the Columbia River Basalts.
The continental crust east of the WISZ is thicker and dominated by granite through most of the
crust, with an intermediate composition layer in the lower crust. This sharp boundary strongly
influenced subsequent deformation and magmatic events in the region.
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Chapter 1

Introduction

1.1

Dense Arrays
Dense array seismic imaging methods are traditionally used in controlled-source

seismology, but can also be applied to other seismic sources to investigate tectonic features and
processes at a variety of scales. Array methods such as refraction and wide-angle reflection
analysis are used in controlled-sources seismic studies to produce whole-crust velocity models
and image impedance contrasts within the crust and at the Moho. Array methods can also be
applied to dense recordings of earthquake and aftershock data to produce high-resolution
hypocenter locations and a detailed velocity model of the hypocentral zone. In both scenarios the
high-resolution models produced by array processing methods can contribute greatly to our
understanding of local and regional tectonic structures.
This dissertation focuses on two data sets that explore the range of applications of dense
array seismic recordings for investigating continental tectonic processes. The Aftershock
Imaging with Dense Arrays (AIDA) project used dense array recordings of earthquake
aftershock data to produce a high-resolution image of an intraplate seismogenic fault zone in
1

CHAPTER 1. Introduction

Virginia. The EarthScope Idaho-Oregon (IDOR) project utilized traditional controlled-source
refraction and wide-angle reflection seismic methods to image the velocity structure and
prominent seismic features in the crust across a steep cratonic margin in the U.S. Cordillera of
Idaho and Oregon. The following three chapters detail my work on these projects and the
insights we have gained from applying dense array seismic imaging methods to these highly
variable tectonic environments.

1.2 Aftershock Imaging with Dense Arrays (AIDA) - Virginia
The Mw5.7 earthquake that occurred on 23 August 2011 near Mineral, Virginia was the
largest historic earthquake recorded in the central Virginia seismic zone, a region long known for
intraplate seismicity (Taber, 1913; Bollinger, 1969, 1973). Like many seismic zones in the
eastern U.S., the seismogenic structures in the central Virginia seismic zone are not well
identified, and focal mechanisms for past events have shown significant variability (Munsey and
Bollinger, 1985; Kim and Chapman, 2005). The 23 August 2011 Mineral earthquake and
subsequent aftershock sequence provided an opportunity to better understand the local velocity
structure and the orientation of seismically active faults in this area.
The Aftershock Imaging with Dense Arrays (AIDA) project was designed to test the
benefits and limitations of using dense array recordings of aftershock sequences to produce highresolution models of the seismogenic zone. Chapter 2 presents the results of my work on the
AIDA project, including high precision hypocenter locations delineating the rupture zone of the
aftershock sequence and high-resolution evidence for a homogenous seismic wavespeed in the
crust above the primary fault zone. A joint hypocenter and velocity inversion algorithm was
2
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applied to P- and S-wave arrival times for 300 of the larger aftershock events, producing
hypocenter locations with error estimates ~100 m. The hypocenter locations define a 1-2 km
wide cloud of seismicity with a strike and dip consistent with the focal mechanism of the main
shock. The cloud curves along strike and has a slightly shallower dip angle below ~6 km depth,
indicating a broad, complex fault zone with a slightly concave shape. This work shows that
seismic arrays comparable to those used in controlled-source seismology can be successfully
applied to aftershock sequences, and that dense array data can produce high-resolution
information about earthquake rupture zones.
A version of this manuscript was published as Davenport, K.K., Hole, J.A., Quiros, D.A.,
Brown, L.D., Chapman, M.C., Han, L., Mooney, W.D., 2015. Aftershock imaging using a dense
seismometer array (AIDA) after the 2011 Mineral, Virginia earthquake: Geological Society of
America Special Papers, v. 509, p. 273-283 (Davenport et al., 2015).

1.3 The EarthScope Idaho-Oregon (IDOR) Project
In the U.S. Cordillera of western Idaho a narrow boundary juxtaposes accreted terranes
against Precambrian craton, marked by the steeply dipping western Idaho shear zone (WISZ)
(e.g., Armstrong et al., 1977; Lund and Snee, 1988; Tikoff et al., 2001). The cratonic margin has
been impacted by multiple stages of tectonic activity, including subduction, terrane accretion and
translation, voluminous magmatism, and extension. The EarthScope IDOR project is a
multidisciplinary project designed to investigate the formation of the WISZ and its influence on
subsequent regional deformation and magmatism.

3
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The IDOR controlled-source seismic project recorded a 430-km refraction/wide-angle
reflection seismic line in 2012 to investigate the geometry of the WISZ at depth and the seismic
structure of the adjacent craton and accreted terranes. Chapter 3 presents the results of the
analysis of the IDOR controlled-source seismic P-wave data. Refraction and wide-angle
reflection P-wave first arrival traveltimes were inverted to derive a seismic velocity model that
constrains the contact between the oceanic accreted terranes and craton across the WISZ. The
seismic data reveal that the boundary is near-vertical, separates crust with different seismic
velocities at all depths, and extends to a ~7 km offset of the Moho. The steep, strong contrast in
seismic velocity and thickness across the cratonic margin revealed the WISZ to be a throughgoing, fundamental feature of the crust.
A version of this chapter was submitted as Davenport, K., Hole, J.A., Tikoff, B., Russo,
R.M., Harder, S., 2016. A strong contrast in crustal architecture from accreted terranes to
craton, constrained by controlled-source seismic data in Idaho and eastern Oregon to
Lithosphere and is currently undergoing revisions.
Chapter 4 presents further work using the IDOR controlled-source seismic data set. This
investigation focuses on analysis of seismic S-wave data to constrain S-wave velocity (Vs) and
integration with P-wave results to produce Vp/Vs and Poisson's ratios to constrain lithology
across the WISZ. A qualitatively comparison of these results with the results from other IDOR
geophysical investigations, including broadband seismic receiver functions (Stanciu et al., 2016)
and ambient noise tomography (Bremner et al., 2015), and gravity data reveals the boundary to
be consistent across data sets. We examine the influence of this steep, strong lithologic and
rheologic boundary on subsequent tectonic and magmatic events, such as the melting and
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emplacement of the Idaho batholith, eruption of the Columbia River Basalts, and ongoing Basin
and Range Extension, and consider the implications of the survival of this boundary since the
Late Cretaceous.
A modified version of this chapter is in preparation for submission as
Davenport, K., Ghanekar, S., Stanciu, A.C., Bremner, P.M., Hole, J.A., Tikoff, B., Russo, R.M.
(in preparation), A steep lithologic boundary and Moho offset at the western Idaho shear zone to
Geology or Nature Geoscience.
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Abstract
Aftershock Imaging with Dense Arrays (AIDA) recorded 12 days of high-density seismic
array data following the 23 August 2011 Mineral, Virginia earthquake. AIDA utilized shortperiod, vertical-component seismographs at 201 locations to record closely spaced data that
would reduce spatial aliasing. Inter-station correlation enabled a detection threshold between
magnitude –1.5 and –2. A joint hypocenter and velocity inversion algorithm was applied to Pand S-wave arrival times for 300 of the larger events. Travel time misfits were minimized using
a constant velocity of Vp = 6.2-6.25 and Vs = 3.61-3.63. Hypocenter location error estimates for
this range of velocities are about 100 m. Little to no 3-D variation exists in the seismic velocity
of the upper crust, consistent with the aftershock zone lying within a single crystalline-rock
terrane. The hypocenter locations define a 1-2 km wide cloud with a strike of ~029° and dip
~53°E, which is consistent with the focal mechanism of the main shock. The cloud bends ~5˚
along strike and has a slightly shallower dip angle below ~6 km depth, indicating a broad,
complex fault zone with a slightly concave shape. This study shows that seismic arrays
comparable to those used in controlled-source seismology can be successfully applied to
aftershock sequences, and that dense array data can produce high-resolution information about
earthquake rupture zones.
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2.1 Introduction
Aftershock sequences are frequently recorded following earthquakes to increase
understanding of the source zone, rupture dynamics, and local wave propagation. In eastern
North America, recordings of earthquakes are often limited due to sparse instrumentation and the
low occurrence rate of moderate to large magnitude seismic events in intraplate settings. This
makes aftershock studies crucial for characterizing the seismically active zones that occur in this
region. Most aftershock studies in eastern North America use 10-25 stations and locate 20-50
aftershocks to model the fault or faults associated with the main shock and aftershock sequence
(e.g., Nava et al., 1989; Bent et al., 2002; Seeber et al., 2002; Horton et al., 2005). The large
station spacing required for these sparse networks to fully cover an aftershock zone results in
data that are badly spatially aliased in the frequencies relevant for waveform analysis methods.
Many small-magnitude aftershocks are not included in network fault models because they fall
below the P-wave detection threshold for a single station. Denser sampling has the potential to
reduce the detection threshold for low signal-to-noise events through trace-to-trace correlation, to
provide higher spatial resolution using array analysis methods, and to enable waveform analysis
by reducing spatial aliasing.
The Aftershock Imaging with Dense Arrays (AIDA) project was designed to demonstrate
the practical applications of array-style recordings of aftershock sequences. The Mw5.7 Mineral,
Virginia earthquake of 23 August 2011 provided an opportunity to test the benefits and
limitations of this type of high-density recording. The AIDA deployment utilized short-period,
vertical-component instruments that are designed for controlled-source data acquisition and
enable rapid deployment of a large number of stations in a short period of time. Temporary
10
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networks of conventional three-component stations also heavily instrumented the aftershock
epicentral zone, providing unprecedented coverage for aftershock recordings in eastern North
America. Compared to the conventional stations, the densely sampled AIDA arrays have much
reduced spatial aliasing and a very low event detection threshold. The recording parameters on
these instruments are not optimal for recording earthquakes, however, resulting in logistical
challenges due to limited memory capacity and battery life and compromises to the data quality
associated with amplitude clipping, limited frequency range, and single-component recording.
The ideal instruments for dense deployments would be portable and quick to install like
controlled-source stations, but have the data quality and longevity of conventional earthquake
recording instruments. This would include 3-component sensors as well as memory and power
capabilities to support a minimum of 1 month maintenance-free continuous recording in the
field. The technology for such instruments is currently in use in the petroleum exploration
industry.
The AIDA deployment was designed to evaluate the application of seismic array
processing methods for locating aftershocks with high precision and providing high-resolution
velocity models of the hypocentral region, and to test the feasibility of applying reflection
methods and interferometric techniques to these data. This paper presents high precision
hypocenter locations delineating the rupture zone of the aftershock sequence and high-resolution
evidence for a homogenous seismic wavespeed in the crust above the primary fault zone.
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2.2 23 August 2011 Virginia Earthquake
The Mw5.7 Mineral earthquake of 23 August 2011 occurred in Louisa County, Virginia,
approximately 135 km southwest of Washington, DC, with an epicenter at 37.905° N, 77.975° W
(Figure 2.1). The complex rupture, comprised of three subevents, was a NE-striking reverse
motion with a focal depth of 8 km (Chapman, 2013). This event is the largest historic earthquake
recorded in the Central Virginia seismic zone (CVSZ), a region long known for minor to
moderate seismicity (Taber, 1913; Bollinger, 1969, 1973) and potential earthquake hazards
(Algermissen and Perkins, 1976) (Figure 2.1). The largest previously known event in the CVSZ
occurred on 23 December 1875 and had a magnitude estimate of 4.5-5.0 (Bollinger and Hopper,
1971; Oaks and Bollinger, 1986). The largest recent event was a compound earthquake that
occurred on December 9, 2003 with a combined magnitude M 4.3 (Kim and Chapman, 2005).
The seismogenic structures responsible for events in the CVSZ, like other regions of eastern US
intraplate seismicity, are not well identified due to relatively low strain rates and sparse seismic
networks. The 23 August 2011 Mineral earthquake and subsequent aftershock sequence has
provided a rare opportunity to better understand seismically active faults in this area.
The seismogenic region of the CVSZ occurs in the crystalline Piedmont province of
central Appalachia, within a Paleozoic section of imbricate thrust sheets above a large basal
detachment (Hatcher, 1987). Much of the subsurface structure in this region has been interpreted
from seismic reflection profiles recorded by the U.S. Geological Survey and industry contractors
in the 1980s (Harris et al., 1982; Çoruh et al., 1988; Pratt et al., 1988; Lampshire et al., 1994).
The upper crust features low-angle faults resulting from the thin-skinned thrusting of the
Alleghanian orogeny during the Paleozoic, as well as high-angle faults resulting from Mesozoic
12
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extension. The area is grouped into three eastward-dipping allochthonous terranes: the Western
Piedmont mélange terrane, the Chopawamsic volcanic arc terrane, and the Goochland terrane
(Horton et al., 1989). The Paleozoic allochthon consists of a stack of eastward-dipping reflectors
overlying a ~100-km wide antiform that varies from 3 to 18 km depth. This structure has been
interpreted to be a compressional-extensional feature, which resulted from Paleozoic thrusting
followed by Mesozoic thinning and tilting (Çoruh et al., 1988). This section overlies
Precambrian Grenvillian basement at a depth of approximately 12 km beneath the western part of
the antiform (Keller et al., 1985, Pratt et al., 1988; Çoruh et al., 1988).
Many of the earthquakes in the CVSZ have been associated with structures interpreted
from these seismic reflection profiles (Çoruh et al., 1988). Others, such as the 23 August 2011
Mineral earthquake, do not align to the strike and dip of faults that have been mapped on the
surface or features imaged in the seismic profiles. The 2011 Mineral earthquake occurred within
the Chopawamsic terrane, in the region of the west-dipping flank of the Paleozoic antiform.
Focal mechanisms for past seismic events in this area have shown significant variability in
azimuth as well as both reverse and strike-slip motion (Munsey and Bollinger, 1985; Kim and
Chapman, 2005). Focal depths are generally above 12 km, with a mean depth of 8 km (Bollinger
et al., 1985). This is consistent with the seismogenic zone occurring above the Appalachian basal
detachment, which was interpreted by Çoruh et al. (1988) to lie at the brittle-ductile transition.

2.3 Data Acquisition - Field Parameters
The AIDA deployment was designed to record aftershocks on high-density seismic lines
modeled after controlled-source array methods. The equipment included 4.5 Hz vertical13
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component geophones and single-component REF TEK 125A "Texan" dataloggers from the
EarthScope Flexible Array pool maintained by the Incorporated Research Institutions for
Seismology Program for Array Seismic Studies of the Continental Lithosphere (IRIS
PASSCAL). These instruments were designed for portability and ease of deployment, allowing a
team of two to deploy 50 or more stations in a single day. The trade-offs for the ease of
deployment of Texan stations are limitations in the number of channels, frequency range,
memory capacity, and battery life of the stations, due to the instruments' outdated late-1990s'
technology. Texans are typically used in controlled-source surveys, recording at 250-1000
samples per second (sps) during pre-programmed windows. When recording continuously, even
at a reduced sampling rate of 100 sps, the limitations are 6-8 days for memory and 3-4 days for
battery life. For the AIDA project these limitations required field maintenance every 3 days to
change batteries while the instruments were live, and removal of the instruments from the field
for data offloading every 6 days.
The seismographs used in traditional aftershock stations are more ideally designed for
earthquakes and continuous recording, with lower frequency, 3-component sensors and
dataloggers with significantly greater memory and battery capacity. However, the deployment
time for these stations makes dense deployments prohibitive, as 1-2 stations per day is a typical
installation rate for a two-person team. The networks of conventional stations deployed to record
aftershocks of the Mineral earthquake totaled more than 40 stations installed by IRIS, the U.S.
Geological Survey (USGS), the Virginia Tech Seismological Observatory (VTSO), the LamontDoherty Earth Observatory of Columbia University, and the University of Memphis Center for
Earthquake Research and Information (Horton and Williams, 2012; McNamara et al., 2014). The
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AIDA deployment is considerably denser than even this heavily instrumented conventional
deployment (Figure 2.2).
The first phase of the AIDA deployment took place on 27 August, four days after the
Mw5.7 event. Two teams deployed 103 Texan stations at 200 m spacing in two linear profiles
based on early estimates of the main shock epicenter. Stations were deployed along county roads
for rapid accessibility. The second phase of deployment occurred on 1-3 September and extended
the array more directly across the aftershock zone (Figure 2.3). The original 103 instruments
were removed for data offloading and then reinstalled, along with an additional 105 Texan
instruments, at 200-400 m spacing. A 60 km NE-SW regional profile of 3-component "triple
Texan" stations at 2 km spacing was also deployed at this time to collect regional attenuation
data (Figure 2.2). Data were recorded for 12 days at a total of 201 locations over both phases of
deployment. 185 of these stations were within 15 kilometers of the main shock epicenter.

2.4 Aftershock Data
During the first four days of the AIDA deployment over 500 clear, small-magnitude
seismic events and over 1200 detectable but low signal to noise events have been identified (e.g.,
Figures 2.4-2.7). The dense array recordings lower the event detection threshold to below M 0,
while the minimum reporting threshold for most earthquake monitoring networks is M 1 to M 2.
Only 10 events, the smallest M 1.80, are listed for the same four day period in the Advanced
National Seismic System (ANSS) composite earthquake catalog, which includes data from 15
regional seismic networks including the USGS. Early reports from aftershock networks such as
those by VTSO and by Saint Louis University Earthquake Center (Herrmann, 2012) identify ~50
15
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events during this time. McNamara et al., (2014) report 53 events, the smallest M 0.1. The arraystyle acquisition of the AIDA data significantly increases the number of aftershocks that are
detectable during this early recording period.
The largest magnitude event captured by the AIDA arrays, M 3.7, occurred during the
first phase of deployment on 1 September 2011 at 9:09:38 UTC (Figure 2.4). Magnitudes for
events greater than ~M 2 cannot be calculated from the AIDA data due to large amplitudes being
clipped by the instruments, which are not designed for strong ground motions. Specific event
magnitudes reported here are calculated by VTSO. Magnitude estimates are based on
comparison of event amplitudes in AIDA data to those of nearby events of known magnitude.
Aftershocks that occurred during the first phase of deployment were only recorded on
AIDA lines 1 and 2 (Figure 2.3 map, Figures 2.4 and 2.6 aftershocks). Aftershocks that occurred
during the second phase of deployment were also recorded by lines 4, 5, and 6 to the west and
line 3, the regional profile (Figure 2.3 map, Figures 2.5 and 2.7 aftershocks). The aftershock
figures are array-style plots, analogous to controlled-source data “shot gathers”. The shape of the
phase arrivals across progressively more distant stations is a move-out curve controlled by the
earthquake time, hypocenter location, and intervening rock velocity for that phase. The first
arrival P-wave and the vertical component of the S-wave are clearly visible for these events.
Many of the events also show additional forward or back-scattered phases, such as the
intermediate converted or reflected phase visible between the P and S arrivals in Figures 2.4 and
2.6. Most aftershocks contain frequencies up to the 50-Hz Nyquist frequency of the 100 sps data.
The Texan seismograph is capable of much higher sampling rates, but the memory limitations
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required a trade-off between deployment duration and sampling rate, limiting the frequency
content of the recordings.
The smaller events recorded by the AIDA arrays are not documented in the conventional
aftershock catalogs, because the signal-to-noise ratio of these events falls below the automatic
detection threshold for those arrays. Trace-to-trace correlation of unaliased signal lowers the
detection threshold for the array below that of any individual station. Figure 2.6 is a M –0.1
aftershock in which the phase arrivals are clearly visible to a distance of ~8 km. Figure 2.7 is an
example of the very low signal-to-noise events that are clearly detectable on the AIDA arrays.
The magnitude of this event is estimated to be near the minimum detectable threshold, between
M –2 and M –1.5. For this aftershock, the P-wave arrival is clearly visible on the stations closest
to the event, but becomes almost imperceptible at a distance of less than 5 km from the epicenter.
The conventional sparse networks often have a station spacing of 5 km or greater (Figure 2.2),
meaning events like this could be identified on one or two stations at best. On dense array data,
small events like these can be identified on many more stations by trace-to-trace correlation. The
arrival times cannot be reliably picked on many of the individual stations from either type of
deployment, but the dense array geometry allows relative arrival times to be picked on enough
stations to provide reliable location calculations for many of the events in this magnitude range.
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2.5 Analysis
2.5.1 Velocity model
P- and S-wave first arrivals have been handpicked on the AIDA vertical-component data
for more than 300 events. This representative sample of aftershocks was selected from the high
signal-to-noise events recorded across the entire 12-day deployment. Events were chosen to
characterize the spatial distribution of the aftershocks based on variations in their move-out
curves. Estimated average picking errors for P-wave arrivals are 10-20 ms (1-2 samples); for Swave arrivals they are 40-60 ms. Picking accuracy is limited by the 100 sps sampling rate of the
AIDA data, which prevented recording of higher frequencies.
Hypocenter locations were calculated by joint inversion of the P and S arrivals using the
hypocenter-only component of the joint tomography algorithm of Hole et al. (2000). The P-wave
arrival times were weighted by a factor of two in these calculations to bias the locations in favor
of the smaller errors on the P-wave arrival picks. Calculations were performed in an X-Y
coordinate system based on a transverse Mercator projection. Hypocenters were located in a
range of constant P- and S-wave velocity models to evaluate the travel time misfits for the arrival
times of each phase.
Initial velocity models were based on the known geology of the area. Vp values from 5.9
km/s to 6.5 km/s, Vs values from 3.4 km/s to 3.8 km/s, and Vp/Vs ratios from 1.5 to 1.9 were
tested, as well as high and low gradient models. The models were evaluated by applying a chisquared misfit analysis to the RMS travel time misfits using the estimated picking errors. The Pwave arrival times across the array were most closely matched by Vp values of 6.2-6.25 km/s
and the S-wave arrival times by Vs values of 3.61-3.63 km/s. The Vp/Vs ratios of the best-fitting
18
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models were 1.72 to 1.73. Vp and Vs models with a low gradient whose upper crustal average
approaches these values also match the data. The velocity model from this preferred range that is
used for the hypocenter locations in the fault plane analysis presented below is Vp = 6.22, Vs =
3.62, Vp/Vs = 1.72.
The RMS misfits for hypocenters located in this velocity model are 16 ms for the P-wave
arrivals and 60 ms for the S-wave arrivals. These travel time misfits are very close to the
estimated picking errors for the respective arrivals, indicating that the move-out curves are
consistent with a constant velocity structure. Three-dimensional velocity variations are not
required to match the data. The arrival times recorded by the AIDA arrays only sample the upper
crust between the hypocentral zone and the stations on the surface, defining a roughly wedgeshaped volume approximately 12 km x 12 km x 9 km (Figure 2.9). Potential velocity variations
outside this volume are not constrained by this data.
Systematic arrival time misfits indicative of three-dimensional velocity structure might
not be apparent in the RMS values. To test this, the arrival times were inverted using the joint
hypocenter and velocity tomography algorithm of Hole et al. (2000). The resulting threedimensional velocity models, inverted testing different parameters, all contain variations of less
than 0.15 km/s across the volume. The travel time misfits produced by relocating the hypocenters
in these 3-D velocity models did not statistically improve. Synthetic data were created with the
AIDA station and hypocenter geometries to test the resolution of the models. A 1-km cubic, +0.4
km/s velocity anomaly was recovered by inverting the synthetic data in a constant velocity
starting model using the full joint hypocenter and tomography algorithm (Figure 2.9). These
results indicate the station and hypocenter geometries can resolve spatially small velocity
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variations within the area of ray coverage, and therefore heterogeneity in the velocity model
cannot be justified with this data.

2.5.2 Hypocenters
Hypocenters for the 306 aftershocks located from the AIDA dataset define a 1-2 km wide
planar region striking ~029° and dipping ~53°E (Figure 2.10), which is consistent with the
Mineral main shock focal mechanism (Herrmann, 2011; Chapman 2013). RMS travel time
misfits for these hypocenter locations are roughly equal to the estimated picking errors and
correspond to location errors of ~100 m. The trade-offs between the range of acceptable
velocities, hypocenter depth, and event time correspond to a vertical range of ~100 m and a
horizontal range of less than 20 m for each hypocenter. This hypocentral accuracy is comparable
to typical double-difference relative location accuracy, but is for absolute locations and does not
require using double differences. The width of the hypocentral cloud is an order of magnitude
greater than the error estimates on the hypocenter locations, indicating that the width of this zone
must be real and represents complexity in the fault zone rather than errors on the hypocenter
locations. Velocity variations within the range of acceptable P and S values do not significantly
affect the relative locations of hypocenters within the cloud, but allow an absolute depth shift of
up to ~100 m and corresponding change in the dip angle of the hypocenter cloud of less than 1°.
To analyze the distribution of hypocenters within the cloud, the hypocenters were rotated
in a full 3D volume to examine alignments or gaps that might be indicative of secondary
structures such as splay or antithetic faults. Following this initial qualitative assessment, the
hypocenters were divided into groups corresponding to slices along the strike of the fault plane.
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These subsets of hypocenters were evaluated for changes in structure along strike of the fault
zone. The process was repeated for depth slices to examine changes in hypocenter distribution
with depth.
The systematic analysis of the hypocenter cloud revealed structural changes along the
fault zone defined by these hypocenters. The initial complex rupture occurred at ~8 km depth
near the southwest end of the hypocentral zone. The along-strike segments show most of the
aftershocks that occurred during the time frame of the AIDA deployment in this area were
concentrated between 3 and 6 km, with very few events occurring at the 8-km depth of the initial
rupture. The hypocenter cloud is less tightly clustered and generally deeper in the northeast
(Figure 2.10). The along-strike segments highlight a small change in orientation approximately
half way along the length of the cloud, visible in map view in Figure 2.11. A best-fitting plane
through the entire hypocenter cluster has a strike of ~029°. If the two sections are considered
separately, however, the southern cluster has a strike of 027° and the northern cluster 032°.
Projection of the hypocenters across this change in orientation contributes to the apparent width
of the fault zone as defined by the hypocenter cloud.
Analysis of the depth-interval clusters suggests the dip of the fault zone becomes less
steep below 6 km depth (Figure 2.12). The cluster of events above 6 km is steeper and narrower,
dipping at ~58°E. The aftershocks in the deeper section are less planar, trending just above the
depth of the main shock with an approximate dip of 52°E. These changes in orientation and dip
of the hypocenter cloud along strike and with depth describe a broad fault zone with a slightly
concave shape. This fault zone projects to an area of eastward-dipping imbricate reflectors
overlying the west-dipping antiform imaged on regional seismic reflection profiles by Çoruh et
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al. (1988), but the strike and dip are not consistent with these features. This indicates the faults
that produced the 23 August 2011 event and subsequent aftershock sequence were previously
unidentified seismogenic structures.

2.6. Discussion and Conclusions
The Aftershock Imaging with Dense Arrays deployment recorded 12 days of continuous
data beginning on the fourth day after the Mw5.7 Mineral earthquake on 23 August 2011. These
data include more than 500 high signal-to-noise aftershocks during the first four days of
recording and hundreds more over the rest of the deployment. The detection threshold for these
events is estimated to be between M -1.5 and M -2, with many events that can be handpicked
below magnitude M 0. Traditional methods have been applied to the P- and S-wave arrival times
from these data to locate the aftershock hypocenters with absolute accuracy of about 100 m and
to provide evidence of an upper crust with a homogeneous velocity structure above the primary
fault zone. Travel time misfits in the best-fitting constant-velocity model, Vp = 6.22 km/s and Vs
= 3.62 km/s, are comparable to picking errors, providing a good fit to the data without requiring
complexities in the velocity structure. This lack of velocity heterogeneity is consistent with the
known geology of the crystalline thrust sheets in the Piedmont Province where the events
occurred.
The hypocenter locations from the AIDA data define a 1-2 km thick northeast trending
fault zone dipping to the east that is consistent with the focal mechanism of the main shock.
Analysis of this hypocenter cloud reveals a ~5˚ bend or curve along the strike of the fault plane,
with the southern section best fitting a strike of 027° and the northern section 032°. There is also
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an apparent change in the dip of the seismogenic zone at around 6 km depth, shallowing from
58°E near the surface to approximately 52°E in the deeper section. These features indicate a
broad, concave fault zone. The orientation of this cloud of active seismicity does not correspond
to any known structures at the surface or at depth. This indicates the motion of the Mineral
earthquake and subsequent aftershock sequence occurred on a previously unrecognized
seismogenic structure. This is common in areas of intraplate earthquakes throughout eastern
North America.
The AIDA project has shown that seismic array methods comparable to those used in
controlled-source seismology can be successfully applied to aftershock sequence recordings.
Dense arrays provide significant advantages by reducing spatial aliasing and lowering event
detection thresholds compared to sparse aftershock networks. These arrays can yield models of
geologic and hypocentral structure with much higher spatial resolution. The logistical challenges
and data quality issues would make a larger deployment impractical, however, with the current
instruments owned by the community. The data from these instruments are limited in frequency
and amplitude, they do not have multi-channel capability, and the battery life and memory
capacity limit the recording duration to only a few days, even at restrictive sampling rates. Future
dense array deployments would benefit from instruments that address these concerns, possibly
modeled on instruments currently in use in the petroleum exploration industry. With arrays of
instruments like these, a tremendous amount of data would become available that is currently
being lost due to insufficient instrumentation, with potential applications for understanding
source volume characteristics, wave propagation, and the rupture dynamics of earthquakes.
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Figures

Figure 2.1 Map of historic seismicity recorded in Virginia from 1977 to 2011. Arrow indicates
location of the 23 August 2011 main shock, located in the Central Virginia seismic zone.
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Figure 2.2 Map of Virginia earthquake aftershock stations. Circles are AIDA stations. Triangles
are conventional network stations.
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Figure 2.3 Near-field map of AIDA deployment, using same symbols as Figure 2.2. Phase 1 of
the deployment included Lines 1 and 2. Phase 2 redeployed Lines 1 and 2 at a larger station
spacing and added Lines 4, 5, and 6, as well as the 3-component regional Line 3.
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Figure 2.4 The largest magnitude (M 3.7) aftershock recorded on the AIDA arrays. Line numbers
refer to Figure 2.3. Figure shows true relative amplitudes scaled for this event.
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Figure 2.5 Aftershock recorded during Deployment phase 2. Line numbers refer to Figure 2.3.
Figure shows true relative amplitudes scaled for this event.
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Figure 2.6 An aftershock of magnitude M –0.1. Arrivals are easily tracked at longer distances by
trace-to-trace correlation. Figure shows true relative amplitudes scaled for this event.
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Figure 2.7 Aftershock showing the advantages of array data for very weak events. P-waves are
nearly imperceptible on most of the individual traces beyond 2 km. Figure shows true relative
amplitudes scaled for this event.
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Figure 2.8 Relationship of AIDA arrays to aftershock epicenters. A-A', B-B', and C-C' refer to
cross-sections in Figures 2.9 and 2.10.
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Figure 2.9 Result of velocity resolution test. 2D depth slice taken along A-A' in Figure 2.8.
Synthetic travel time data were created for the AIDA array using preferred hypocenters in a 6.2
km/s background model containing a 1-km, 6.6 km/s cube (shown as box). Random picking
errors comparable to the real data were added, and the data were inverted using the same joint
hypocenter location and tomography procedure as for the real data. The resulting velocity model,
in grey, resolves the anomaly but with a lower peak amplitude of 6.35 km/s. Areas outside the
ray coverage are white.
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Figure 2.10 Hypocenters in depth slices across and along strike (B-B' and C-C' in Figure 2.8).
Angles of view are 029° and 297° respectively. The fault-zone dip is ~53°E.
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Figure 2.11 Along-strike variation in hypocenter orientation. (Top) Map view of hypocenter
locations. Dotted line indicates the change in orientation of the strike of the hypocenter cloud.
Panel A is a 2D depth slice showing the hypocenters south of the dotted line viewed at 027°.
Panel B shows the hypocenters north of the dotted line viewed at 032°.
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depth and ~52˚E at greater depth.
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Chapter 3

A Strong Contrast in Crustal Architecture From Accreted Terranes
to Craton, Constrained by Controlled-Source Seismic Data in Idaho
and Eastern Oregon

A version of this chapter was submitted to Lithosphere in 2016, with coauthors: John Hole
(Virginia Tech), Basil Tikoff (University of Wisconsin-Madison), Raymond Russo (University
of Florida), and Steve Harder (University of Texas El Paso) and is currently undergoing
revisions.

Abstract
Crustal structure was derived from EarthScope IDOR controlled-source seismic data
across the Precambrian continental margin in the Idaho and Oregon region of the U.S. Cordillera.
Refraction and wide-angle reflection traveltimes were inverted to derive a seismic velocity
model that constrains the contact between oceanic accreted terranes and craton. The seismic data
reveal that the boundary is a near-vertical, through-going feature of the crust, represented by the
transpressional western Idaho shear zone. The WISZ separates crust with different seismic

40

CHAPTER 3. A Strong Contrast in Crustal Architecture in Idaho and Oregon

velocities at all depths and extends to a ~7 km offset of the Moho. The thinner, ~32 km thick
accreted terrane crust to the west is characterized by faster seismic velocities that correspond to
an intermediate composition. We interpret a high velocity layer below a high-amplitude seismic
reflection as mafic magmatic underplating associated with the feeder system of the Columbia
River Basalts. The cratonic crust east of the WISZ is 37-40 km thick, with a felsic composition
to ~29 km subsurface depth, underlain by an intermediate composition layer above the Moho.
Continuity of crustal architecture identifies the extent of the Archean Grouse Creek cratonic
block beneath the southeastern portion of the Atlanta lobe of the Idaho batholith. The primarily
felsic velocity structure and thicker crust are consistent with the Atlanta lobe melting within a
thickened crust. The steep, strong contrast in crustal lithology and thickness across the cratonic
margin imply a strong contrast in rheology, which provides a mechanism for structural control of
later tectonic events.

3.1 Introduction
In western Idaho a steep tectonic boundary marks the remnants of a suture zone that has
been fundamentally reshaped since accretion of oceanic island-arc terranes in the JurassicCretaceous. This part of the North American Cordillera has undergone a complex sequence of
tectonic events that have formed, deformed, overprinted, and altered the crustal structure of the
former passive margin. Following subduction and terrane accretion, a period of arc magmatism
and intense transpressional deformation consumed much of the suture zone and juxtaposed
Precambrian North American craton against relatively juvenile accreted oceanic terranes less
than 10 km away (e.g., McClelland et al., 2000; Tikoff et al., 2001; Giorgis et al., 2008). The
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current demarcation of the intervening boundary is the steeply dipping western Idaho shear zone
(WISZ) (Figure 3.1). Subsequent tectonic events in the region, including the emplacement of the
adjacent Idaho batholith, the outpouring of voluminous Columbia River flood basalts, and Basin
and Range extension, were influenced by the preexisting crustal architecture of the former plate
margin.
The transition from oceanic-affinity strontium isotope signatures (87Sr/86Sr ≤ 0.704) to
continental-affinity signatures (87Sr/86Sr ≥ 0.708) typically occurs gradually over >100 km
elsewhere in the western Laurentia boundary characterized by suturing (e.g., Giorgis et al.,
2005). This isotopic transition occurs over only 5-10 km in Late Cretaceous plutons across the
WISZ in the IDOR study area (Armstrong et al., 1977; Fleck and Criss, 1985; Manduca et al.,
1993). The close proximity of these isopleths indicates a near-vertical contact between the
accreted terranes and the North American craton at least to the magma-source depth in the midcrust. However, geochemical data records a second sharp 87Sr/86Sr transition in mantle-sourced
Miocene volcanic rocks that lie ~150 km west of the WISZ (e.g., Hart, 1985; Leeman et al.,
1992; Evans et al., 2002). This led to models that attempted to explain the presence of the two
sub-parallel Sr=0.706 isopleths by proposing a horizontal offset or detachment of the steep
boundary in the lower crust or upper mantle (Figure 3.2; Leeman et al., 1992). Understanding the
geometry and implications of this boundary at depth was a primary goal of the multidisciplinary
EarthScope IDOR project.
The IDOR controlled-source seismic project collected a 430-km seismic refraction and
wide-angle reflection dataset across the western Idaho shear zone and ~200 km into the accreted
terranes and craton on either side of the boundary (Figure 3.1). This manuscript describes new
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constraints on the deep structure of the boundary between oceanic-arc terranes and the North
American craton, and on the structure and seismic velocity (wavespeed) of the adjacent crust
from refraction and reflection travel time inversion.

3.1.1 Tectonic and Geologic Background
The modern boundary between accreted terranes and Precambrian North American craton
in west-central Idaho lies along the Western Idaho shear zone (WISZ), a steeply dipping, 5-10
km wide zone of deformation that records evidence of dextral transpressive kinematics. This
shear zone is coincident with the 87Sr/86Sr=0.706 isopleth recorded in Late Cretaceous plutons,
which separates younger, oceanic or island-arc affinity igneous rocks from much older rocks of
the North American craton (Armstrong et al., 1977; Fleck and Criss, 1985). The current structure
of the continental margin is the result of multiple phases of tectonic modification that have
impacted the region since terrane accretion began in the Jurassic.
Prior to terrane accretion, the western edge of the North American craton had been a
dominantly passive margin for ~500 Myr since the Cambrian (Bond et al., 1984). Since the
Jurassic, this continental margin has undergone multiple phases of tectonic modification
associated with the formation of the North American Cordillera and subsequent events, including
subduction and terrane accretion, transpressional deformation accommodated by a crustal-scale
shear zone, multiple phases of voluminous magmatism, and extension. The complex sequences
of events that have modified the Precambrian continental margin in the area of western Idaho
and eastern Oregon have culminated in a boundary that is unusually steep and narrow (e.g.
Manduca et al., 1993; McClelland et al., 2000; Tikoff et al., 2001; Giorgis et al., 2008).
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The sequence of tectonic events that eventually led to the formation of the western Idaho
shear zone began with the amalgamation and accretion of oceanic arc terranes during the Jurassic
and Early Cretaceous (Selverstone et al., 1992; Getty et al., 1993). The accreted Blue Mountains
Province (BMP) terranes (Figure 3.1) comprise oceanic island arcs and arc-related sedimentary
basins amalgamated outboard of North America during the Late Triassic (Vallier, 1977; Brooks,
1979; Dickinson, 1979; Vallier and Brooks, 1995; Dorsey and LaMaskin, 2007), and docked to
North America at ~160 Ma south of their current location in Oregon and Idaho (e.g., Schwartz et
al., 2011; LaMaskin et al., 2015). The Salmon River suture zone had formed by ~130 Ma as a
result of these accretionary processes along the western edge of the craton (Lund and Snee, 1988;
Gray and Oldow, 2005). Estimates for the total northward translation of the BMP vary from
~100 km to >1000 km (e.g. Wyld and Wright, 2001; Gehrels, 2001; Dickinson et al., 2004;
Housen and Dorsey, 2005; LaMaskin et al., 2011).
After accretion, a subduction-zone continental arc was active in the area of the suture
from ~120-87 Ma (e.g., Manduca et al., 1993; Giorgis et al., 2008; Gaschnig et al., 2010). Strong
transpressional deformation produced the Late Cretaceous western Idaho shear zone within the
active continental arc (Figure 3.1; e.g., Tikoff et al., 2001; Giorgis et al., 2016). Arc magmatism
and the near-vertical shear zone truncated and largely consumed the Salmon River suture zone,
producing the sharp St isotopic break and resulting in the narrow zone of deformation that
represents the modern surface boundary between continental and terrane crust (Lund and Snee,
1988; Manduca et al., 1993; Giorgis et al., 2005). The suture zone and the shear zone are
spatially coincident, but they likely represent distinct phases of deformation (McClelland et al.,
2000; Tikoff et al., 2001; Giorgis et al., 2008). Remnants of the Salmon River suture zone at the
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latitude of the IDOR controlled-source seismic line are buried beneath Cenozoic volcanic flows
and sediment, but there are exposures of suture-related belt rocks nearby to the north (Figure 3.1;
e.g., Hamilton, 1963; Gray and Oldow, 2005; Blake et al., 2009). The timing of motion on the
WISZ is well constrained by age dates, ductile deformation patterns and lack thereof, and
structural relationships in plutons near the shear zone. These data indicate that motion on the
WISZ probably initiated by ~103 Ma (Braudy et al., 2016) and ceased by ~90 Ma (e.g., Manduca
et al., 1993; Benford et al., 2010; Giorgis et al., 2008).
Within and immediately adjacent to the WISZ, the Idaho batholith includes a narrow
zone of 110-87 Ma plutons that were coeval with motion on the WISZ (Manduca et al., 1993;
Giorgis et al., 2008; Gaschnig et al., 2010). Major and trace element geochemistry of this phase
detects components of crust and mantle, indicative of arc magmatism (Gaschnig et al., 2011). A
small number of plutons of similar age also exist further east. The most voluminous parts of the
Idaho batholith, however, are the large 83-67 Ma Atlanta lobe, which is crossed by our seismic
line, and the smaller 66-53 Ma Bitterroot lobe to the north (Figure 3.1; Armstrong et al., 1977,
Hyndman, 1983; Vallier and Brooks, 1986; Foster et al., 2001; Gaschnig et al., 2010). The
composition of these lobes is more felsic, dominated by peraluminous mica granites as opposed
to the metaluminous amphibole-bearing granodiorite that dominates pre-85 Ma. U-Pb zircon core
data indicate that the peraluminous plutons cannibalized earlier plutons as well as melted the
craton (Figure 3.1; Gaschnig et al., 2010, 2013, 2016). Petrology, metamorphic relationships in
the Bitterroot lobe (Foster et al., 2001), and isotope geochemistry (Gaschnig et al., 2011) are all
consistent with post-85 Ma melting occurring within thickened continental crust, with little or no
contribution from the mantle.
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Proterozoic-Paleozoic cratonic platform sediments are exposed to the east of the Idaho
batholith near the seismic line (Figure 3.1). Cratonic basement rocks are not exposed along the
seismic profile, but Gaschnig et al. (2013) observe Archean zircon cores in the southern Atlanta
lobe that are consistent with the Grouse Creek unit as defined by Foster et al. (2006) in southern
Idaho. U-Pb zircon ages farther north in the batholith are consistent with a Proterozoic-age
cratonic basement similar to that exposed to the north. The boundary between these cratonic
blocks crosses the seismic line obliquely within the Atlanta lobe (Figure 3.1).
The tectonic regime became extensional in the Eocene. Eastern phases of the Idaho
batholith and cratonic platform sediments are covered by Challis volcanic flows and intruded by
related shallow plutons in central-eastern Idaho (Figure 3.1; Hyndman, 1983; Moye et al., 1988;
Lewis & Kiilsgaard, 1991; Gaschnig et al., 2010). Challis magmatism spanned 53-43 Ma with
diverse compositions from mixed mantle and crustal sources (Gaschnig et al., 2011). The
magmatism has a clear relationship with active extension.
Large portions of Oregon, Washington, and western-most Idaho were covered in the
Miocene by widespread lava flows of the Columbia River Basalt Group (CRB) (Figure 3.1;
Waters, 1961; Reidel and Hooper, 1989; Reidel et al., 2013a, 2013b). Source dikes for the 17–5
Ma CRB flows are restricted to a few areas. The seismic line crosses the major Chief Joseph dike
swarm near the Idaho-Oregon border (Figure 3.1). The CRBs are associated with regional
extension and are often attributed to a mantle plume origin (e.g., Camp and Ross, 2004; Hooper
et al., 2007; Camp, 2013).
Miocene to ongoing tectonic deformation is dominated by Basin and Range extension,
primarily to the south of the study area, which began ~16 Ma (Oldow et al., 1989). The seismic
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line crosses extensional ranges and valleys in eastern Idaho that strike northwest (Figure 3.1),
oblique to the northern strike of the Nevada Basin and Range to the south. Extension also occurs
in Long Valley immediately east of the WISZ, which has tilted the WISZ to ~70-80° dip to the
east (Tikoff et al., 2001).

3.2 IDOR Refraction and Wide-Angle Reflection Seismic Survey
A 430-km long controlled-source seismic survey was acquired in 2012 across eastern
Oregon and Idaho as part of the multidisciplinary EarthScope IDOR project. The east-west
refraction and wide-angle reflection profile crosses perpendicular to the boundary separating the
Blue Mountains Province accreted terranes and the Precambrian North American craton (Figure
3.1). Distance along the profile was sufficient to record seismic waves that sample the lower
crust and uppermost mantle on either side of the boundary. The controlled-source profile was colocated with a broadband teleseismic array deployed as part of the larger IDOR project (Stanciu
et al., 2016).
The controlled-source survey included 8 explosive shots recorded over two nights. Shot
spacing was nominally 40-km, with a ~120-km shot gap across National Forest lands in Idaho
due to permitting restrictions. This gap unfortunately corresponds to the Idaho batholith, but
stations in the batholith and ray paths under-shooting the batholith provide reasonable coverage.
The shots each comprised ~900 kg of explosives contained in a 30-cm borehole. The explosive
sources were designed to maximize seismic wave generation while minimizing permanent rock
deformation, so the explosive medium was buried to a ~21-m center-of-mass depth and the
boreholes were plugged with cuttings and bentonite clay. The wide borehole diameter reduced
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the vertical length of the medium, increasing the peak pressure of the explosion and thereby
increasing seismic energy.
The shots were recorded at 2555 stations utilizing 4.5 Hz vertical-component geophones
and REF TEK 125A "Texan" seismographs recording at a 4 ms sampling rate. The dominant
frequency observed from the shots is about 12 Hz. The recording stations were spaced at 100200 m along roads, 500 m on hiking trails, and ~1 km where access was limited by road closures
due to forest fires. There were 2 gaps of ~5 km each where stations were not deployed due to
lack of access by road or hiking trail, and a ~20 km gap on shots 5 and 7 where an encroaching
forest fire required stations to be removed prior to the second night of shooting. Instrumentation
and field support were supplied by IRIS PASSCAL (Incorporated Research Institutions for
Seismology, Portable Array Seismic Studies of the Continental Lithosphere), and deployment
was conducted by a field crew of 53, mostly volunteers. An emphasis was placed on education
and inclusion during the volunteer selection process, so the field crew included 22 undergraduate
students recruited from schools with limited opportunities for research experience, including 4year colleges and minority-serving institutions.

3.3 Seismic Data
Signal quality varies with the local surface conditions and geology for each source site.
The western shots 1, 2, and 3 in Oregon were located in surface outcrops of accreted Blue
Mountains Province, overlying CRB volcanics, or overlying Cenozoic sediment (Figure 3.1).
Source-to-ground coupling for these shots was good due in part to a high water table, and energy
from these shots is clearly visible out to the eastern-most recording stations, up to 420 km
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source-receiver offset (Figure 3.3). Shot 5 was located in thick basalt flows west of the WISZ in
Idaho (Figure 3.1). Shot 7 was located on the eastern edge of the western Idaho shear zone
(Figures 3.1 and 3.4). Energy from both of these shots was strongly attenuated in the western
~90 km of the line due to near-surface geology in that region. East of the Idaho National Forest
shot gap, shots 8, 9, and 10 provided sources on the cratonic side of the continental margin
(Figure 3.1). Signal quality for these shots was not as high as the western shots, with usable
signal to ~200 km offset (Figure 3.5). Shot 8 was located in a water-saturated stream valley near
the eastern extent of the Idaho batholith, in an area where Challis volcanic flows directly overlie
the eastern margin of Idaho batholith intrusive bodies (Marek and Lechner, 2011). Shot 9 was
above the water table in unconsolidated alluvial sediments on the western flank of the Lost River
Range, which resulted in poor coupling. Shot 10 was located on Proterozoic crystalline rocks at
the edge of the Pahsimeroi basin. The signal of both shots 9 and 10 was rapidly attenuated by
propagation across ridge and valley structures associated with the Basin and Range extension in
this area.
Multiple P-wave seismic phases are visible in the shot gathers for each of these shots
(Figures 3.3-3.5), as well as S-wave phases that are not considered in this analysis. P-wave phase
information is summarized in Table 1. Upper crust turning waves (Pg) have a high signal-tonoise ratio to 80-100 km offsets on every shot, except shots 9 and 10, which deteriorated beyond
25 and 45 km offset, respectively. The inverse of the time/offset slope of the Pg arrival provides
an estimate of the apparent seismic velocity of the layers through which the rays travel. Very
short-offset arrivals for several of the shots show apparent velocities between 3 and 4 km/s,
indicating the presence of sedimentary basins. The longer-offset Pg phases on the western side of
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the line rapidly increase in apparent velocity from ~5.0 km/s for the shallower rays to 6.3-6.4
km/s beyond ~50 km offset (Figures 3.3 and 3.4). On the eastern side of the line, the maximum
Pg apparent velocities are 6.0-6.2 km/s to >170 km offset (Figures 3.4 and 3.5). This contrast is
most obvious on the shot located at the WISZ, where the slope of the Pg arrivals to the west is
visibly different from the slope of the Pg arrivals to the east (Figure 3.4). The Pg phase becomes
a secondary arrival behind seismic energy refracted from the uppermost mantle (Pn) at offsets
greater than 150 – 160 km on stations west of the shots and ~165 – 175 km on stations east of the
shots. This Pn phase is observable at an apparent velocity of 7.8-8.0 km/s on all shots (Figures
3.3-3.5) except shot 9.
Wide-angle reflections from the mid-crust and Moho beneath both the eastern and
western portions of the line are observed as secondary arrivals on all of the shots (Figures 3.33.5). Reflected phases are identified on shot gathers based on the characteristic quasi-hyperbolic
curvature of arrival time as a function of offset ("moveout") and have their largest amplitudes
near the reflection critical angle. Refractions from below a reflector are tangent to the reflection
hyperbola and have an apparent velocity associated with the layer beneath the reflector.
Reflections from the Moho (PmP) are identified based on this tangential relationship to the ~8
km/s apparent velocity Pn refracted phase. The Moho reflection observed on shot 7 for stations
to the east is unusual in that it is observable at near-vertical angles but has lower amplitude near
the critical angle. Near surface features further obscure the association of PmP to Pn on this shot,
so the identity of PmP is based on reciprocity with shot 8.
Reflections from discontinuities within the crust typically have lower amplitude
compared to PmP because the impedance contrast is not as strong as the contrast between crust
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and mantle. However on most of the IDOR shots, the PmP arrivals do not have significantly
higher amplitude than the intra-crustal reflections. This could indicate energy attenuation through
the crust, layering at the base of the crust, or a Moho that is gradational at the wavelengths of the
data. The largest-amplitude reflection observed in the data is a mid-crustal reflection labeled P1P
on shot 2 that is much stronger than the Moho reflection (Figure 3.3). Midpoints for this arrival
are beneath the accreted terranes in Oregon. Modeling indicates that any refracted phase
associated with this reflector is not observed because it is not a first arrival and is not detectable
in the coda of the Pg and Pn phases. There are two other reflectors observed over a relatively
long range of offsets; both are lower amplitude than the P1P reflection. P2P and P3P are both
observed on stations on the eastern side of the line before the PmP phase (Figures 3.3 and 3.4).
Additional moderate-amplitude reflections are recorded over shorter offset ranges, including
upper-crust reflections observed on shots 2, 7, and 9, mid-crust reflections on the shots at the
eastern end of the line, and a high-amplitude, short-offset reflection from the lower crust on shot
7 (P4P) (Figures 3.3 and 3.4).
P-wave travel times were picked manually for Pg, Pn, and reflected Moho (PmP) and
mid-crustal (PxP) phases. Data were filtered using an Ormsby bandpass filter with corner
frequencies of 2, 8, 16, and 32 Hz. Crooked road geometry, ~2 km of elevation variation, and
narrow near-surface basins produced irregularities in the Pg arrival times of up to 250-ms delay
between stations <200 m apart. To correct for these near-station delays, a static time correction
based on the first arrival times was temporarily applied to aid picking of secondary arrivals.
These time shifts were then removed to obtain absolute travel times.
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The travel time pick uncertainty on first arrival Pg picks is estimated to be no more than
half of the dominant period (<40 ms) for offsets <50 km on shots 1 to 8, and <100 ms for shots 9
and 10 due to the near-surface complexities and low amplitude first arrivals on those shots
(Table 1). Longer-offset and secondary arrivals have more variability in the picking uncertainty
due to vastly different signal quality, attenuation, and noise on each arrival (Table 1). Secondary
arrivals are also subject to a greater chance of cycle skipping (~80 ms/cycle). These picking
errors are usually systematic across a range of offsets, and there is a bias toward picking later
cycles, and therefore modeling slightly deeper reflector depths, due to the difficulty of
identifying emergent energy. Secondary arrivals observed between shots 7 and 8 are most prone
to systematic picking errors due to the lack of reciprocity resulting from the lack of shots across
this gap. Picks in this region were accepted with higher uncertainty than in other parts of the
seismic line to ensure that the large-scale structure modeled beneath the batholith is consistent
with the data. Velocities below Pg depths are based primarily on the curvature of mid-crustal and
Moho reflected arrivals, not their absolute times, so systematic cycle-skipping errors of a few
hundred milliseconds on travel times of tens of seconds have a minor effect upon velocity.

3.4 Travel Time Inversion
3.4.1 Methodology
Travel times of the observed P-wave phases were inverted to produce a seismic velocity
model of the crust and uppermost mantle using a three-dimensional (3-D) inversion procedure
that incorporates direct, turning, reflected, and refracted arrivals. The method forward models
first-arrival travel times to every point throughout a gridded 3-D velocity volume using a finite52
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difference solution to the eikonal equation (Vidale, 1990; Hole and Zelt, 1995). This algorithm is
computationally more efficient than ray tracing to a large number of stations. Ray paths through
the gridded time volume are found by following the steepest travel time gradient from the
receiver back to the source. Travel time misfits are inverted by simple back-projection (Hole,
1992), distributing them equally along the ray path. The slowness (inverse of velocity)
perturbation of each grid cell is then calculated from the mean misfit of all the rays that intersect
that cell. This perturbation volume is smoothed and added to the velocity model. The entire
procedure, including ray tracing in the updated model, is repeated until the model reaches an
acceptable travel time misfit.
The algorithm was expanded by Hole and Zelt (1995) and Zelt et al. (1996) to incorporate
reflected arrivals by calculating travel times through the velocity volume in two steps, where the
reflection surface acts as an intermediate "source" for calculating the second part of the ray path.
Reflection travel time misfits are inverted for the depth of the reflector, then the overlying layer
velocity, and iterating until a satisfactory misfit is obtained.
The modeling philosophy emphasizes minimum structure and a layer-stripping approach
to building the model. The minimum structure approach (Zelt, 1999) avoids imposed features
that are not strictly required by the data, even if a model that includes the imposed structure
could be designed that would match the data. The earliest iterations of the modeling process
begin with very large-scale smoothing to match long-wavelength velocity structure, and
subsequent iterations gradually reduce the smoothing parameters to allow details to emerge while
maintaining the model's stability. This approach pushes travel-time misfits into large, smooth
structure, such that the final model is a smooth version of the true velocity structure.
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The layer stripping philosophy (Parsons et al., 1996; Zelt et al., 1996, Zelt, 1999)
attempts to build a robust model by using the highest quality data first, and only incorporating
lesser quality data once the better data have been modeled. This is accomplished by beginning
with the shortest shot-receiver offset arrivals, which are usually the highest signal-to-noise and
have the least uncertainty, and using them to model the shallowest layers of the model. The short
ray paths mean that high-quality travel time misfits are only being applied to a small number of
grid cells at shallow depth, which reduces uncertainty in any given cell. When this layer of the
model has reached a satisfactory misfit, the shallow portion of the model is kept fixed during
modeling of deeper layers. The next set of travel times is incorporated to model the next deeper
layer, and the procedure is continued until all phases have been incorporated into the model. This
process forces the misfits of each phase into the deeper layers of the model that have not already
been constrained by more reliable travel times.

3.4.2 Implementation
The orientation of the IDOR controlled-source seismic profile was approximately eastwest, with road and trail access resulting in a crooked line geometry with ~40 km of north-south
variation. The 3-D model box was 430 km x 45 km x 50 km with a 500 m grid size to allow ray
tracing through the velocity volume with true shot and receiver locations. The X-Y coordinate
system used for the travel time tomography was based on a Transverse Mercator coordinate
system centered on -115° longitude. The Z-axis was depth below sea level, and true shot and
receiver elevations were included in the model.
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3.4.2.1 Upper Crust
The preferred starting model for the travel time inversion was a very smooth 1-D model
with no sharp changes in velocity that was based on an average of the first arrival travel time
picks for all shots (Figure 3.6). Alternative models with a faster/slower average velocity and a
higher/lower velocity gradient with depth were also tested. None of the starting models included
lateral variation in velocity. All of the 1-D starting models produced final models with similar
structure, including a lateral velocity contrast in the upper crust velocity.
The initial smoothing for the tomography (Hole, 1992) was 240 km in X and Y and 40
km in depth. The smoothing was allowed to decrease in successive iterations while maintaining a
fixed horizontal-to-vertical ratio. A range of X-Z ratios were tested, including 2:1, 3:1, 4:1, 5:1,
and 8:1. The 4:1 horizontal-to-vertical ratio was chosen because it provided the best traveltime
misfits without creating obvious artifacts in the model. This ratio also mimics the dominant
shape of the ray paths, since they travel much farther horizontally than they do in depth. At most
scales the crooked line geometry does not provide enough ray coverage to constrain north-south
velocity variation, so the model was forced to be 2-dimensional (2-D) by smoothing across the
entire model volume in the Y-direction.
Reliable ray paths from Pg travel times constrain the first layer of the IDOR seismic
velocity model to a subsurface depth of ~10 km (Figure 3.7a). Due to the shot spacing, the
highest signal-to-noise, short offset (<40 km) portion of these arrivals do not have sufficient
intersecting rays to model independently as the first layer. To incorporate the higher quality
information from stations at <40 km offset, the initial Pg upper crustal model derived from all
offsets was updated by tracing the travel times from these stations through the model with less

55

CHAPTER 3. A Strong Contrast in Crustal Architecture in Idaho and Oregon

smoothing. For this near-surface layer alone, variation in the Y-direction was allowed due to the
north-south geologic variability and crooked line at the scale of the final 2x2x1 km smoothing
(Table 1). These high-resolution updates to the model reveal structures in the upper ~2 km, such
as sedimentary basins, that can be correlated with known surface geology. The final root-meansquare (RMS) travel time misfit of 43 ms for all Pg picks (Figure 3.8a; Table 1), including longer
offsets, was improved from >60 ms without the high-resolution near-surface layer.
A non-geologic 2-D boundary was extracted from near the bottom of the reliable Pg ray
coverage, near 10 km subsurface depth. The model above this boundary was held fixed when
modeling the deeper crust. The velocities at this boundary were extended to greater depth and
smoothed to produce the starting model for the middle crust.

3.4.2.2 Middle Crust and Reflectors
Once the upper crust velocity was well resolved, wide-angle reflection travel times from
the mid-crust were used to invert for reflector depth and velocity structure between the fixed
upper crust and the reflector. Velocity is primarily constrained by the curvature of the reflected
arrival times, so phases observed over a long offset range have little trade-off between depth and
the velocity of the overlying layer. This resolution is improved when the reflected phase is
observed on more than one shot.
Reflection travel times were initially inverted for the best-fitting constant reflector depth
in the extended Pg velocity model. Next the reflection was forward modeled using a range of
constant velocities, starting with the velocity at the base of the overlying Pg model and
increasing in 0.1 km/s increments until the misfits stopped improving and began to deteriorate.

56

CHAPTER 3. A Strong Contrast in Crustal Architecture in Idaho and Oregon

This velocity model was then used to invert for reflector depth, and the process was repeated
until a best-fitting combination of constant velocity and constant depth were found. For a
shallowly dipping reflector, an incorrect average velocity produces misfits that are strongly
dependant upon distance. This allows the average depth and overlying velocity of reflectors
observed over a long range of offsets and/or on multiple shots to be well constrained. The best
velocity and depth combination for each reflector was used as the starting model for the 2-D
inversion.
Reflection travel times were inverted for laterally varying reflector depth in this bestfitting starting velocity model, then for 2-D velocity between the reflector and the overlying
fixed layer, then again for reflector depth (Zelt et al., 1996). Reflector depth was smoothed
horizontally during the inversion to maintain geologically reasonable structures and eliminate
topography that is not required by the data. For most of the reflected phases from the mid-crust,
the reflectors were smoothed 10-20 km horizontally to incorporate ray paths from multiple shots
(Figure 3.7b; Table 1). However, across the Idaho batholith they were smoothed 40-60 km
horizontally due to the gap in shot coverage. Velocity in the layers above the reflectors and
below the shallower fixed layer was smoothed 20-60 km in X, with larger smoothing used for
deeper layers and larger shot offsets, 3 km in Z, and forced to be constant in Y. Where multiple
mid-crustal reflectors are observed, reflector depth and velocity were determined for the
shallower reflector first, then this structure was fixed to model the deeper reflection travel times.
While the ray coverage on the reflectors is good (Figure 3.7b), travel time misfits of 200-300 ms
(Figure 3.8b, Table 1) represent probable cycle skips.
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Most of the crustal reflections observed on the IDOR shots do not have associated
refractions from beneath the reflector, so there are not well-constrained velocity contrasts across
any of the reflectors. The high-amplitude reflection recorded on the western end of the line
probably has an associated refracted phase, but modeling indicates this phase would never
emerge as a first arrival, so it is probably hidden in the coda of the earlier arrivals. The
reflections without associated refractions were modeled as "floating" reflectors (Zelt, 1999).
Although seismic energy can be reflected back to the surface due to the impedance contrast
between two layers with different bulk properties (seismic velocity and/or density), reflections
may also result from the layering of thin beds, sills, or shear fabrics. These reflections do not
require a change in bulk properties across the reflection surface, and therefore mid-crustal
reflections are modeled as "floating" within a smooth velocity gradient unless a refraction is
observed from beneath the reflector or deeper data require much higher velocity beneath the
reflector. For most of these reflectors the deeper data allows at most a small velocity contrast
across the reflector, such that the next layer's average velocity is the same. Exceptions to this
occur in the lower crust on either side of the line.
The strong, deep P1P reflector beneath the western end of the line implies a velocity
contrast by the reflector strength. The underlying Moho PmP reflection is not observed over a
very long offset range, so velocity beneath the P1P reflector is not well constrained by this shot.
However, both P1P reflector strength and PmP curvature from multiple shots suggest a
discontinuity and a higher velocity beneath this reflector. The velocity assigned to this layer is
the minimum average velocity required to match the data.

58

CHAPTER 3. A Strong Contrast in Crustal Architecture in Idaho and Oregon

On the eastern end of the line the differences in curvature between the P2P, P3P, and
PmP reflections require there to be no strong velocity contrast between P2P and P3P, but there
must be a higher velocity in the lower crust between P3P and the Moho. East of shot 7 the
difference in curvature between the P2P and PmP reflections requires a higher velocity in the
lower crust that is consistent with the westward extrapolation of the P3P velocity discontinuity.
However, the shot gap, missing stations, and complexities across the WISZ disrupt the continuity
of arrivals in this area, preventing this reflector from being identified farther west. The same
average velocity can be achieved with a smooth gradient from the P2P reflector to the Moho,
which is also consistent with the data, so the velocity discontinuity was restricted to the region
beneath the P3P reflector and the remaining lower crust was modeled with a gradient.

3.4.2.3 Lower Crust, Moho, and Uppermost Mantle
Once all of the mid-crustal reflectors were fixed in place, velocity structure above those
reflectors was fixed and the PmP phase reflected from the Moho was incorporated into the
model. The initial ray path calculations indicated significant variability in the Moho depth, and
smoothing the Moho beneath the entire seismic line resulted in severe velocity artifacts. To
isolate the source of the artifacts, PmP arrivals from each shot were inverted independently for
reflector depth. Based on these reflector depths, the Moho reflections were divided into two
separate phases, PmP-w and PmP-e. Travel times from shots 1, 2, 3, 5, and 7-west were
designated PmP-w, and travel times from shots 7-east, 8, 9, and 10 were designated PmP-e.
These reflectors were modeled independently.
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The ray coverage at the Moho on the western side (PmP-w) is dense for most of the
model (Figure 3.7b). The PmP-e ray coverage on the eastern side is sparser, with modest
coverage and higher estimated picking errors beneath the Idaho batholith. Due to the shot
distribution on the east and the shadow-zone effect for shots from the west, the western end of
the PmP-e reflector is only constrained by the short-offset PmP arrivals from shot 7. This
relatively low-amplitude arrival is clearly visible behind the high-amplitude mid-crust P4P
reflection (Figure 3.4).
Inversion for reflector depth and lower-crustal velocity followed the same procedures as
for the shallower reflectors. The Moho on the western side of the line is better constrained due to
smaller shot spacing and higher amplitude PmP-w reflections. Traveltime misfits for the lower
crust above the PmP-w reflector are ~107 ms. The PmP-e reflector is less well constrained due to
the shot gap across the batholith and near-surface complexities on the shots in the Basin and
Range. In the area of the batholith, average misfits are ~180 ms, indicating probable cycle skips
due to the lack of reciprocity in this area. On the eastern end misfits are ~220 ms (Figure 3.8b,
Table 1).
Once the crustal velocity model and Moho depth were fixed, Pn arrivals were inverted for
velocity in the upper-most mantle lid. The limited range of geologically feasible velocities in the
upper-most mantle mean the Pn phase also serves to verify the crustal velocity model and Moho
depth. The Pn arrivals on shots 1, 2, and 3 have good signal quality. Pn phases are observed on
the other shots (except shot 9), but the signal-to-noise ratio is less so the picking uncertainty is
higher for these arrivals (Table 1). Pn travel times calculated through the final velocity model
using a constant 8.0 km/s uppermost mantle velocity provide a good fit for the observed Pn
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phases at less than ~220 km offset on all shots. Longer offset Pn arrivals are difficult to identify
on most shots. A very large smoothing was utilized to invert for velocity in the uppermost
mantle, which did not vary significantly from 8.0 km/s.

3.5 Seismic Velocity Model
The whole-crust seismic velocity model produced from the IDOR controlled-source data
reveals a strong contrast in seismic properties beneath the western Idaho shear zone (Figure 3.9).
The western half of the line is characterized by relatively higher velocities throughout the entire
crust, while the eastern side has slower velocities associated with more felsic compositions
(Figures 3.9 and 3.10). In addition, there is a large, steep step on the Moho beneath and slightly
east of the WISZ. These structures indicate the presence of a boundary that coincides with the
surface expression of the WISZ.
On the western and central portions of the line there are several small, surface lowvelocity bodies that are modeled by the short-offset Pg travel times recorded on densely sampled
stations (Figure 3.9). These correlate with Cenozoic sediment-filled basins identified at the
surface (Figure 3.1). The eastern end of the profile also reveals sediment-filled basins, but these
Basin-and-Range related fault-bounded basins are less well resolved due to significant local
north-south geologic variation and a lower signal-to-noise ratio.
Below ~5 km depth on the western half of the profile in the accreted terranes, velocities
of 6.3-6.5 km/s in the middle crust (Figures 3.9 and 3.10) are consistent with rocks of felsic to
intermediate composition (Christensen and Mooney, 1995). The very high-amplitude P1P
reflection observed on the western shots (Figures 3.3 and 3.4) indicates a boundary at 21-22 km
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subsurface depth (~20 km below sea level), 8-10 km above the Moho (Figure 3.9). The lower
crust beneath the reflector did not produce a first-arrival refraction, but the relative curvatures of
the P1P reflection and the PmP phase reflected from the Moho constrain the layer to 6.8 +/- 0.1
km/s. The fastest portion of this layer corresponds to the highest-amplitude section of the
reflector (Figure 3.3) and the thinnest crust (Figure 3.9), strongly suggesting a discontinuity
across the boundary. This velocity indicates a mafic lower crust (Christensen and Mooney,
1995). Another smaller-amplitude reflection, P5P, is west of shot 2 at ~10 km subsurface depth.
It has limited lateral extent and cannot be shown to correspond to a velocity contrast, and thus
has been modeled as a "floating" reflector.
On the eastern half of the profile, the seismic velocity in the upper 24-30 km of the crust
is ≤6.2 km/s, representative of a felsic lithology (Christensen and Mooney, 1995). The upper 10
km is ≤6.0 km/s, except in a region of slightly faster velocity at 5-8 km depth from model km
270 to 325 (Figure 3.9). In this area, a slightly faster 6.2-6.3 km/s is required by the data based
on velocity tests, but this is in the region of poorest ray coverage due to the shot gap and firerelated station gap (Figure 3.7), so it is heavily smoothed. With the exception of this feature,
there is little velocity difference between the Idaho batholith and the Precambrian craton to the
east.
A continuous reflector, P2P, is observed on shots 7 and 8 (Figures 3.4 and 3.5), which are
reversed across the batholith. This phase corresponds to a reflector at 20-24 km subsurface depth,
dipping gently to the east (Figure 3.9). A deeper reflector P3P is observed on shots 8, 9, and 10,
and overlaps laterally with the P2P reflector. This reflector is at ~29 km subsurface depth, 8-10
km above the Moho (Figure 3.9). The seismic velocity below the P3P reflector is 6.6 +/- 0.1

62

CHAPTER 3. A Strong Contrast in Crustal Architecture in Idaho and Oregon

km/s, constrained by curvature of the P3P and PmP reflectors. This velocity is consistent with an
intermediate composition in the lower crust (Christensen and Mooney, 1995). The western end
of P3P is not constrained by shot 7 due to shot and receiver gaps and data quality, so it is
possible this reflector could extend further west. There is not evidence in the data for an
extension, but there is also not clear evidence of the reflector's termination. The curvature of the
P2P and underlying PmP reflectors is consistent with either a westward extension of the
velocities above and below the P3P reflector, or a smooth gradient with an equivalent average
velocity (Figure 3.9). A strong, short P4P reflector exists immediately east of the WISZ at ~27
km subsurface depth (Figure 3.9). Velocity below this reflector, in the lower-crustal corner near
the WISZ, is not well constrained, but is inconsistent with mantle velocity. Several shallow
reflectors underlie the eastern half of the line, but none require an associated large increase in
velocity.
The Moho was modeled independently on the east and west sides of the profile to avoid
artificially imposing structure when it became apparent there was significant lateral variation. On
the west under the accreted terranes, the Moho is 31-32 km below the land surface and deepens
modestly toward the western end of the line (Figure 3.9). The Moho beneath the batholith and
craton is at 37-40 km depth below the higher-elevation land surface (Figure 3.9). A ~7 km offset
on the Moho exists within <15 km beneath the WISZ (Figure 3.9).
The upper mantle seismic velocity is constrained by the Pn arrivals. After ray tracing
through the crust’s strong lateral variations, the Pn travel times are consistent with ~8.0 km/s
constant velocity along the entire line.
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3.6. Geologic and Tectonic Interpretation
3.6.1 Western Idaho Shear Zone
Analysis of the IDOR controlled-source seismic profile reveals the WISZ to be a
through-going feature of the crust, indicating that the juxtaposition of oceanic- and continentalaffinity rocks extends in a near-vertical orientation through the entire crust, at least to the depth
of the Moho and possibly deeper into the lithosphere (Figure 3.9). At the surface, the steeply
dipping western Idaho shear zone (WISZ) represents the boundary that separates relatively
young oceanic island arc terranes of the Blue Mountains Province from the Precambrian North
American craton and Idaho batholith (e.g., McClelland et al., 2000; Tikoff et al., 2001; Giorgis et
al., 2008). We determine this strong contrast in terrane age and composition extends throughout
the entire crust, manifested as the distinct seismic character and contrasting seismic wave speeds
observed on either side of the western Idaho shear zone (Figures 3.9 and 3.10). Below the
surface expression of the WISZ, the PmP reflections are not well constrained for a distance of
<15 km between the shallower western and deeper eastern portions of the Moho. This gap begins
directly beneath the WISZ and extends eastward under Long Valley (Figure 3.9). This is
consistent with surface mapping of the WISZ, which indicates a current dip of 70-80° to the east,
while estimates of Miocene to modern extension restore the boundary to near-vertical preMiocene (Tikoff et al., 2001). The spatial coincidence of the surface WISZ, the contrasting
crustal seismic velocities, and the sharp Moho offset all indicate that the WISZ is a throughgoing crustal boundary.
Transpressional deformation on the WISZ resulted in significant tectonic shortening of
the broad Salmon River suture zone between the accreted terranes and craton (e.g., Giorgis et al.,
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2005), resulting in a very narrow boundary between oceanic and continental geochemical
signatures across the WISZ (Armstrong et al., 1977; Fleck and Criss, 1985; Manduca et al.,
1993). Syn-WISZ continental-arc plutons record an unusually narrow 87Sr/86Sr isotopic break
coincident with the WISZ, indicating a steep boundary between oceanic and continental source
rocks to at least the lower crust. A similarly sharp Sr isotope transition was observed in Miocene
volcanic rocks ~120-150 km to the west of the WISZ in eastern Oregon, indicating a similar
steep boundary in the lithospheric upper mantle (Hart, 1985; Leeman et al., 1992; Evans et al.,
2002). Based on the differing depths of the source rocks, the dual steep ocean/continent
boundaries were interpreted as evidence for a "shelf" of continental lithosphere extending west
beneath the oceanic terranes visible at the surface (Leeman et al., 1992). The top of this shelf was
hypothesized to be a younger detachment cross-cutting the WISZ and related to Sevier orogeny
deformation far inboard. Our seismic image indicates that the WISZ extends steeply through the
entire crust, and no detachment cross-cuts it within the crust or at the Moho. Sub-horizontal
ductile detachments often produce strong seismic reflections, but none were observed in the
IDOR data beneath the Moho. If compression was transmitted inboard via a horizontal
detachment, it must be deeper in the mantle.
This strong contrast in age, composition, and rheology between the oceanic accreted
terranes and the cratonic lithosphere created a physical boundary that had a significant influence
on the tectonic processes that have impacted the area since 90 Ma. Post-WISZ granitic plutons of
the Idaho batholith were restricted to the cratonic side of the WISZ (Figure 3.1) and appear to be
the result of melting in a thickened crust (Gaschnig et al., 2011, Byerly et al., 2016, Fayon et al.,
2016). Miocene extension is pervasive west of the WISZ, and the feeder dike system for the
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CRB volcanics is restricted to that side (Figure 3.1; Reidel et al., 2013b), although some surface
flows extend east of the WISZ (Reidel et al., 2013a). Miocene to modern extension exists in
eastern-most Idaho, but only affects the Idaho batholith in isolated locations such as Long
Valley, immediately to the east of the WISZ in the study area.
Extension here has tilted the WISZ from near-vertical to its current steep 70-80° eastward
dip (Tikoff et al., 2001; Giorgis et al., 2006). The compartmentalization of magmatism and
tectonic deformation to either side of the WISZ demonstrates the importance of structural and
rheologic inheritance on younger tectonic events.

3.6.2 Blue Mountains Province Accreted Terranes
The accreted terranes observed in outcrops west of the WISZ comprise oceanic island
arcs and intervening sedimentary basins (Vallier and Brooks, 1995; Dorsey and LaMaskin,
2007). The seismic velocities in this region (Figures 3.9 and 3.10) indicate intermediate
compositions from 5-7 km depth through the middle crust, consistent with other accreted oceanic
island arc terranes in the North American Cordillera (e.g., Spence et al., 1985; Spence and
Asudeh, 1993; Hammer and Clowes, 2004; Stephenson et al., 2011). Variations in the near
surface velocity are caused by local sedimentary basins associated with Cenozoic extensional
valleys and by sedimentary units of the amalgamated terranes.
The crust in this region is ~32 km thick, and the Moho deepens toward the west. Crustal
thickness of ~35 km at the west end of the line is consistent with that observed by controlledsource seismic data ~35 km to the west in the High Lava Plains (Cox et al., 2013). Broadband
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seismic data observe a similar trend in crustal thickness across eastern Oregon and western Idaho
(Eagar et al., 2011).
The thinnest crust in the IDOR controlled-source profile, ~31 km, occurs west of the
WISZ near the Snake River at the boundary between Oregon and Idaho (Figure 3.9). This is
where the line crosses the southern end of the Chief Joseph dike swarm that fed the outpouring
of CRB basalt flows (Figure 3.1; Reidel et al., 2013b). Wolff and Ramos (2013) identified this
area as the primary source location for mantle upwelling that supplied a significant volume of the
CRBs via dikes that emerged in the massive Grande Ronde lava flows up to 400 km to the north.
The seismic data include an unusually high-amplitude P1P reflection at this location (Figure 3.3)
from the top of an 8-10 km thick, ~6.8 km/s lower crustal layer (Figure 3.9). We interpret the
lower crustal mafic layer beneath this strong seismic reflector (Figure 3.9) as basaltic intrusion
and/or underplating in the source region of the CRB basalts.

3.6.3 North American Craton
East of the WISZ the Precambrian craton is 37-40 km thick, averaging ~5 km thicker
than the accreted terrane crust west of the WISZ (Figures 3.9 and 3.10). On the craton side, the
velocity is slower compared to the accreted terranes and corresponds to felsic composition in the
upper and middle crust and intermediate composition in the lower crust. Crust at all depths east
of the WISZ has lower seismic velocity and is more felsic than average continental crust, while
crust to the west is faster and more mafic than average (Figures 3.9 and 3.10; Christensen and
Mooney, 1995). There is no significant difference in velocity between the Idaho batholith and the
host cratonic blocks (Figures 3.9 and 3.10).
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The Idaho batholith extends approximately from the WISZ to the location of shot 8, with
the dominant Atlanta lobe between approximately model km 225-320 on the seismic line
(Figures 3.1 and 3.9). Beneath the Atlanta lobe the composition is felsic to >24 km depth below
surface, consistent with granite-granodiorite plutons and granitic metamorphic lithologies
(Christensen and Mooney, 1995). Beneath the eastern half of the Atlanta lobe the velocity
gradient is slightly higher from 5-15 km depth compared to the adjacent batholith or craton. The
cratonic platform east of the Idaho batholith is partially intruded by Challis magmatism at a
shallow depth (Moye et al., 1988). We do not observe a velocity signature associated with the
Challis plutons or volcanics. The eastern end of the seismic line crosses extensional valleys and
ridges associated with the Basin and Range. Velocity in this region is similar to the western part
of the craton and the Idaho batholith, consistent with felsic lithologies to ~28 km depth.
Reflectors in this region could be detachments or other features related to Basin and Range
extension. None of the reflectors imaged east of the WISZ is consistent with a Sevier thrust
detachment that could have transmitted Late Cretaceous compression into Montana and
Wyoming.
A modest amplitude reflector at 22-25 km subsurface depth correlates with the lateral
extent of the Atlanta lobe, while a reflector at 28-29 km depth extends east from the center of the
batholith and also underlies the un-intruded craton (Figure 3.9). The relative curvatures of the
reflections from these features constrain the composition to be felsic below the western part of
the Atlanta lobe at least to the depth of the shallower reflector at ~22 km, and to the depth of the
deeper reflector at ~29 km beneath the eastern half of the Atlanta lobe. Where the two reflectors
overlap laterally, the velocity between them must be as slow as above the shallower reflector.
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The relative curvatures of these reflections and the reflection from the Moho constrain the lower
crust to have a faster average velocity and corresponding intermediate composition.
Beneath the deeper P3P reflector, the velocity average of the 8-10 km thick layer is 6.6
km/s, which is consistent with the P-wave velocity of diorite or between the velocities of felsic
and mafic granulite (Christensen and Mooney, 1995). This velocity is not consistent with a
mafic-to-ultramafic residual, such as mafic garnet granulite (Vp ~7.0 km/s) or eclogite (Vp ~7.9
km/s), which would be left behind by the melting of a mafic protolith in a continental arc (Beard
and Lofgren, 1991; Rapp and Watson, 1995). A velocity discontinuity is the preferred model for
the P3P reflector based on the strength of the velocity contrast across the reflector.
The curvatures of the ~22 km P2P reflector and Moho reflections beneath the western
Atlanta lobe require an increase in the average velocity between 22 and 40 km, though a velocity
discontinuity is not required since the data can be matched by either a layered zone or a gradient
with the same average velocity. The deeper ~28-29 km P3P reflector and associated intermediate
composition layer could extend westward to the WISZ and connect to the P4P reflector, but there
is not evidence in the data to support this connection due to the shot and station gaps. If the P3P
arrival is present on shot 7 at longer offsets it is obscured by the P2P and PmP reflections;
alternatively, it may be truly absent. Additionally, P4P has high amplitude near zero offset and is
not identifiable at >30 km offset. It would be very unusual for a reflection from the top of a
strong velocity contrast to decrease in amplitude as it approaches the critical angle. For these
reasons, the velocity between P2P and the Moho has been modeled without a velocity
discontinuity and P4P has been considered an independent reflector (Figure 3.9).
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3.6.4 Idaho Batholith
The mostly felsic to intermediate composition of the Idaho batholith is similar to other
exhumed Cordilleran Cretaceous batholiths in the California Sierra Nevada and Peninsular
Ranges, and the British Columbia Coast Mountains (Spence and McLean, 1998; Fliedner et al.,
2000; Hammer et al., 2000; Morozov et al., 2003). These other batholiths, like the western
border suite of the Idaho batholith, are predominantly metaluminous granodiorites. Subductionrelated continental arc batholiths are typically formed by dehydration partial melting of a mafic
protolith, leaving behind a pyroxene-enriched residual (Beard and Lofgren, 1991; Rapp and
Watson, 1995). Lack of evidence for this residual beneath exhumed Cretaceous batholiths in
North America has been interpreted as evidence that it has delaminated into the mantle (Kay and
Kay, 1993). We do not observe evidence of a pyroxene-rich residual in the lower crust beneath
the Idaho batholith.
The lateral extent of the reflector at ~22 km subsurface depth coincides with the surface
extent of the Atlanta lobe of the Idaho batholith. Major and trace element geochemistry indicates
the Atlanta lobe melted in the garnet stability field of the lower crust, ≥35 km depth (Gaschnig et
al., 2011). This reflector is roughly consistent with the minimum Late Cretaceous melting depth
when ≥10 km of exhumation of the Idaho batholith (Fayon et al., 2016) is considered. Adding
the estimated minimum exhumation to the current crustal thickness of 37-40 km yields a total
crustal thickness of >50 km at the time of magmatism. This is consistent with a thickened-crust
melt source as proposed by Foster et al. (2001) for the northern Bitterroot lobe and by Gaschnig
et al. (2011) for the Atlanta lobe. Thickened crust is also consistent with petrographic fabrics
(Byerley et al., 2016). The spatial extent, lack of velocity contrast, and low amplitude of the
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reflection from the ~22-km reflector are consistent with a structural or textural feature related to
the formation of the batholith, rather than a velocity discontinuity. We interpret this reflector to
be the top of the source zone of melting for the Atlanta lobe in a Late Cretaceous thickened crust.
Melting of a felsic protolith produces a smaller volume of less-felsic residual than the melting of
a mafic protolith. This residual could be distributed in the lower crust, represented by the
underlying rocks of intermediate composition.
The source zone for melting of the Atlanta lobe was ≥35 km, but the relationship of the
Atlanta lobe to plutons of the early metaluminous suite indicates the depth of emplacement was
much shallower, in the mid-to-upper crust (Gaschnig et al., 2010), consistent with estimates of
exhumation (Fayon et al., 2016). There is evidence the Bitterroot lobe was emplaced in the crust
as a relatively thin sill, because the floor of the batholith is exposed in a metamorphic dome
(Vallier and Brooks, 1986). Beneath the Idaho batholith, the velocity and average crustal
thickness are very similar to the un-intruded craton to the east, leading to the possibility that the
Atlanta lobe is also relatively thin and extends to <10 km current depth.
The lateral extent of the ~29 km P3P reflector corresponds to the region of higher
velocity gradient in the upper crust, and to a change in the depth of the Moho at the base of the
crust (Figure 3.9). These lateral changes in the velocity model are all coincident with the
Archean-Proterozoic basement boundary at model km 275 +/- 20 (Figure 3.1) interpreted by
Gaschnig et al. (2011) based on inherited zircon core data in Atlanta lobe plutons. We interpret
the lateral change in crustal architecture beneath the center of the Atlanta lobe to be the
northeastern margin of the Archean Grouse Creek craton. The continuity of crustal structure
below the eastern surface boundary of the Idaho batholith, combined with lateral contrasts at
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multiple depths in the crust at the interpreted Archean craton boundary, indicate that the
batholith has not strongly overprinted the crustal architecture of the pre-existing craton.

3.7 Conclusions
Transpressional deformation in the western Idaho shear zone (WISZ) formed a steep
boundary between oceanic accreted terranes and Precambrian North American craton.
Traveltime inversion of the IDOR controlled-source seismic data indicate significant contrasts in
velocity and crustal thickness that reveal the boundary to be a through-going feature of the crust
that offsets the Moho ~7 km. This juxtaposition of crustal units with significantly different
compositions, ages, strengths, and thicknesses provided a mechanism for preferential distribution
of post-WISZ deformation and magmatism, leading to structural inheritance influencing
subsequent tectonic events.
West of the steep boundary the accreted terrane crust is ~32 km thick with seismic
velocities indicating intermediate composition in the upper and middle crust, consistent with the
oceanic arc terranes. We interpret a high-velocity, mafic, 8-10 km thick lower crustal layer to be
magmatic intrusion and/or underplating associated with the Chief Joseph dike swarm feeder
system of the CRB. On the eastern, cratonic side of the WISZ, the crust is 37-40 km thick.
Slower seismic velocities representative of felsic lithologies persist to 25-28 km depth. There is
not a significant difference in upper and middle-crustal velocity below the granitic Idaho
batholith and the un-intruded craton to the east. A reflector at 22-25 km depth beneath the
Atlanta lobe of the Idaho batholith is interpreted as the top of the zone of melting that fed the
intrusion. Continuity of crustal architecture across the eastern margin of the Idaho batholith and a
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change of crustal architecture beneath the center of the batholith are interpreted to map the
Archean Grouse Creek cratonic block extending beneath the batholith. Thick felsic-tointermediate crust, combined with exhumation, indicates a Late Cretaceous crustal thickness of
≥50 km, consistent with the voluminous Atlanta lobe of the Idaho batholith forming by melting
within a thickened crust.
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Figures

Figure 3.1 Geologic map of the IDOR study area in Idaho and eastern Oregon, and the
controlled-source seismic profile. Blue dots are seismometer locations, red stars are shot points.
WISZ: Western Idaho Shear Zone. The index map shows the 87Sr/86Sr = 0.706 isopleth. Oregon
geology after LaMaskin et al. (2011; 2015); Idaho geology after Lewis et al. (2012). Brown
dashed line is Archean – Proterozoic boundary based on inherited zircon cores in the Idaho
batholith (Gaschnig et al., 2013).
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Figure 3.2 Models proposing a WISZ offset in the lower crust or upper most mantle. (After
Leeman et al., 1992.)
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Figure 3.3 Seismic data shot gather for Shot 2 in Oregon. Time axis is reduced at 8 km/s. Data
are bandpass filtered and trace amplitudes are normalized. See text for description of the labeled
seismic arrivals.
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Figure 3.4 Seismic data shot gather for Shot 7, located near the WISZ. Time axis is reduced at 6
km/s to emphasize the difference in Pg time and slope across the WISZ. Data are bandpass
filtered and trace amplitudes are normalized. See text for description of the labeled seismic
arrivals.
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Figure 3.5 Seismic data shot gather for Shot 8 in central Idaho. Time axis is reduced at 8 km/s.
Data are bandpass filtered and trace amplitudes are normalized. See text for description of the
labeled seismic arrivals.
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Figure 3.6 1-D starting velocity model (black line) for upper crustal tomography derived from
the Pg picks for all shots (red lines). Time axis is reduced at 7 km/s.
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Figure 3.7 Ray coverage of turning, reflected, and refracted phases in the final velocity model.
(a) Upper crustal turning rays (Pg) are illustrated by hit count in 0.5 km grid cells. Every 10th ray
is shown for the upper-mantle refraction Pn (gray). (b) Every 5th ray for reflections from the
Moho (PmP, light gray) and for reflections P1P to P9P (dark gray).
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Figure 3.8 Misfit between picked and calculated travel times. (a) Refracted phases; Pg (black),
Pn (gray). (b) Reflected phases (see 6b). Misfit details are in Table 1.
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Figure 3.9 P-wave seismic velocity model and surface geology. Contour interval is 0.5 km/s.
Thick black lines mark the location of the seismic reflectors, dashed where not constrained. CJ
Dike Swarm is Chief Joseph dike swarm. The Proterozoic-Archean boundary shown is for
inherited zircon cores in the Atlanta lobe of the Idaho batholith. Vertical exaggeration is 2:1.
(Top) Elevation averaged in a swath ±5 km from 44.5°N, at 10:1 vertical exaggeration. SRTM
topography data (Jarvis et al., 2008). Station and shot locations are along the crooked line.
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Figure 3.10 Comparison of vertical profiles through the velocity model of Figure 3.9 at model
km 50 to 400 in 50-km intervals. Blue lines are profiles west of the WISZ, green lines are east of
the WISZ. Gray line is crustal average velocity from Christensen and Mooney (1995).
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Tables

Shot
number:

1

2

3

5

7

8

9

10

417

Picking
uncertainty
(ms)
-

RMS
Data misfit
(ms)
-

X-location
(km):

6

55

97

165

212

339

379

Traveltime picks per phase
Pg, all

751

1414

1770

1919

1905

1296

779

738

40 - 120

43

369

746

1158

1226

938

426

233

198

20 - 40

28

P1P

-

615

561

389

297

-

-

-

40 - 140

96

P2P

-

-

-

-

215

547

-

-

80 - 120

48

P3P

-

-

-

-

-

212

188

287

40 - 180

64

P4P

-

-

-

-

129

-

-

-

40

44

P5P

-

105

-

-

-

-

-

-

80

48

P6P

-

-

-

-

96

-

-

-

120

106

P7P

-

-

-

-

-

-

115

-

40

25

P8P

-

-

-

-

-

-

-

118

60

81

P9P

-

-

-

-

-

155

-

68

80 - 120

105

PmP-w

821

1265

1016

740

1098

-

-

-

20 - 140

95

PmP-e

-

-

-

-

525

522

296

577

40 - 300

224

782

434

406

172

185

261

-

622

120 - 300

169

offsets
Pg, high
S/N

Pn

Table 3.1 Number of travel-time picks per shot, estimated picking uncertainty, and RMS misfit
for the seismic arrivals described in the text.
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Chapter 4

Controlled-Source S-Wave Constraints on a Steep Lithologic
Boundary and Moho Offset at the Western Idaho Shear Zone

A modified version of this chapter is in preparation for submission in 2016, with coauthors:
Kathy Davenport (Virginia Tech), Saurabh Ghanekar (University of Wisconsin-Madison), A.
Christian Stanciu (Virginia Tech), Paul Bremner (University of Florida), John Hole (Virginia
Tech), Basil Tikoff (University of Wisconsin-Madison), and Raymond Russo (University of
Florida). Current title: A steep lithologic boundary and Moho offset at the western Idaho shear
zone

Abstract
The western Idaho shear zone (WISZ) juxtaposes accreted oceanic terranes and Precambrian
continental craton across a narrow boundary at the surface. Controlled-source seismic S-wave
data from the EarthScope Idaho-Oregon (IDOR) project were analyzed and compared with other
IDOR geophysical models to produce Vp, Vp/Vs, and Poisson's ratios to constrain the sharp
contrast in lithology across the WISZ. These data reveal a steeply dipping, through-going
boundary that offsets the Moho by 7-8 km. We examine the influence of this steep, strong
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lithologic and rheologic boundary on subsequent tectonic and magmatic events, such as the
melting and emplacement of the Idaho batholith, eruption of the Columbia River Basalts, and
ongoing Basin and Range Extension, and consider the implications of the survival of this
boundary since the Late Cretaceous.

4.1 Introduction
The western Idaho shear zone (WISZ) juxtaposes the western edge of the Precambrian
North American craton against accreted oceanic terranes along a narrow, steeply dipping
boundary (e.g., McClelland et al., 2000; Tikoff et al., 2001; Giorgis et al., 2008). On the western
side of the WISZ are the Blue Mountains province accreted terranes (Figure 4.1), which docked
to North America during the Late Jurassic (e.g., Schwartz et al., 2011; LaMaskin et al., 2015),
forming the Salmon River suture zone. A dextral transpressional system associated with
outboard subduction or collision translated the terranes northward to their current latitude (e.g.
Dickinson et al., 2004; Housen and Dorsey, 2005; LaMaskin et al., 2011) and resulted in the
formation of the sub-vertical, ductile WISZ within the active magmatic arc (Tikoff et al., 2001;
Giorgis et al., 2016). The shortening and structural overprinting of the Salmon River suture zone
by the WISZ resulted in accreted terrane lithosphere and cratonic lithosphere being juxtaposed
across the shear zone (Lund and Snee, 1988; Manduca et al., 1993; Giorgis et al., 2005). SynWISZ plutons associated with the older arc (Gaschnig et al., 2011) constrain motion on the shear
zone to have begun by ~103 Ma (Braudy et al., 2016) and to have ceased by ~90 Ma (e.g.,
Manduca et al., 1993; Giorgis et al., 2008; Benford et al., 2010).
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Following transpression on the WISZ in the Late Cretaceous, multiple magmatic and
tectonic events have occurred in close proximity to the shear zone. Melting and emplacement of
the Idaho batholith occurred within the thickened continental crust immediately east of the WISZ
between 83 and 53 Ma (Foster et al., 2001; Gaschnig et al., 2010). Extensive magmatism
occurred west of the WISZ from 17 to 15 Ma when plume-related regional extension resulted in
the outpouring of Columbia River Basalt Group (CRB) lava flows across large portions of
Oregon, Washington, and western-most Idaho (Waters, 1961; Reidel and Hooper, 1989; Reidel
et al., 2013a, 2013b). Miocene to ongoing extension in the region is associated with the Basin
and Range system. Evidence of this extension can be seen today west of the WISZ, east of the
Idaho batholith, and in isolated locations within the batholith. One of these areas, Long Valley,
borders the eastern side of the WISZ, where extension has tilted the exposed shear zone to ~7080° eastward dip (Tikoff et al., 2001; Giorgis et al., 2006).
Late Cretaceous plutons reveal an unusually sharp strontium isotopic break across the
WISZ, indicating the boundary between oceanic- and continental-affinity crust was near-vertical
prior to extension (Armstrong et al., 1977; Fleck and Criss, 1985; Manduca et al., 1993). These
narrow isopleths only constrain the boundary to the mid-crustal source depth of the plutons. A
similarly sharp Sr isotope transition was observed in Miocene volcanic rocks ~120-150 km to the
west of the WISZ. This has been interpreted as evidence of a detached lower crustal or
lithospheric portion of the WISZ, possibly left behind when Sevier thrusting translated the
shallower crust eastward (Leeman et al., 1992; Evans et al., 2002).
The multi-disciplinary Idaho-Oregon EarthScope project (IDOR) aimed to constrain the
deep structure of the WISZ to evaluate these models and illuminate the Mesozoic-Cenozoic
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tectonic evolution of the cratonic margin. IDOR seismic studies have revealed that the WISZ is
steep and continuous through the lower crust and offsets the Moho (Stanciu et al., 2016;
Davenport et al., 2016). This chapter presents new constraints on the contrasting lithologies
across the WISZ based on geophysical data acquired as part of IDOR. Controlled-source seismic
S-wave data were modeled and the results were integrated with the previous controlled-source
seismic P-wave model (Davenport et al., 2016). The resulting Vp, Vp/Vs, and Poisson's ratios
together provide strong constraints for lithology. We also consider the evolution of this sharp
lithologic and rheologic boundary and the importance of this inherited structure on the
subsequent magmatic and tectonic events in the region.

4.2 IDOR Controlled-Source Seismic Data
The 430-km IDOR controlled-source seismic deployment recorded seismic P- and Swave phases from 8 explosive sources on 2555 single-component Texan seismographs in
August, 2012 (Figures 4.1, 4.2, 4.3). Acquisition details and analysis of the P-wave data are
reported in Davenport et al., 2016. Results of the controlled-source P-wave analysis provided a
framework for the S-wave analysis, and so are reviewed here prior to the description of the Swave analysis.

4.2.1 P-wave data
Following the traveltime inversion methods of Hole (1992), Hole and Zelt (1995), and
Zelt et al. (1996), the P-wave travel times for Pg (crustal turning waves), PiP (crustal
reflections), PmP (Moho reflections), and Pn (uppermost mantle refractions) were inverted for
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velocity structure and reflector depth. The modeling utilized a minimum structure, layer stripping
approach that constrains shallower structure with the highest-quality data before incorporating
lower-confidence traveltime picks to model the deeper crust.
P-wave analysis produced a model of seismic velocity (Vp) structure for the whole crust,
including depths and locations of the Moho and significant reflectors within the crust (Figure
4.4A; Davenport et al., 2016). The model reveals a strong contrast in seismic velocity across the
WISZ at all depths in the crust, and a ~7 km step in the Moho beneath the surface expression of
the WISZ. The crust of the Blue Mountains terranes is 31-32 km thick and has velocities
consistent with intermediate-to-mafic composition, while the crust beneath the craton and
batholith is 37-40 km thick and has slower velocities consistent with a more felsic composition.
A high amplitude reflection was observed on the western shots, corresponding to a reflector at
21-22 km subsurface depth below the Blue Mountains terranes. A higher velocity layer beneath
this reflection is interpreted as mafic underplating associated with the CRBs. East of the WISZ
there are two lower-amplitude reflections corresponding to ~20-24 km and ~29 km subsurface
depths. The Vp in the lower crust below these reflectors is consistent with intermediate
composition.

4.2.2 S-wave data
Analysis of the controlled-source S-wave data was modeled after the analysis of the Pwave data. S-wave phases included Sg (crustal turning waves) and SmS (Moho reflections) for
every shot; the western lower crustal reflection on shots 2, 3, 5, and 7; and the eastern reflections
on shots 7, 8, 9, and 10. There is no significant Sn (uppermost mantle refraction) visible on any
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of the shots. Data in Figures 4.2 and 4.3 are plotted with travel time reduced at 4 km/s to
emphasize the S-wave arrivals. The data quality of the shear wave arrivals is consistently lower
than the P-wave arrivals because: 1) explosive sources are compressional, and shear waves are
created only by complex near-source interactions with geology and the surface; 2) the S-wave
arrivals are always in the scattering coda of the earlier P-wave phases; 3) the IDOR geophones
were single-channel, so only the vertical component of the S-wave arrivals is recorded. These
issues result in a lower signal-to-noise ratio and therefore higher picking errors and greater
model uncertainty than for the P-wave data. P-wave constraints on reflector depth and geometry
are much better, so these were used as initial features in the S-wave analysis.
Synthetic traveltimes for each phase were calculated using the final P-wave velocity
model (Figure 4.4A), then were converted to S-wave traveltimes using a range of realistic Vp/Vs
ratios between 1.5 (quartzite) and 2.0 (serpentinite) (Christensen, 1996). These converted
traveltime curves were overlain on the S-wave data to identify the best-fitting Vp/Vs ratio for
each phase (Figures 4.2, 4.3). Upper crustal Sg arrivals and reflections west of the WISZ had
best-fitting curves that corresponded to Vp/Vs ratios of 1.73-1.77 with errors of +/- 0.01 (Figure
4.2). East of the WISZ the best-fitting curves corresponded to Vp/Vs ratios of 1.65-1.7 +/- 0.03
(Figure 4.3).
Sg traveltimes were hand-picked without using the predicted curves as a guide. Picking
errors are <200 ms for most picks and <100 ms for offsets less that ~50 km on most shots. For
reflections the general shapes of the best-fitting predicted traveltime curves were used as a guide
during picking. Picking errors for reflections S1S and SmS west of the WISZ are ~150-200 ms.
Error estimates are larger on phases east of the WISZ because it is more difficult to identify the
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earliest energy for each phase. The lower crustal reflection errors are ~300 ms, and the SmS
picking errors on these shots are ~200-250 ms.
Traveltime inversion used the same methods as for the P-waves, based on Hole (1992),
Hole and Zelt (1995), and Zelt et al. (1996). The Sg traveltimes were inverted starting in a 1-D
velocity model converted from the average P-wave starting model using a Vp/Vs ratio of 1.72,
an average of the best-fitting curve ratios for Sg. During the inversion process, model smoothing
was kept relatively large compared to the P-wave modeling due to the larger picking errors. Eastwest smoothing in the upper crust was gradually reduced from 400 km to 12 km, while vertical
smoothing was simultaneously reduced from 40 km to 2 km. This produced an upper crustal Swave seismic velocity model (Figure 4.5A) with 137 ms misfit. The model does not convey as
much high-resolution detail as the P-wave model, in particular missing the near-surface basins,
but it does reveal a contrast in Vs across the WISZ. The upper crustal velocities were then fixed,
and the velocities from the deepest reliable area of ray coverage were extended through the
model. Reflection traveltimes were inverted using the P-wave reflector geometry as the initial
reflection surface. Smoothing was much larger for velocities in the mid-and lower crust, >100
km laterally and >10 km in depth. The final model did not require changes to the reflector
geometry. Final travel time misfits were 150-220 ms for S1S for reflected phases west of the
WISZ, and 200-350 ms east of the WISZ.
The final S-wave model (Figure 4.5A) reveals a contrast in S-wave velocity across the
WISZ, consistent with the sharp velocity contrast identified by the P-waves. The velocity
contrast for Vs is not as strong as that for Vp, indicating a higher Vp/Vs ratio to the west of the
WISZ. Vp/Vs derived from the ratio of the 2D Vp and Vs models (Figure 4.5B) is consistent
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with the best-fitting curves overlain on the raw data (Figures 4.2 and 4.3), but differences in
spatial resolution and smoothing of the two models create artifacts at velocity boundaries and
near the surface. Higher Vp/Vs ratios are consistently observed west of the WISZ than to the east
(Figure 4.5B). The S-wave traveltimes are also consistent with the ~7 km offset in the Moho
observed in the P-wave model.

4.3 Additional IDOR Geophysical Data and Methods
In addition to controlled-source seismic data analysis, the IDOR geophysical work
included broadband seismic receiver functions (Stanciu et al., 2016), broadband seismic ambient
noise surface-wave tomography (Bremner et al., 2015), and gravity data modeling (Saurabh
Ghanekar, personal communication, August 2016) (Figure 4.1). Results from the controlledsource seismic P- and S-wave analyses are compared qualitatively with the other geophysical
results to improve our understanding of the subsurface structure and lithology across the steep
cratonic margin.

4.3.1 Gravity Data
The high-resolution IDOR gravity transect followed the controlled-source seismic line,
recording gravity measurements every 0.5-1.0 km along the profile (Lane et al., 2014; Saurabh
Ghanekar, personal communication, August 2016). Free-air, Bouguer, and terrain corrections
were applied to the data, and densities were modeled assuming approximate crustal thicknesses
based on the controlled-source seismic P-wave data (Saurabh Ghanekar, personal
communication, August 2016). The highest Bouguer gravity values were observed west of the
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WISZ (Figure 4.4B) in the area that corresponds to the lower-crustal layer that is interpreted as
mafic underplating in the P-wave model (Davenport et al., 2016). A large decline in Bouguer
gravity is observed across the WISZ, with the lowest gravity in the craton and Idaho batholith.
Gravity at the western end of the line is intermediate between the high values closer to the WISZ
and the much lower values to the east of the WISZ. The resulting density model (Figure 4.4B)
required a step in the Moho, with a shallower depth to the west and higher density throughout the
crust west of the WISZ. This is consistent with intermediate-to-mafic lithology in the thinner
crust of the Blue Mountains terranes, and more felsic lithology in the thicker crust of the Idaho
batholith east of the WISZ. A high-density layer was modeled in the lower crust for ~100 km
west of the WISZ, similar to the observed high-velocity layer. West of this layer, the crust is
slightly thicker and less mafic, but still thinner and more mafic than to the east of the WISZ.

4.3.2 Broadband Seismic Data
4.3.2.1 Receiver Functions and Common Conversion Point Stacking
The IDOR broadband seismic data acquisition utilized 85 three-component broadband
stations deployed at ~15 km spacing along the controlled-source seismic line and at ~35 km
spacing distributed north and south of that line (Stanciu et al., 2016). Data included ~2 years of
earthquake and ambient noise recording. Stanciu et al. (2016) performed receiver function
analysis and Common Conversion Point (CCP) stacking on >150 large teleseismic events to
determine crustal thickness using the methods of Ligorria and Ammon (1999); Zhu and
Kanamori (2000); and Zhu et al. (2006). Phase arrival times were converted to depths using the
IASP91 velocity model (Kennett and Engdahl, 1991). The images show thinner crust under the
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accreted terranes, ~24-30 km, and thicker crust beneath the Idaho batholith and North American
craton, ~35-40 km, with an offset in the Moho at the WISZ of ~6 km (Figure 4.4C). The
geometry of the Moho is in good agreement with the controlled-source P-wave model
(Davenport et al., 2016), and the crustal thickness values are within reasonable errors based on
the imaging methods, different frequencies recorded and different velocity models used for each
data set.

4.3.2.2 Ambient Noise Tomography
The IDOR broadband seismic dataset also recorded ambient noise during the deployment.
Bremner et al. (2015) analyzed the ambient-noise data using the virtual source tomography
method of Gallego et al. (2010) and Lin et al. (2008) to produce group and phase velocity models
from surface waves at different frequencies. The higher frequency bands were used to model the
upper crust, which has higher resolution than the lower frequency lower crust. Crustal thickness
is not constrained by this method, so lower crustal velocities were derived using the Moho depths
from the receiver function analysis (Stanciu et al., 2016). Results of the ambient noise analysis
(e.g., Figure 4.4D) reveal a strong contrast in S-wave velocity across the WISZ at upper to midcrustal depths, with faster velocities west of the WISZ and slower velocities to the east. The
relative velocities in the upper ~12 km of this model are in good agreement with the velocity
contrast observed by the controlled-source data.
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4.4 Lithology
Integrating the new IDOR controlled-source seismic S-wave velocity model with the
previous P-wave model (Davenport et al., 2016) produced estimates of Vp/Vs and Poisson's
ratios across the terrane-craton boundary at the WISZ. To interpret lithology, these values are
compared to Vp, Vs, Vp/Vs, and Poisson's ratios measured in the laboratory for common rocks
and minerals at appropriate pressures and temperatures (Christensen and Mooney, 1995;
Christensen, 1996).
West of the WISZ, the exposures of Blue Mountains terrane rocks that are not covered by
CRB flows include a wide range of volcanic, sedimentary, and metamorphic lithologies
associated with oceanic arc settings (e.g. Hamilton, 1963; Vallier, 1977; Lund and Snee, 1988).
Below the near-surface layers of sediments and volcanics, the Vp, Vs, and Poisson's ratio match
diorite to the depth of the ~20 km reflector, indicating an average composition that is
intermediate. The seismic properties of the lower crust indicate a mafic layer most closely
matching the values of diabase at lower-crustal pressures and temperatures (Christensen and
Mooney, 1995).
East of the WISZ the voluminous Atlanta and Bitterroot lobes of the Idaho batholith are
dominated by peraluminous mica granites originating from melting in the cratonic crust and remelting of older arc plutons (Foster et al., 2001; Gaschnig et al., 2010, 2013, 2016). The P-wave
velocities in the batholith (Figure 4.4A) are consistent with the granitic composition, however
the Vp/Vs (~1.68) (Figure 4.5B) and Poisson's ratio (~0.226) values are lower than average
granite/granodiorite values (1.702 and 0.237) and do not correspond well to any common
lithology (Christensen, 1996). This can be reconciled by looking at the composition of the Idaho
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batholith. The quartz content is consistently 25-35% for all phases of the batholith (Hyndman,
1983; Lewis et al., 1987). Quartz has an anomalously low Poisson's ratio, 0.077, compared to all
other common rock-forming minerals in the crust (Birch, 1961), which can significantly impact
the Poisson's ratio of rocks that have a high quartz content (e.g. Holbrook et al., 1988; Holbrook
et al., 1992; White et al., 1992). Christensen (1996) shows that Poisson's ratios for rocks can be
reliably estimated from the values of their constituent minerals. An estimated granite
composition based on Idaho batholith samples (Hyndman, 1983) was used to compute a
Poisson's ratio of 0.225 for the Idaho batholith and continental craton. This composition, which
assumed an average 30% quartz content, corresponds well to the observed value for the upper
and mid-crust east of the WISZ.
The lower crust east of the WISZ is more difficult to constrain due to the poor signal-tonoise for the S waves and shot and receiver gaps in this region. Seismic velocities are consistent
with intermediate composition, but the large error on the Vp/Vs ratio estimates from the SmS
arrivals make it difficult to interpret lithology. The observed values are not inconsistent with the
interpretation of Davenport et al. (2016) that the layer may be an intermediate-composition
granulite residual from partial melting of a felsic cratonic protolith during formation of the Idaho
batholith.
The seismic velocities and Poisson's ratios correspond to lithologies that are consistent
with the boundary juxtaposing more felsic, cratonic crust against intermediate-to-mafic oceanic
accreted terrane crust extending steeply through the crust and Moho. Density information from
the gravity data is not as uniquely constrained, but the values are consistent with a strong
contrast across the WISZ, with lower densities, indicating more felsic composition, east of the
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WISZ, and higher densities west of the WISZ. A higher density, more mafic layer required by
the data on the west side of the model is consistent with the higher velocity layer imaged by the
seismic data.

4.5 A Fundamental Crustal Boundary
4.5.1 Influence on Subsequent Tectonics
The strong contrast in lithology and crustal thickness across the WISZ created a
fundamental rheologic boundary through the crust that influenced many of the magmatic and
tectonic events that have occurred in the last 90 m.y. This rheological contrast often led to
deformation and magmatic events being restricted to just the side of the boundary where
conditions were more favorable, as the lithologies on either side of the WISZ responded
differently to tectonic stresses and major heating events.
Emplacement of the most voluminous Atlanta and Bitterroot lobes of the Idaho batholith
occurred from 83 to 67 Ma and 66 to 53 Ma, respectively. Melting occurred in over-thickened
felsic crust east of the WISZ (Foster et al., 2001; Gaschnig et al., 2010). Melting occurred
immediately adjacent to the WISZ, yet the geochemical signatures of the primary phases of the
batholith are entirely continental (Foster et al., 2001; Gaschnig et al., 2010). Zircon cores and
xenocrysts indicate derivation from Precambrian terranes and earlier batholiths (Gaschnig et al.,
2013). This data indicates the western edge of the batholith was constrained by the change in
lithology across the WISZ. Conditions were not sufficient to generate widespread internal
melting in the adjacent accreted terrane crust, possibly due to the higher initial melting
temperature of the less-felsic composition, or because it was not as thickened as the craton.
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The Columbia River Basalt (CRB) flows began in the Miocene and are frequently
attributed to extension associated with a mantle plume (e.g., Camp and Ross, 2004; Hooper et
al., 2007; Camp, 2013). Most of the wide-spread distribution of the CRBs through the Pacific
Northwest can be tracked to a few specific clusters of source dikes, nearly all of which are
located west of the WISZ. One of the primary source regions is the Chief Joseph dike swarm,
which the IDOR seismic line crosses near the Idaho/Oregon border (Figure 4.1). The extension
that accompanied the outpouring of CRB appears to have preferentially affected accreted terrane
crust, despite the hotspot track eventually crossing the cratonic margin. This implies there was an
inherent weakness to the accreted terranes that did not exist east of the WISZ. Such structural
weakness could be due to differences in the composition of the oceanic lithospheric mantle,
thinner crust or lithosphere, and/or pre-existing lithospheric-scale weaknesses associated with
individual terrane boundaries.
Ongoing extension since the Miocene is associated with Basin and Range extension.
Evidence of this extension is widespread west of the WISZ, but it is only apparent east of the
WISZ in isolated areas within the batholith and in eastern-most Idaho. One notable area of
extension east of the WISZ is Long Valley, which is adjacent to the eastern side of the WISZ.
Extension here has tilted the WISZ, resulting in a ~70-80° eastward dip (Tikoff et al., 2001;
Giorgis et al., 2006). This localized extension indicates that the structural weaknesses that make
the accreted terranes much more susceptible to extension may exist at much smaller levels within
the continental craton.
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4.5.2 Evolution of the Boundary
Previous studies of the WISZ have attempted to correlate a Miocene strontium isotopic
break in Oregon with a truncated lower-crustal or lithospheric portion of the WISZ (Leeman et
al., 1992; Evans et al., 2002). Based on this correlation, they assumed that the WISZ was
modified by younger tectonic events. The IDOR geophysical studies show that the WISZ has not
been significantly modified within the crust and at the Moho since its formation in the Late
Cretaceous (Davenport et al., 2016; Stanciu et al., 2016; Bremner et al., 2015). The lithologic
and rheologic contrasts across this sharp boundary have significantly influenced subsequent
tectonic and magmatic events, but the boundary itself has remained relatively unmodified, other
than minor extension in Long Valley immediately adjacent to the WISZ. There have been
multiple episodes of high heat flow in near proximity to the WISZ, including the melting of the
cratonic crust and emplacement of the Idaho batholith on the east and the Chief Joseph source
dikes and possible magmatic underplating of the CRBs on the west, but these high-heat events
have not enabled lateral flow in the lower crust or uppermost mantle to erode the Moho offset at
the WISZ. The strong contrast in lithology, rheology, and crustal thickness has created a
boundary that seems to guide deformation along the path of least resistance, which does not
easily cross into the domain on the other side.

4.5.3 Western Idaho Shear Zone
The formation of the WISZ shortened and structurally overprinted the broad Salmon
River suture zone at the surface (e.g., McClelland et al., 2000; Giorgis et al., 2005). The abrupt
values along the Sr 0.706 line constrain the crustal boundary between accreted terranes and
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continental craton to be steep to the mid-crustal levels that are currently exposed in the WISZ
(Armstrong et al., 1977; Lund and Snee, 1988; Manduca et al., 1993; Fleck and Criss, 1985). The
IDOR seismic data revealed that the narrow contact between the lithologically distinct regions is
steep through the entire crust and offsets the Moho (Stanciu et al., 2016; Davenport et al., 2016).
The crust below the Blue Mountains province accreted terranes is ~32 km thick, while the crust
below the Idaho batholith and craton is ~37-40 km thick. The lithology estimates provided by the
Vp/Vs ratios presented in this paper indicate that different material is juxtaposed along the WISZ
in the lower crust. Reflections in the controlled-source seismic P-wave data constrain the vertical
offset in the Moho beneath the WISZ to be ~7 km over a horizontal distance of <15 km
(Davenport et al., 2016).

4.5.3.1 Moho Topography and Offsets
Moho offsets varying in magnitude from ~5 km to >20 km have been interpreted on
seismic data from major faults, orogens, and terrane boundaries around the world. Locations
include Tibet (e.g., Zhu and Helmberger, 1998; Vergne et al., 2002; Shi et al., 2009; Yue et al.,
2012), the U.S. Basin and Range (e.g., Gish et al., 1981), the Yakutat terrane in Alaska
(Christeson et al. 2010), New Zealand (e.g., Salmon et al., 2011), the Baltic Sea (BABEL
Working Group, 1990), the Superior Province of Canada (e.g., Calvert et al., 1995), the Pyrenees
between France and Spain (e.g., Daignieres et al., 1989; Poupinet et al., 1992), and the Urals of
central Russia (Diaconescu et al., 1998). Large steps in Moho depth are typically associated with
areas of active deformation, such as Alaska or Tibet, but some Moho disruptions are associated
with older relic subduction or fault zones (e.g., Pyrenees, Superior Province).
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Strong variations in crustal thickness are gravitationally unstable, so steps in the Moho
are expected to erode, often via regional lower crustal flow (e.g., McKenzie et al., 2000).
Thermo-rheologic modeling indicates that lateral flow in the lower crust can occur in crust
thicker than ~30 km, assuming an average geothermal gradient (e.g., McKenzie et al., 2000). The
topography decay associated with lower crustal flow impacts intermediate-wavelength features
significantly more than short- or long-wavelength Moho topography, typically decaying 100-200
km lateral variations in <100 m.y. (Kusznir and Matthews, 1988; McKenzie et al., 2000). The
intermediate-wavelength component of sharper Moho features also decays on this scale, which
can result in a Moho offset that is modified but retains the short- and long-wavelength
components (Figure 4.6). Due to the tendency of short-wavelength topography to resist decay by
lateral flow, near-vertical Moho offsets that result from strike-slip motion are the Moho features
most likely to persist over >100 m.y. (Kusznir and Matthews, 1988).

4.5.3.2 Evolution of the WISZ Moho Offset
Current estimates indicate that motion on the WISZ began around 103 Ma (Braudy et al.,
2016) and ended by 90 Ma (Giorgis et al., 2008). Transpressional deformation within the
continental arc telescoped the Salmon River suture zone, resulting in extreme tectonic shortening
and likely destroying the crustal architecture of the suture zone. This structural overprinting
juxtaposed the thinner accreted terrane crust on the west directly against the thicker continental
craton on the east. The P-wave, S-wave, and receiver functions all indicated that the Moho in the
Blue Mountains province is truncated sharply at the WISZ, and lies at a shallower depth than the
Moho of the formerly over-riding North American plate (Stanciu et al., 2016; Davenport et al.,
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2016). Current crustal thickness, exhumation data, and geochemistry have been used to estimate
ca. 90 Ma crustal thickness of ≥55 km in the craton, following motion on the WISZ (Fayon et al.,
2016). The Cretaceous thickness of the crust of the Blue Mountains province adjacent to the
WISZ is not as well constrained, but trace element geochemistry indicates the island arc
assemblage must have been ≥35 km thick prior to WISZ-related translation (Schwartz et al.,
2011). Exhumation through 200° C in the Blue Mountains occurs before activation of the WISZ
(Fayon et al., 2016), so it is unlikely that crustal thickening of the Blue Mountains terranes
occurred during WISZ deformation. Thus, it is likely the original Moho offset was greater than
the currently observed ~7 km, possibly as large as ~20 km.
The magnitude of the Moho offset along the WISZ may have been modified by lateral
flow and/or differential exhumation. The strong lateral contrast in lithology across the WISZ
implies a rheological contrast. The thicker crust and more felsic lithology east of the WISZ is
expected to deform via lateral dislocation creep at a much lower thermal gradient than the
intermediate and mafic lithologies in the accreted terrane crust (Kusznir & Park, 1987). The
relative strength and viscosity of the lateral transition into the uppermost mantle at the Moho step
has probably channelized the lower crustal flow (McKenzie et al., 2000), distributing
deformation parallel to the WISZ rather than across it. Different uplift and exhumation histories
in the Blue Mountains province, WISZ, and Idaho batholith may also have impacted the
magnitude of the Moho offset. Thermochronology data indicates the Idaho batholith has been
exhumed ~12 km, but the batholith, WISZ, and accreted terranes do not have a common cooling
history for most of the last 100 m.y. (Fayon et al., 2016).
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Another possibility is that the current the Moho offset was modified by magmatic
underplating. West of the WISZ, abundant feeder dikes for the extensive Chief Joseph dike
swarm associated with CRB eruptions (Reidel and Hooper, 1989; Reidel et al., 2013a) are
located along our seismic line. We interpret a distinct region of mafic underplating below this
area, which acted as the source for the voluminous basalt intrusions. The lower crustal reflector
and high velocity zone imaged with the seismic P-wave data are interpreted as mafic magmatic
underplating in Davenport et al. (2016), and are corroborated by the gravity data. Without this
layer of underplating, a much thinner crust would have been present in the western Blue
Mountain terranes prior to ~17 Ma. Consequently, Miocene mafic underplating may have
significantly reduced the overall Moho step developed during WISZ tectonism in the Cretaceous.
The most viable alternative model for the formation of the Moho offset at the WISZ is
normal faulting associated with the ongoing Basin and Range extension. Extensional structures
are well documented west of the WISZ, associated with Miocene-present crustal extension
(Cummings et al., 2000). It is possible that the strength of the lateral lithology contrast across the
WISZ guided reactivation along the vertical structure, creating a sharp bounding surface for
crustal thinning similar to the model of Tikoff et al. (2001). This scenario would allow the Moho
offset to be a much younger, secondary feature rather than a long-lived feature that is primary to
the formation of the WISZ. There are several difficulties with this model, most notably that there
is only local evidence of significant recent vertical motion along the WISZ (e.g., Giorgis et al.,
2006). For these reasons we prefer the interpretation of the Moho offset occurring during
formation of the WISZ.
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4.6 Conclusions
Results from the analysis of IDOR controlled-source seismic S-wave data were integrated
with the previous P-wave analysis to produce Vp, Vs, Vp/Vs, and Poisson's ratios that provide
good constraints on lithology across the western Idaho shear zone. West of the WISZ the
accreted terrane composition is dominated by diorite, with a more mafic layer in the lower crust
that is consistent with diabase. East of the WISZ the craton and batholith are dominantly felsic
and reflect the average quartz content observed in batholith rocks at the surface. The contrast in
lithologies and crustal thickness across the WISZ is consistent with the WISZ extending through
the entire crust and Moho. This strong lithologic and rheologic boundary has influenced
subsequent deformation and magmatic events in the region, including the emplacement of the
Idaho batholith, the eruption of the Columbia River basalts, and Basin and Range extension, by
juxtaposing compositions that respond in very different ways to tectonic stresses and heating
events. We interpret the ~7 km offset in the Moho at the WISZ to be the result of the
transpressional deformation on the WISZ, and the offset might have been larger prior to
exhumation in the Idaho batholith and Miocene underplating beneath the Blue Mountains
terranes. Consequently, the Moho offset has existed for >90 m.y. and persisted through multiple
deformation and magmatic events.
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Figures

Figure 4.1 Geologic map of the IDOR study area in Idaho and eastern Oregon with the
controlled-source seismic profile and broadband seismic stations. Blue triangles are seismometer
locations, red stars are shot points. WISZ: Western Idaho Shear Zone. The index map shows the
location of the 87Sr/86Sr = 0.706 isopleth. Oregon geology after LaMaskin et al. (2011; 2015);
Idaho geology after Lewis et al. (2012). Brown dashed line is Archean – Proterozoic boundary
based on inherited zircon cores in the Idaho batholith (Gaschnig et al., 2013).
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Figure 4.2 Seismic data shot gather for Shot 3 in Oregon. Red lines are synthetic Vp/Vs ratio
curves from 1.7 to 1.75. Time axis is reduced at 4 km/s. Data are bandpass filtered and trace
amplitudes are normalized.
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Figure 4.3 Seismic data shot gather for Shot 7, located near the WISZ. Time axis is reduced at 4
km/s. Data are bandpass filtered and trace amplitudes are normalized. See text for description of
the labeled seismic arrivals.
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Figure 4.4 Other IDOR geophysical models: (A) P-wave model; (B) Gravity model; (C) Receiver
functions – CCP; (D) Ambient noise model. See text for model details and citations.
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Figure 4.5 Surface topography, S-wave seismic velocity model, and Vp/Vs ratios. Thick black
lines mark the location of the seismic reflectors, dashed where not constrained. CJ Dike Swarm
is Chief Joseph dike swarm. Vertical exaggeration is 2:1.
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Figure 4.6 Moho offset decay model. Moho step before and after decay of intermediate
wavelength topography due to lateral flow in the lower crust (after Kusznir and Matthews, 1988).
Comparison with the IDOR Moho offset at the WISZ.
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Ongoing and Future Work

5.1 Dense Array Recordings of Aftershocks
The work presented in Chapter 2 demonstrates the feasibility and practicality of using
dense arrays to record earthquake sequences. Large numbers of stations allow the use of methods
more traditionally applied to controlled-source data to produce high precision aftershock
locations and a high-resolution hypocentral velocity model. Dense array recordings of
earthquakes and aftershocks also have the potential for other applications based on exploration
seismology methods. One avenue of research currently underway at Virginia Tech using the
AIDA dense array recordings is the application of back-projection imaging for detection and
location of small magnitude seismic events. Large events are regularly back-projected using
network stations to track rupture propagation and examine source characteristics (e.g., Ishii et al.,
2007; Kiser et al., 2011). My colleague D. Beskardes is advancing the methods of K. Wang to
apply this process to the small magnitude aftershocks recorded in Virginia (Beskardes et al.,
2016). Our collaborators at Cornell University are using the AIDA data set to test the viability of
other processing methods, including the use of aftershocks as sources for vertical seismic
profiling (VSP) (Quiros et al., 2014).
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The benefits of dense arrays demonstrated by the AIDA-VA deployment are based
heavily on the methods used in resource industry exploration seismology, and it is a natural
avenue to explore collaborations with this community. Earthquake data from industry dense
arrays utilizing thousands of nodal instruments in Long Beach, California in 2011 and 2012 have
been analyzed for local velocity structure, seismicity, and seismic hazards (Lin et al., 2013;
Schmandt et al., 2013). Industry and academic scientists deployed a dense array of broadband
and nodal instruments in Sweetwater, Texas in 2014 to explore the potential advantages and
benefits of collaborative deployments (Sumy et al., 2015) These projects demonstrate the future
of dense array deployments for high-resolution analysis of earthquake and aftershock data.

5.2 Ongoing and Future work with the IDOR dataset
One of the primary goals of the EarthScope IDOR project was the integration and
synthesis of multiple datasets. Ongoing work will involve the quantitative integration of the
controlled-source seismic P- and S-wave analyses presented in Chapters 3 and 4 with the other
geophysical datasets introduced in Chapter 4, and future synthesis and interpretation with the
other IDOR data sets.
Integration of the IDOR geophysical data sets will involve testing and updating the
models to be consistent across all of the data sets. For the seismic data this will include using the
controlled-source velocity model and Moho depths in the starting models for analyses of the
broadband data, instead of IASP91 (Kennett and Engdahl, 1991), as well as calculating synthetic
arrival times from the broadband models and overlaying them on the raw controlled-source data.
Integration with the gravity data will involve modeling the densities using boundary constraints
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from the seismic models as well as hypothesis testing to explore the range of values that would
provide an acceptable fit to the seismic results.
Further synthesis with IDOR geochemical, structural, and exhumation data will also be
undertaken to investigate the formation and survival of the strong boundary at the WISZ, and
what implications this has for understanding the effects of structural inheritance in regions of
strongly contrasting crustal architecture in the U.S. Cordillera and elsewhere in the world.
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