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ABSTRACT
In subduction zones, the dip of the downgoing oceanic lithosphere has a profound
impact on the nature and extent of deformation as well as the generation of melt. In ~10%
of subduction zones, the downgoing slab assumes a low-angle, or horizontal geometry,
referred to as flat-slab subduction. The focus of this work is to better understand both the
driving forces and impacts of flat-slab subduction on the Earth’s lithosphere and
asthenosphere. This is accomplished by focusing on three areas impacted by flat-slab
subduction. The first area is the Pampean region of central Argentina and Chile, a modern
flat-slab subduction zone. In this region, we invert Rayleigh-wave-dispersion data to
produce a 3D shear velocity model. The flat slab is visible within the upper mantle as a
high-velocity body containing low-velocity pockets that dissipate inboard from the
trench. We interpret these velocities in the context of slab hydration and argue that the
subducting Nazca plate is initially hydrated at the trench and dewaters as it subducts. The
second area is southern California, which was impacted by Laramide flat-slab
subduction. In this area, we use receiver functions to locate and parameterize anisotropy
within the crust. Results show a persistent NE-SW oriented layer of lower crustal
anisotropy. We conclude that this layer consists of schists that were emplaced during
Laramide flat-slab subduction and have remained largely intact since. The final
component of this work is a study of the Colorado Plateau in which we use ambient-noise
tomography and receiver functions to study lithospheric structure. Results show fast
crust, a complicated Moho and intact Laramide features throughout the crust beneath the
Colorado Plateau while slower crust with a sharp Moho is observed along its margins.
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Based on these observations, published tomographic data and the volcanic and uplift
history of the region, we argue that delamination of the lower crust has occurred beneath
the Marysvale volcanic field. This process was driven by the gravitational instability of a
dense mafic root that formed during mid-Tertiary magmatism related to the rollback of
the Farallon flat slab.
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INTRODUCTION
Subduction zones are large and complex systems that have the ability to impact
the Earth thousands of kilometers inboard from plate margins (e.g. Decelles, 2004;
Dickinson, 2004; Stern, 2002). These systems affect the Earth’s topography, climate and
dispersal of natural resources. Better understanding of subduction zones and the
surrounding regions has numerous economic, social and environmental ramifications,
ranging from natural hazard mitigation to the extraction of natural resources. Though
subduction zones are complicated systems controlled by the interplay of numerous
processes, the angle of subduction is one factor that has a large effect on these systems. In
a “typical” subduction zone, the downgoing slab descends at a ~30°-45° angle in the
upper mantle. This process induces a convective flow within the asthenosphere, referred
to as corner flow, which brings hot asthenosphere into the upper mantle above the
subducting oceanic lithosphere. This upwelling asthenosphere interacts with water
released from the slab to produce melt that rises to the surface and forms a magmatic arc
(e.g. Grove et al., 2009).
Subduction zones can be subdivided based on the backarc stress regime into
“Chilean-type” subduction zones characterized by a shallower angle of subduction and
back-arc compression and “Marianas-type” subduction zones characterized by a steeper
subduction angle and back-arc extension (Uyeda and Kanamori, 1979). In ~10% of
subduction zones (Gutscher et al., 2000), an extreme form of Chilean-type subduction
occurs where the subducting oceanic plate assumes a shallowly dipping or flat geometry,
referred to broadly as flat-slab subduction. Better understanding the forces that drive flat-
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slab subduction and its impact on deformation within the continental lithosphere is the
focus of this dissertation.
Flat-slab subduction has many far-reaching impacts on the geology of the
overriding continental plate. It is commonly associated with the migration of deformation
inboard from the plate margin towards the interior of the continent and the inboard
migration or cessation of subduction-related volcanism. Within western North America,
flat-slab subduction has a profound influence on the landscape observed today. The late
Cretaceous-early Tertiary Laramide orogeny is hypothesized to result from the flat
geometry of the Farallon slab beneath North America (e.g., Coney and Reynolds, 1977;
Dickinson and Snyder, 1978; Bird, 1988). During this time, arc volcanism subsided and
deformation extended ~1500 km inboard from the plate margin (Decelles, 2004; Saleeby,
2003). Beginning at ~50 Ma, flat-slab subduction is believed to have ceased and the slab
began to rollback, which resulted in an influx of hot asthenosphere into the slab-hydrated
upper mantle (e.g. Humphreys, 1995). This resulted in the ignimbrite flare-up, a
southward time-transgressive sequence of volcanism that lasted from ~50 to ~20 Ma and
extended from Idaho into southern Arizona (e.g. Coney and Reynolds, 1977; Humphreys,
1995; Dickinson, 2006). At ~30 Ma subduction was replaced by strike-slip faults in
southern California that evolved into the present day San Andreas transform system
(Atwater, 1989). Laramide flat-slab subduction has had a lasting impact on the
lithospheric structure of western North America. The Rocky Mountains were uplifted
during this time (e.g. Dickinson et al., 1988) while mid-Tertiary extension and the
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ignimbrite flare-up resulted from the removal of the flat slab (e.g. Coney, 1987; Coney
and Reynolds, 1977).
The deployment of new seismic arrays and advances in seismic-analysis
techniques allow for detailed studies of flat-slab subduction in locations and at depths
that were previously inaccessible. For this work I study three regions, the Pampean flatslab region in Argentina, southern California, and the Colorado Plateau, to better
understand the forces driving flat-slab subduction and its impact on lithospheric structure
and deformation, particularly in western North America. In these analyses, I utilize
broadband seismic data to calculate receiver functions from teleseismic P-wave and shear
wave velocities from Rayleigh wave dispersion measurements.
In the first study, I use Rayleigh dispersion measurements, calculated from both
ambient noise and earthquake-generated surface waves, to create a 3D shear velocity
model of the Pampean flat-slab region located in central Argentina and Chile (Figure 1).
This region is considered a modern analogue for Laramide flat-slab subduction within the
western US and its analysis offers insight into the processes that were occurring there at
the time. Recent seismic work in the region suggests a dry continental lithosphere
overlying the flat slab beneath the high Andes (Wagner et al., 2005, 2006), while
aftershock locations (Fromm et al., 2006) and offshore active-source seismic work
suggest a hydrated slab (Kopp et al., 2004). Part of the motivation for this work is to
explain these somewhat contradictory observations and to analyze the role of water in
flat-slab subduction. The other goals of this study are to better understand the impact of
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flat-slab subduction on crustal deformation and structure, and to investigate the forces
driving flat-slab subduction.
In the second project, I use receiver functions to study the lithosphere of southern
California and examine the impact of flat-slab subduction on lower-crustal structure in
the region (Figure 1). This work is motivated by recent geological and geochemical work
that argues for the presence of a schist layer at the base of the crust emplaced during
Laramide flat-slab subduction (e.g., Saleeby, 2003; Ducea et al., 2009). This study
represents the first time receiver functions have been used to characterize seismic
anisotropy on a regional scale. Southern California is an ideal location to test the method
because of the dense regional network of long-running seismic stations and the wellconstrained geologic history. Long-running stations are necessary to record enough
events from varying back azimuths to produce a robust receiver function characterization
of seismic anisotropy, while the density of the array allows us to compare results between
closely spaced stations. Finally, the well-constrained geologic history allows us to
compare anisotropy results with geologic data to confirm their validity.
In the third study, I examine the continuing impact of flat-slab subduction on
active tectonic processes within the western US. In this work I use receiver functions and
ambient-noise tomography to examine lithospheric structure of the Colorado plateau and
surrounding areas. The purpose of this project is to explain the presence of high velocity
mantle “drips” observed beneath the edges of the Colorado Plateau observed in seismic
tomography studies, the encroachment of deformation and volcanism into the Colorado
Plateau, and to investigate the long-lasting effects of Laramide flat-slab subduction in the
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region (Schmandt and Humphreys, 2010; Sine et al., 2008; Obrebski et al., 2011; Roy,
2009; Van Wijk, 2010; Crow, 2011). I combine my seismic work with published
magnetotelluric (MT) observations, magmatic history, surface uplift measurements,
earthquake locations and heat flow observations to conclude that mid-Tertiary volcanism,
related to the rollback of the Farallon flat slab, produced dense batholithic roots along the
margins of the Colorado Plateau that have since foundered into the mantle. This suggests
that Laramide flat slab subduction is continuing to impact modern tectonic processes
within the Western US.
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PRESENT STUDY
The methods, results, and conclusions of this study are presented in the papers
appended to this dissertation. The following is a summary of the most important findings
in this document.

CENTRAL ARGENTINA
In appendix A, my coauthors and I focus on the Pampean flat-slab region in
central Argentina (~29° to ~32° S). In this area, the Nazca plate subducts to ~100 km
depth, assumes a sub horizontal geometry for ~300 km laterally before resuming a more
normal angle of subduction. Regionally, flat-slab subduction is associated with a shut-off
magmatic arc (Mahlburg Kay and Mpodozis, 2002), increased crustal seismicity
(Alvarado et al., 2007, Gutscher, 2002) and the migration of deformation inboard from
the high Andes into the Precordillera, a thin-skinned fold and thrust belt, and the Sierras
Pampeanas, a thick-skinned thrust belt. Based on the style of deformation observed and
the shut-off of arc volcanism, this modern flat-slab subduction zone is considered a
smaller scale analogue of deformation within the western US during the Laramide
orogeny (e.g. Jordan et al., 1983; Jordan and Allmendinger, 1986).
To better understand the processes that produce flat-slab subduction and its
impact on lithospheric deformation, we deployed 40 broadband seismometers throughout
the region. This seismic deployment was referred to as the SIerras pampeanas
Experiment using a Multicomponent BRoadband Array (SIEMBRA), which was
deployed concurrently with the Eastern Sierras Pampeanas (ESP) experiment. Equipment
for these deployments was provided by the Incorporated Research Institutes for
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Seismology (IRIS) Program for Array Seismic Studies of the Continental Lithosphere
(PASSCAL). Using data from both of these experiments and the previously deployed
Chile ARgentina Geophysical Experiment (CHARGE), we used ambient-noise
tomography and earthquake-generated surface-wave tomography to study the velocity
structure within the flat-slab region and the normal-angle subduction zone immediately to
the south. By combining these two techniques we were able to produce a regional-scale
3D shear velocity model of the upper 170 km (Figure 2).
Shear velocity measurements from the uppermost crust show a strong correlation
between lithology and seismic velocities. Low velocities are observed within sedimentfilled basins while fast velocities are observed where bedrock is exposed at the surface.
Pie de Palo, a large basement cored uplift located in the center of the array, is visible as a
particularly high velocity anomaly. At 15 km depth we observe slow velocities in the
southwestern portion of the study area where the volcanic arc is active, suggesting the
presence of partial melt at that depth. Within the lower crust we observe an eastward
decrease in crustal thickness consistent with previous work in the region (Gans et al.,
2011; Fromm et al., 2004; Gilbert et al. 2005) (Figure 2).
Within the mantle we image the slab in both the southern part of the study area,
where a normal subduction geometry is found, and in the north, where flat-slab
subduction is occurring. In areas where normal-angle subduction is occurring, the slab is
visible as an eastward-dipping high-velocity body with low-velocity material overlying it,
interpreted as hot asthenosphere emplaced due to corner flow (Figure 2). In the flat-slab
region, the oceanic lithosphere is visible as a high-velocity feature that contains
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“pockets” of low velocity material in the west beneath the high Andes. From west to east,
the slab transitions from a high velocity feature with pockets of low velocities, to an even
higher velocity feature with no associated low velocity zones (Figure 2). This
corresponds with an eastward decrease in shear velocities observed in the overlying
mantle lithosphere. Above and to the east of the flat slab we observe a low-velocity
feature, possibly indicative of asthenosphere or hydrated lithosphere sandwiched between
the slab and another high-velocity feature inferred to be the Rio de la Plata cratonic
lithosphere (Figure 2).
The faster slab velocities observed to the south, where normal-angle subduction is
occurring, suggest a less hydrated slab than is observed where flat-slab subduction is
found. The east-west increase in slab velocities and decrease in lithospheric mantle
velocities, observed where the slab is flat, are consistent with an initially hydrated
oceanic lithosphere dewatering beneath the Sierras Pampeanas. Density calculations
show that a partially serpentinized (hydrated) slab may be buoyant enough to resist
subduction. Based on these observations we argue that Nazca plate is hydrated offshore
and begins dehydrating as it subducts beneath South America. This process releases
water into the overlying mantle, but does not result in volcanism because the flat slab
prevents warm asthenosphere from reaching this hydrated region. As the slab dewaters,
its density increases allowing it to subduct. Corner flow is inhibited where the slab
resumes subduction at a normal angle by the presence of the Rio de la Plata craton.
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SOUTHERN CALIFORNIA
In appendix B we focus on southern California to examine the impact of flat-slab
subduction on the lower crust. In this region, recent geochemical work suggests that the
mid- lower crust was removed by the Farallon slab during Laramide flat-slab subduction
and that schists derived from the adjacent accretionary-trench complex were subsequently
underplated onto the base of the crust (e.g., Saleeby, 2003; Ducea et al., 2009). At ~30
Ma (Atwater et al., 1989) subduction ended within the region and was replaced by a
transform boundary that has evolved into the San Andreas Fault. Outboard extension of
the upper plate, following the end of flat subduction-related compression, exposed slivers
of these schists at the surface, while ensuing transform motion along the western margin
of North America disaggregated these schists as individual crustal blocks were rotated
and translated northward.
In order to identify and map the subsurface distribution of these schists, we
combined anisotropy measurements made using receiver functions with the tectonic
reconstruction of the southwestern US from McQuarrie and Wernicke (2005). While
receiver functions had been used previously to characterize seismic anisotropy (e.g.
Levin and Park, 1998; Sherrington et al., 2004; Ozacar and Zandt, 2009), this project is
the first time the technique was used to examine crustal anisotropy on a regional scale.
Results from this work show a persistent lower-crustal layer of SW-NE oriented
highly anisotropic material at the base of the crust within southern California consistent
with the presence of schists, which are highly anisotropic (Babuska and Cara, 1991).
When anisotropy measurements were restored to their positions and orientations at 36
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Ma, prior to the initiation of transform motion along the western boundary of North
America, anisotropy orientations became even more consistently orientated in the
direction of Farallon-North American plate motion during the Laramide (Figure 3). This
anisotropic zone is visible in Common Conversion Point (CCP) cross sections as a
negative Ps conversion located immediately above the Moho. Features in the CCP stacks
correlate well with features observed in active-source seismic work in the region,
including a “bright reflector” at lower crustal depths, possibly indicative of the top of this
anisotropic zone (Ryberg and Fuis, 1998).
The results from this work support the hypothesis that much of the lower-crust
was removed by Laramide flat-slab subduction and that a package of schists was
subsequently emplaced there (Figure 3). The consistency of anisotropy measurements
suggests that these blocks have experienced minimal internal lower-crustal deformation
since the cessation of subduction. This work also shows that receiver functions are a
viable method of measuring seismic anisotropy at a regional scale.

COLORADO PLATEAU
In appendix C we focus on the Colorado Plateau in southwestern Utah to examine
how flat-slab subduction is continuing to impact modern tectonic processes within North
America. The deployment of the EarthScope USArray seismic stations across the US
allow for the study of this region in unprecedented depth and breadth. Recent
tomographic models of the western US calculated using these stations show two
vertically elongate high-velocity mantle anomalies located at the eastern and western
margins of the Colorado Plateau, as well as a possible third anomaly located along the
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southern margin (Schmandt and Humphreys, 2010; Obrebski et al., 2011). The locations
of these high-velocity bodies correlate with mid-Tertiary volcanic fields that were
erupted as part of a magmatic sweep related to the rollback of the Farallon slab at the end
of the Laramide orogeny (e.g. Dickinson, 2002; Humphreys, 1995).
To investigate the relationships between these mantle anomalies and Tertiary
volcanic fields, we used ambient-noise tomography and receiver functions in a detailed
study of the western margin of the Colorado Plateau and the Marysvale volcanic field.
Rayleigh-wave velocities calculated from ambient noise were used to produce a regional
3D shear velocity model while receiver functions were used to investigate the nature of
intracrustal discontinuities and the Moho. The 3D shear velocity model shows high
velocities within the crust of the central Colorado Plateau and lower velocities in the crust
along its margins. Within the plateau, the highest velocities in the upper crust correspond
to the locations of Laramide uplifts, while lower velocities correspond to Laramide basin
locations. The high-velocity features are visible down to ~30 km depth. Receiver
functions show a strong Moho Ps conversion beneath the Basin and Range and the
western margin of the Colorado Plateau while a weak arrival is observed beneath the
center of the Colorado Plateau.
Based on these observations and other geologic and geophysical evidence
including heat flow, earthquake locations, uplift history and a comparison to a
delamination event beneath the Sierra Nevada mountains in California, we argue that
delamination occurred beneath the western transition zone at ~9-5 Ma. This delamination
was driven by the gravitational instability of a dense mafic root that formed due to
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magmatism associated with the mid-Tertiary Marysvale volcanic field. The fast crustal
velocities, the weak Moho and the observation of Laramide features in the deep crust
beneath the central Colorado Plateau suggests that it has remained largely undeformed
since the early-Tertiary, and that delamination has not extended into this region. From
this work we conclude that delamination of the lower crust occurred beneath the western
and possibly eastern and southern margins of the Colorado Plateau and that this
delamination is a direct result of volcanism associated with the foundering of the Farallon
flat slab at the end of the Laramide orogeny (Figure 4). The downwelling of this crustal
root is potentially driving mantle convection at the edge of the Colorado Plateau, which
may explain its high elevation and the encroachment of extension and volcanism into the
plateau (Figure 4).
The conclusions from this dissertation improve our understanding of the causes of
flat-slab subduction, its impact on deformation and magmatism in the overlying
continental lithosphere and the tectonic evolution of western North America. In South
America, we used Rayleigh wave tomography to analyze a modern flat-slab region often
considered an analogue to the western US during the Laramide orogeny. The results of
this work show that the mantle within the flat Nazca slab may be hydrated and that this
hydration impacts the angle of subduction. Within North America we focus on the longlasting effects of Laramide flat-slab subduction. In California results show that schists,
underplated onto the lower crust following its removal during flat-slab subduction, are
still present. In this work we also show that receiver functions are a viable method for
identifying regional scale, discrete layers of anisotropic material. Within the Colorado
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Plateau and its surrounding regions we use receiver functions and ambient-noise
tomography to show that flat-slab subduction is continuing to impact crustal and mantle
structure as well as tectonic processes in the region. This work associates mantle
downwellings observed at the margins of the plateau with batholithic root removal
beneath Tertiary volcanic fields that formed as part of the ignimbrite sweep related to the
rollback of the Farallon flat slab at the end of the Laramide.
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FIGURES

Figure 1. Map of the Americas showing study areas A, B and C. Purple squares are
modern flat-slab subduction zones. Red lines are spreading centers, blue are subduction
zones and green are transform plate boundaries (Coffin et al., 1998). Topography from
Amante and Eakins (2009). Figure made using GMT (Wessel and Smith, 1998).
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Figure 2. Shear velocity models of normal-angle (A-A’) and flat-slab subduction, with
subducting slab and major features labeled. Cross sections locations shown in in
Appendix A, Figure 1. Red x’s are earthquakes locations (> mag 4.0) from the USGS
(United States Geological Survey) PDE (Preliminary Determination of Epicenters)
catalog from 1973 to 2011 within 0.1 degrees of this vertical slice. Cyan x’s are
earthquake locations from the EHB catalog (International Seismological Centre, 2011)
within 0.1 degrees of this vertical slice. Orange x’s are earthquakes locations from
Linkimer et al. (2011). Variable smoothing is used to display cross sections in the crust
and mantle in order to observe features in each.

29

Figure 3. Map of Anisotropy orientations reconstructed to positions and orientations at
36 Ma (A). Inset shows distribution of anisotropy orientations. Panel B shows
interpretation of early-Tertiary geology, showing anisotropic schists. Figure B modified
from Saleeby (2003) and Chapman et al. (2010).
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Figure 4. A) Receiver function cross-section of study area with overlay of shear velocity
contours. B) Interpretation of geologic processes in A). Cross-section location is shown
in Appendix C, Figure 1.
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ABSTRACT
The Pampean flat-slab region is located in central Argentina and Chile between
29° and 34° S, and is considered a modern analogue for Laramide flat-slab subduction
within western North America. Regionally, flat-slab subduction is characterized by the
Nazca slab descending to ~100 km depth, flattening out for ~300 km laterally before
resuming a more “normal” angle of subduction. The onset of flat-slab subduction is
associated with the inboard migration of deformation from the high Andes into the
Precordillera and Sierras Pampeanas, as well as the eastward migration and eventual
cessation of arc related volcanism. The onset of flat-slab subduction correlates spatially
with the track of the Juan Fernandez Ridge, suggesting a relationship between the two.
We use ambient-noise tomography and ballistic surface waves to calculate a regional 3D
shear velocity model that encompasses both flat-slab subduction and normal-angle
subduction located immediately to the south.
Within the crust we find that shear wave velocity variations are largely related to
changes in lithology, with basins and bedrock exposures clearly defined as low- and highvelocity regions, respectively. In the south, where normal-angle subduction is occurring a
low-velocity feature is observed in the upper mantle beneath the active arc, consistent
with the presence of partial melt. We argue that subduction related hydration plays a
significant role in controlling shear wave velocities within the upper mantle. In the
normal-angle subduction zone in the southern part of the study area, the slab is visible as
a high-velocity body with a low-velocity mantle wedge above it, extending eastward
from the active arc. These low velocities are likely due to hot asthenosphere emplaced as
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corner flow. Where flat-slab subduction is occurring, slab velocities increase to the east
while velocities in the overlying lithosphere decrease, suggesting that the slab is
dewatering and hydrating the overlying mantle. As the flat slab steepens and assumes a
normal angle of subduction, we observe a dipping low velocity layer above it, consistent
with cooled asthenosphere or hydrated lithospheric mantle sandwiched between the
subducting slab and high velocity lithosphere of the Rio de la Plata craton. Shear
velocities suggest that the slab is more hydrated in the flat-slab region than to the south
and that the Rio de la Plata cratonic lithosphere may be inhibiting corner flow in this
area. This hydration may be contributing to the excess buoyancy of the down going
oceanic lithosphere.

INTRODUCTION
From 8° N to 47° S, the South American Cordillera is formed by processes related
to the subduction of the Nazca plate beneath the South American plate. While the South
American Cordillera is often considered a ‘typical’ compressive upper plate style
subduction zone, there are several along-strike variations in the nature of subduction and
the style of deformation. Adjacent to the track of the Juan Fernandez Ridge, between 29°
and 32° S, the Nazca plate flattens out for ~300 km before resuming a more typical angle
of subduction (Figure 1) (Anderson, 2007; Cahill and Isacks, 1992). This unusual slab
geometry, known as flat-slab subduction, has led to a shutoff of arc volcanism and a
migration of deformation inboard from the high Cordillera into the Sierras Pampeanas
(Kay, 1988; Jordan et al., 1983).
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Flat-slab, or low-angle, subduction, occurs in approximately 10% of subduction
zones on Earth and is associated with the widening, inboard migration and/or cessation of
arc related volcanism (Gutscher et al., 2000b; Cahill and Isacks, 1992). Understanding
the driving forces and deformation associated with flat-slab subduction has implications
regarding subduction processes in general as well as the tectonic evolution of the western
US, which is believed to have experienced flat-slab subduction during the Laramide
orogeny (e.g., Coney and Reynolds, 1977; Dickinson and Snyder, 1978). Several
potential causes of flat-slab subduction have been proposed though no universal driving
force has yet been identified (Gutscher et al., 2000). Some proposed driving mechanisms
are slab suction, overthrusting of the overriding plate and increased buoyancy of the
subducting slab (e.g. Jischke, 1975; Cross and Pilger, 1982; van Hunen et al., 2004).
Increased buoyancy of the subducting oceanic plate has been explained by the subduction
of young/warm oceanic lithosphere, over thickened oceanic crust related to seamounts or
oceanic plateaus and serpentinization of the subducting slab mantle. (Vlaar and Wortel,
1976; Gutscher, 2000; Gans et al., 2011; Kopp et al., 2004).
Within the study area, flat-slab subduction is likely related to the subduction of
the Juan Fernandez Ridge, a chain of seamounts formed offshore due to volcanism
associated with the Juan Fernandez hot spot. The spatial correlation between flat-slab
subduction and the Juan Fernandez Ridge suggests that the two are related. Plate
reconstructions show a northward bend in the track of the Juan Fernandez Ridge beneath
the eastern Sierras Pampeanas (Yáñez, 2002; Pilger, 1981). This shows that the ridge was
previously subducting beneath South America north of its current position and has since
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migrated southward. Geochemical observations of arc volcanics suggest that the
shallowing of subduction in the region began at ~16 Ma which is when the ridge first
migrated into the area (Mahlburg Kay and Mpodozis, 2002). Two ways that ridge
subduction may have increased slab buoyancy are a) volcanism associated with formation
of the ridge overthickened the crust in the region and b) hydration of the oceanic crust
and upper mantle due to the infiltration of water along the ridge which reduced the
density of the subducting oceanic lithosphere (e.g. Yáñez, 2002; Gans et al., 2011; Kopp
et al., 2004).
We use Rayleigh-wave tomography, calculated from both ambient noise and
earthquake-generated surface waves, to create a regional 3D model of shear-wave
velocities in order to better understand flat-slab subduction. We focus on analyzing the
forces potentially driving flat-slab subduction as well as its effects on crustal and uppermantle structure and processes. This is done through a comparison of velocity features
observed in the flat-slab subduction region to velocities in the normal-angle subduction
region located immediately to the south. The combination of ambient noise and ballistic
surface wave measurements allow for the study of the region at greater depth ranges and
detail then either individual method would allow.

TECTONIC SETTING
Regional seismicity shows the subducting Nazca plate descending to ~100 km
depth, flattening out and remaining at a constant depth for ~300 km laterally before
returning to a more normal subduction angle from 29° to 33° S. (Figure 1) (Anderson et
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al., 2007; Cahill and Isacks, 1992; Linkimer et al., 2011). The onset of flat-slab
subduction led to the eastward migration and diminution of volcanism within the study
area from 16 Ma until cessation at 2 Ma (Mahlburg Kay and Mpodozis, 2002). This
migration and lessening of volcanism is associated with a shutoff of corner flow in the
area where the slab is actively dewatering, which prevents the
temperature/pressure/hydration conditions necessary for arc volcanism. Along with a
shut-off of arc related volcanism, flat-slab subduction is also associated with increased
crustal seismicity (Alvarado et al., 2007, Gutscher, 2002) and the migration of
deformation inboard from the high Andes into the thin-skinned Precordillera and thickskinned Sierras Pampeanas (Ramos et al., 2002).
Flat-slab subduction correlates spatially with the track of the Juan Fernandez
Ridge. Volcanism along the ridge, associated with the Juan Fernandez hotspot, is
believed to result in moderately over thickened oceanic crust observed where the slab is
horizontal, possibly providing some of the buoyancy necessary to maintain flat-slab
subduction (Gans et al.; 2011). Active source seismic work (Kopp et al., 2004) and outer
rise aftershock locations (Fromm et al., 2006) provide substantial evidence that the slab is
significantly fractured and hydrated as a result of this volcanism and outer rise related
extension. However, work by Wagner et al. (2005, 2006), suggests that the lithosphere
above the subducting slab is dry. These observations imply that the slab is hydrated
offshore but not releasing water into the upper mantle above the flat slab.
The crustal rocks within the study area can be subdivided both in terms of style of
deformation and terrane geology. Terranes young to west but the exact locations of many
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of the terrane boundaries, which are difficult to determine when not defined by exposed
ophiolite belts, are still relatively uncertain. In the following section we briefly outline
regional deformation patterns and the terrane geology of the study area.
The high Andes are divided into the Principal and Frontal Cordillera which both
consist of thick- and thin-skinned thrust belts largely covered by volcanic rocks related to
the older arc (Allmendinger et al., 1990). The Principal Cordillera lies to the west of the
Frontal Cordillera, though the boundary is difficult to discern due to the aforementioned
volcanic cover (Figure 1). The primary difference between these two regions is the age of
the basement rocks. The Principal Cordillera is characterized by Mesozoic and Tertiary
volcanic rocks and sedimentary strata, while the Frontal Cordillera is composed of late
Paleozoic marine and early Mesozoic igneous rocks (Allmendinger et al., 1990). Both the
Principal and Frontal Cordillera lie within the Chilenia terrane, which extends from the
high Andes to the plate margin. Little is known about Chilenia due to the dearth of
outcrops. Based on the a small number of U-Pb ages calculated by Ramos and Basei
(1997a,b referenced in Ramos, 2010) it is argued that parts of Chilenia are covered by
sediments derived from the west and that it is possibly a Laurentia derived terrane
(Ramos, 2010).
The Precordillera is a thin-skinned fold and thrust belt that lies to the east of the
Principal and Frontal Cordillera. It is separated from the high Andes by a north-south
striking piggy-back basin that is identified at the surface as the Calingasta, Iglesia and
Barreal valleys (Figure 1). The Precordilleran basement is composed primarily of
Paleozoic shelf carbonates (Astini et al., 1995) that in balanced cross sections
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accommodated ~65-70 % of the total regional shortening since 16 Ma (Allmendinger et
al., 1990). The Precordillera comprises the western half of the Cuyania terrane; a
Laurentia derived composite terrane that formed off shore before accretion onto South
America during late Middle to Late Ordovician times (Ramos, 2004.). The rocks within
the Cuyania terrane are believed to be of Grenville age and derived from the Ouachita
embayment (Thomas and Astini; 1996; Thomas and Astini, 2003).
The eastern part of the study area consists of the Sierras Pampeanas, a thickskinned block-faulted belt that extends ~800 km inboard from the subduction interface.
The style of deformation within the Sierras Pampeanas is characterized by large
basement-cored uplifts separated by sediment-filled basins (Figure 1) and is often
recognized as an analogue to Laramide deformation within the western United States
(e.g. Jordan et al., 1983; Jordan and Allmendinger, 1986). The Sierras Pampeanas extend
from the eastern half of the Cuyania terrane across the Pampean terrane to the edge of the
Rio de Plata craton (Figure 1). The most westerly basement cored uplift is Pie de Palo,
which lies directly east of the city of San Juan and is surrounded on all sides by
sedimentary basins (Figure 1) (Verges, 2007). Pie de Palo makes up the eastern half of
the Cuyania composite terrane described above. The extent of Pampia, its origin and its
role in the formation of the Famatinian magmatic arc remain enigmatic. Recent work
identifies it as a cratonic block that rifted off Rodinia and eventually collided with the
Rio de la Plata craton (Ramos et al., 2010).
The portion of the study areas south of 33° S is characterized by normal-angle
subduction and an active volcanic arc. Prior to 5 Ma, a shallow angle of subduction is
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inferred within the area based on the location of Late Miocene volcanic rocks 500 km
inboard from the trench (Kay et al., 2006; Ramos and Folguera, 2009). This was
followed by a steepening of the slab dip which led to back arc extension and volcanism
with an intraplate geochemical signature, referred to as the Payenia volcanic province
(Kay et al., 2006; Ramos and Folguera, 2011). Our study area encompasses the northern
part of this volcanic province, which consists of small isolated volcanoes and lava flows
in this region (Ramos and Folguera, 2011). The Cuyo basin, an inverted Triassic rift
basin filled with 1,500 to 2,000 m of continental sediments is also located in this area
(Figure 1) (Ramos and Kay, 1991).

DATA AND METHODS
Both ambient-noise tomography (Shapiro et al., 2005; Moschetti et al., 2007;
Yang et al., 2007) and a two-plane wave approximation of ballistic surface waves
(Forsyth et al., 1998; Forsyth and Li, 2005) were used to measure Rayleigh wave phase
velocities across the region. Phase velocity dispersion curves from both methods were
then combined and inverted to calculate 1D shear wave velocity profiles every 0.1º.
Rayleigh waves are sensitive to the aggregate velocity structure of the Earth surrounding
the wave’s ray path, with the peak sensitivity at a depth of approximately ⅓ of a
wavelength (Figure 2) (Yang et al., 2007). Ambient noise measurements were used to
calculate phase velocities at shorter periods (< 30 seconds), which primarily sample the
crust, while the two-plane wave method was used at longer periods (>20 seconds), which
sample the lower-crust and upper-mantle (Figure 2). Because Rayleigh wave velocities at
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individual periods are sensitive to a range of depths (Figure 2), they are not especially
sensitive to abrupt velocity discontinuities, (e.g. the Moho) making them better suited for
calculating the velocity of volumes and identifying gradational changes in velocity.
Longer periods sample a significantly broader range of depths than shorter periods,
making this limitation more pronounced as the period/depth measured increases. Despite
this, rough approximations of the depth of major boundaries can be made using this
method. Due to their particle motion, Rayleigh waves measure vertically polarized Swave (Sv) velocities and not horizontally polarized S-waves (Sh) velocities, so any
references to shear velocities in the following sections refer to Sv velocities.
Data used in this work were primarily collected by three temporary seismic
arrays, the Chile ARgentina Geophysical Experiment (CHARGE), the SIerras pampeanas
Experiment using a Multicomponent BRoadband Array (SIEMBRA) and the Eastern
Sierras Pampeanas (ESP) experiment. Data from two additional Global Seismic Network
(GSN) permanent stations, LCO and PEL, both located in Chile, were also utilized. The
CHARGE deployment consisted of 22 seismic stations deployed from 2000 to 2002
primarily in two east-west running lines that extended from Chile into western Argentina
(Figure 1). The SIEMBRA seismic experiment consisted of 40 seismometers that were
deployed from 2007 to 2009 in a grid centered on the city of San Juan, Argentina (Figure
1). Four seismometers were moved to new sites during the experiment so 44 seismic
stations are used in this work. The ESP experiment consisted of 12 seismometers that
collected data from 2008 to 2010 in the area around the Cordoba Range in the eastern
Sierras Pampeanas (Figure 1).
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Ambient Noise
Ambient-noise tomography is based on the principle that the cross-correlation of
background seismic noise approximates the Green’s function between the two
seismometers recording the noise. While ambient noise has been used to calculate Pwave velocities (e.g. Roux et al., 2005), it is generally used to measure surface waves
(e.g. Shapiro et al., 2005; Yang et al., 2007; Bensen et al., 2008). This is because surface
waves have larger amplitudes than body waves, due to the geometry of wave front
spreading, making them easier to measure. Ambient-noise tomography is advantageous
over earthquake-generated or “ballistic” surface wave tomography in that it does not
require earthquakes and measures shorter periods and is therefore sensitive to shallower
structures. The primary energy source for ambient-noise tomography is the breaking of
ocean waves on the continental margin, which typically have peaks in amplitude at 15
and 7.5 seconds (Bensen et al., 2007; Friedrich et al., 1998).
We briefly outline the general process for calculating seismic velocities using
ambient-noise tomography within this paper, for a more detailed explanation of the data
processing refer to Bensen et al. (2007). To calculate seismic velocities from ambient
noise, 1 sample per second (sps) vertical component data were retrieved from the
CHARGE, SIEMBRA, ESP and permanent stations archived at the Incorporated
Research Institutions for Seismology (IRIS) Data Management Center (DMC). The
instrument response was removed from all seismograms and data were cut into 1-day
increments. Seismograms from each day were then bandpass filtered from 5 to 150
seconds and the data were normalized to remove signals resulting from earthquakes or
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other discrete events. This was done using a running-absolute-mean normalization
method (Bensen et al., 2007). Once normalized, a Fast Fourier Transform (FFT) was used
to convert the data into the frequency domain where the data were whitened and crosscorrelations were calculated every day for station pairs. These daily station crosscorrelations were transformed back in the time domain and stacked into month and then
yearlong increments. From these stacked cross-correlations, the signal-to-noise ratio
(SNR) was calculated and those inter-station measurements with a SNR less than 15 were
discarded. The resulting waveform for each station pair was roughly symmetric, centered
on 0 seconds. The positive and negative times represent the wave traveling in both
directions along the great circle path between the two stations. Dissymmetry in the
waveform results from the irregular distribution of noise sources around the station. This
effect is largely due to storms concentrating in different hemispheres throughout the year.
To increase the signal to noise ratio, the time axis for the negative component was
multiplied by -1 and the resulting waveform stacked with the positive time component,
essentially folding it over the 0 second time axis and producing the symmetric
component.
To calculate Rayleigh wave phase velocities between stations, the stacked
symmetrical component of the cross-correlations were filtered over narrow bandwidths
and the phase velocities were measured at several periods. Measurements were made at 6,
8, 10, 12, 14, 16, 20, 25, 30, 35 and 40 second periods. Waveforms measured at 6 and 40second periods generally had low signal-to-noise ratios and were discarded. Further,
many measurements made at periods greater than 30 seconds had to be removed because
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of the size of the array. The method utilized for measuring ambient noise requires at least
3 wavelengths between the stations to accurately calculate phase velocity. Given the
relatively small size of the array compared to more common continent wide studies (e.g.
Bensen et al., 2008; Yang et al., 2007) there was not enough distance between many of
the stations to make measurements at these longer wavelengths. For these reasons, we
only included ambient noise phase velocity measurements between the periods of 8 to 30
seconds in the inversion for shear wave velocities.
Using the method outlined in Barmin et al. (2001), we calculated phase velocity
maps for the study area at each period listed above. This is done by combining phase
velocities along inter-station paths to determine dispersion curves at defined grid points
(Figure 3). In this step, we experimented with grid spacing ranging from 0.5º to 0.1º and
a variety of different damping parameters. Given the dense station spacing, grid points
located every 0.1º produced detailed results that did not appear to introduce artificial
error into the inversion. Ultimately the values α = 300 β = 100 and σ = 100 were used in
the penalty (damping) function to best match ballistic surface wave measurements. The
damping is dependent on the path density with the variable α controlling the strength of
the spatial smoothing, β controlling how data is merged into areas of poor data coverage
and σ is the smoothing length in km. For a more detailed description of the penalty
functions refer to Barmin et al. (2001). As a final quality control on the data, station pairs
with residuals greater than 2 seconds were removed and resolution maps were made
(Figure 3.). Phase velocity measurements made where resolution was less than 100 km
were not included in the final inversion for shear wave velocity. During this step, we also
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tested the possibility that seasonal biases in noise sources could introduce significant
errors into the phase velocity measurements. Phase velocity maps made from noise
recorded during the winter months (May to August) were compared to maps made from
noise recorded during the summer (November to February) and the two did not exhibit
any significant variations in velocity patterns (Supplemental Figure 1).
Ballistic Surface Waves
To calculate Rayleigh wave phase velocities at longer period (>= 20 seconds) we
used a two-plane wave approximation of incoming ballistic surface waves (Forsyth et al.,
1998; Forsyth and Li, 2005). In this technique, an incoming surface wave is
approximated as the sum of two interfering plane waves using an iterative-two step
inversion. The advantage of this method over single plane wave approximations is that it
is able to account for the effects of scattering and multi-pathing on surface wave velocity
calculations. The two-plane wave method has been successfully applied in a variety of
seismic studies around the globe (e.g. Li et al., 2003; Miller et al., 2009; Wagner et al.,
2010). For this study, 94 events were selected with epicenters located 30° to 120° distant
from the study area and magnitudes greater than 5.5 (Figure 4). Of these events, 59
occurred during the time SIEMBRA stations were deployed and 35 within the time frame
of the CHARGE deployment. Events that occurred solely during the ESP deployment
were not used because the array geometry was not conducive to this type of study. The
ray coverage from the events used for the 50 seconds period measurements is shown in
Figure 4.
Similar to the ambient-noise analysis, the two-plane wave tomography utilized 1 sps
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vertical component seismic records for the 94 events mentioned above. Because the
arrays used a variety of instrument types, the instrument responses for all of the stations
were transferred to the most common response, that of the Streckeisen STS-2 broadband
seismometer. Traces were then bandpass filtered using an acausal 0.01Hz wide four-pole
Butterworth filter to make measurements at 20, 22, 25, 27, 30, 34, 40, 45, 40 59, 67, 77,
87 and 100 seconds. Once filtered, the traces were visually windowed around the
fundamental Rayleigh wave arrivals and graded based on the quality of the data. Stations
with low signal to noise ratio or where the fundamental-mode Rayleigh wave could not
be discerned from higher-mode waves were removed.
In the two-plane wave inversion we solve for phase, amplitude and orientation of
the two plane waves used to represent the incoming Rayleigh wave, for a total of 6
parameters (Forsyth and Li, 2005). While we outline the technique here, a more detailed
description can be found in Forsyth and Li (2005) and Yang and Forsyth (2006). The
inversion involves 8 iterations each with 2 stages. The first stage uses a least squares
simulated annealing approach to find the best fitting wave parameters. The second stage
is a linearized inversion to calculate corrections to the current velocity model and the
wave-parameters. In the inversion we use the 2D finite-frequency sensitivity kernels
described in Yang and Forsyth (2006), which is based on the Born approximation of
scattering used in Zhou (2004). Applying these kernels allows the inversion to better-fit
amplitude data and increases resolution to detect heterogeneities down to the order of one
wavelength of the incoming wave (Yang and Forsyth, 2006). Incoming waves that cannot
be well parameterized by two interfering plane waves are down-weighted in each step of
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the inversion, reducing the effects of any error introduced by those events. For the 2D
phase velocity inversion at each period, a grid spacing of 0.5º was used on a rectangular
grid with corners at 38° S, 73° W and 25° S, 61° W. The bounds of the grid were chosen
to be sufficiently large that the outermost grid nodes could absorb travel time variations
that could not be well fit by the two-plane wave approximation. Measurements were
smoothed using a Gaussian smoothing filter with a width of 65 km. For each period,
gridpoints where the phase velocity measurement possessed a standard deviation greater
than 0.04 km/s were not included in the inversion for shear wave velocities (Figure 5).
Once velocities were calculated for gridpoints, the resulting velocity grid was then
interpolated to 0.1° grid spacing so that the data could be combined with ambient noise
measurements.
Combined Measurements And Shear Velocity Inversion
Both ambient-noise and two-plane wave tomography were used to calculate
Rayleigh wave phase velocities at defined grid points. Combining measurements from the
two techniques has been successfully done in a variety of studies, and allows for a
detailed study of both crust and mantle shear velocities (e.g. Yang et al., 2008; Moschetti,
2007; Stachnik et al., 2008). Using the 0.1° x 0.1° grids calculated for both ambient-noise
and ballistic surface waves, phase velocity measurements were combined into dispersion
curves, with ambient noise comprising the short period measurements (<= 30 seconds)
and two-plane wave tomography comprising the longer period measurements (>= 20
seconds). At periods where measurements were made using both techniques (20, 25 and
30 seconds), phase velocity measurements were generally within 0.05 km/s of each other
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(Figure 6), which is comparable to differences seen by Yang et al. (2008). At these
periods, the average of the two velocities was used where possible. If only one technique
met the acceptable resolution/standard deviation criteria described above, then that
measurement was used. If fewer than 4 periods were measured at any grid point, the
dispersion curves from that grid point were discarded in the shear velocity inversion.
Utilizing the Rayleigh wave peak depth sensitivity for different periods (Figure
2), we inverted phase velocity dispersion curves calculated at each grid point for shear
velocities using a linearized least squares inverse method (Hermann et al., 1987; Snoke
and James, 1997; Larson et al., 2006). This method was applied using an iterative
technique where damping was decreased progressively after 3 to 5 iterations (e.g. Warren
et al., 2008). Figure 7 illustrates the progression of the model through damping
parameters and the resulting fit to the dispersion curve. The inversion for shear wave
velocity has a large dependence on the starting model, and especially on Moho depth.
Given the variable Moho topography within the region (Gans et al, 2011; Gilbert et al.,
2005; Fromm et al. 2004), we experimented with a wide variety of initial velocities (Fig.
7), before settling on two starting models. The first was a modified IASP91 model
(Kennett and Engdahl, 1991), where the crustal thickness was varied with longitude to
match receiver function measurements (Gans et al., 2011) and the second was a model
with a constant shear wave velocity of 4 km/s and no Moho (Table 1). In both models the
Vp/Vs ratio was kept fixed in the inversions. By comparing results from the two starting
models, it is possible to assess the variability of the shear wave velocity features observed
in each. In addition to varying the starting velocity model, a variety of layer thicknesses
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were tested ranging from 5 km thick layers in the crust and mantle to modeling the crust
as a single layer. Layer thicknesses less than 20 km in the crust and 30 km in the mantle
showed little variations in the final model (Figure 7 Panels A and C). The final layer
thicknesses were selected to observe fine features in the crust and accommodate reduced
resolution at depth (Figure 7)(Table 1). Slight variations in layer thicknesses were made
across the array in the modified IASP91 model to accommodate the eastward decrease in
Moho depth.

RESULTS
Phase Velocities
Using ambient-noise tomography, we calculated inter-station dispersion curves,
(Figures 3 and 8), which were then combined to calculate dispersion curves at grid points.
These two-station dispersion curves reflect the sensitivity of ambient-noise measurements
to upper crustal structure at shorter periods and to crustal thickness at longer periods. The
phase velocity measurements made between CHUC and PACH, exhibit slow velocities
between the 8 and 12 second periods, which reflects the great circle path between the two
stations crossing the Bermejo basin, a large 10 km deep foreland basin (Allmendinger et
al., 1990, Gimenez et al., 2000) (Figure 8). The dispersion curve calculated between
ABRA and LLAN is much faster at 8, 10, and 12 second periods, reflecting a station path
confined to the bedrock of the Chepes uplift (Figure 8). At longer periods, faster twostations paths are observed in the eastern half of the study area (e.g. ESP07-ESP12,
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ABRA-LLAN), compared to the western part (e.g. CORT-USPA, CHUCH-PACH).
These variations likely reflect the thicker crust that is observed in the western half of the
study area than in the east (Fromm et al., 2004 Gilbert et al., 2006; Gans et al., 2011).
These inter-station measurements are then combined to produce phase velocity maps
(Figure 9), which reflect similar features. Phase velocities calculated at 10 seconds are
slowest in the basins, and faster in locations where bedrock is exposed at the surface
(Figure 9). The most prominent features are Pie de Palo, which exhibits phase
velocities >3.3 km/s, and the two foreland basins surrounding it (Figure 9). The Bermejo
basin lies to the north and is characterized by phase velocities < 2.8 km/s and the Jocoli
basin lies to the south and exhibits velocities < 3 km/s (Figure 9). The lowest phase
velocities observed in the high Andes at this period are < 3.1 km/s, and are found in the
southern part of the study area where there is an active arc overlying a region where the
Nazca slab subducts at a normal angle, suggesting the presence of magma bodies at
shallow depths.
Phase velocities calculated at periods of 20, 25 and 30 seconds are the average of
measurements made using both ambient-noise and two-plane wave tomography. Phase
velocity maps at these periods (Figure 10), show that phase velocities primarily reflect
the eastward decrease in crustal thickness, which was previously identified in both
receiver functions and Pn observations (Gans et al., 2011; Gilbert et al., 2006; Fromm et
al., 2004). At 25 seconds, phase velocities less than 3.4 km/s are observed in the high
Cordillera where crustal thicknesses greater than 70 km are observed (Figure 10) (Gans et
al., 2011). In the east beneath the Sierras Pampeanas phase velocities greater than 3.6
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km/s are observed suggesting that the Rayleigh waves at this period are partially
sampling the upper mantle (Figure 10).
At periods longer than 30 seconds, measurements were made solely using ballistic
surface waves. Maps of phase velocities for periods between 40 and 50 seconds continue
to reflect crustal thickness with faster velocities observed to the east where the crust thins
and slower velocities in the zone of thicker crust to the west (Figure 11). From 59 to 87
seconds, an area of high phase velocity (>4 km/s at 59 seconds) is observed oriented SWNE, which possibly marks the location of the subducting slab or dry continental
lithosphere immediately above it (Figure 11). At these periods, lower phase velocities are
observed where the slab is believed to be flattest (near ~-31°S, -68°W), compared to the
surrounding area, indicating that the flat slab may have low-velocity features associated
with it. At periods greater than 87 seconds there are few clearly defined phase velocity
features and interpretations are more easily made using the results of the shear velocity
inversion.

Shear Velocities
The regional 3-D shear velocity model created from the inversion of the phase
velocity data is the focus of our interpretation and shows many of the same features
observed in the phase velocity measurements. Shear wave velocity maps and cross
sections are shown in Figures 12-15. In both cross-section and map view, we observe a
strong correlation in upper crustal seismic velocities and lithology, with bedrock
exposures exhibiting faster velocities than sediment filled basins (Figures 12 and 15). The
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Bermejo and Jocoli basins are clearly visible at 8 km depth as low velocity zones (< 2.9
km/s) while Pie de Palo, the Sierras de Chepes and the Sierras de Cordoba are observed
as high velocity features (>3.1 km/s) (Figure 12). The most notable exception to slow
velocities associated with basins is in the south where the volcanic arc is active and we
observe low velocities at 15 km depth beneath the arc and recently emplaced volcanic
rocks of the Payenia province that lie to the east of it (Figures 12 and 14). Mid and lower
crustal velocities are highly dependent on the Moho depth of the starting model, as such,
we avoid extensive interpretation of this depth region. The primary observation from the
mid crust is that S-wave velocities increase to the east. This observation is most apparent
in the north where there is significant E-W resolution (Figure 15). We also observe an
increase in Moho depth from east to west across the study area. This trend is observed
regardless of starting model and is consistent with prior work measuring regional crustal
thicknesses (Fromm, 2004; Gilbert et al., 2006; Gans et al., 2011). Within the upper
mantle (Figure 13) we observe significant north-south variations in slab geometry across
the region. In the south we observe normal-angle subduction, with a high velocity slab
overlying a large low-velocity zone, consistent with asthenosphere emplaced as corner
flow (Figure 13). In the north, we image a high velocity flat slab with pockets of lower
velocity material. This corresponds with an eastward decrease in the velocity of the
overlying mantle, consistent with the hydration of this material. A lower velocity region
is observed above the slab as it steepens, which is consistent with hydrated mantle
material or cool asthenosphere (Figure 13).
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Two cross sections (Figure 1), were made to compare the crustal and mantle shear
wave velocity features of normal-angle (A-A’) and flat-slab (B-B’) subduction. In both
cross sections we observe fast forearcs and low-velocity crustal roots beneath the high
Andes extending down ~70 km. Crustal velocities beneath the Andes vary, with slower
velocities observed where the arc is active in the normal-angle subduction segment than
where it is shutoff in the flat-slab segment. East of 68.5° W, low velocities are consistent
with the locations of volcanism and basins and high velocities with bedrock exposures. In
the southern part of the study area we observe a normal angle of subduction with a welldeveloped mantle wedge of low velocity material and associated volcanic arc (Figure 14),
while in the north we observe a flat-slab geometry and no overlying low velocity zone
which is consistent with a shut-off of arc volcanism (Figure 15). Both cross sections
show slabs with shear velocities largely between 4.6 and 4.8 km/s. In the north, the cross
section contains three low velocity zones (<4.6 km/s), presumably in the downgoing slab.
The mantle material overlying the slab in cross section A-A’ exhibits lower velocities
(<4.1 km/s) then are present above the flat slab as it steepens (< 4.4 km/s). This
observation is consistent with cooled asthenosphere trapped between the slab and
lithospheric mantle or hydrated lithospheric mantle. While there are similarities in the
two, it is clear that there is a correlation between style of subduction and crustal
deformation, and mantle S-wave velocities.
Cross-section A-A’ in Figure 14, runs east-west and is located at 34.5° S, which is
near our southern limit of acceptable resolution (Figure 1). At this latitude, the slab is
subducting at a normal angle (Cahill and Isacks, 1992; Anderson et al., 2007) and there is
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an active arc associated with it. While the number of crossing raypaths in this area is low
relative to the north, it is possible to discern features that are consistent using both initial
shear wave velocity models and we focus our interpretation on those. In the cross-section,
low shear-velocities (< 3.3 km/s) are observed in the upper crust beneath the eastern half
of the high Andes and the area to their east. Crustal thickness varies significantly across
the region ranging from 60 km thick beneath the arc to 40 km thick in the backarc
(Gilbert et al., 2006), and though surface waves are not very sensitive to seismic
discontinuities, there is an decrease in the depth of the 4.2 km/s velocity contour from
west to east, consistent with thick crust beneath the high Andes and thinner crust to the
east. Within the upper mantle, we are able to image the slab and mantle wedge. The slab
is observed as a high shear-velocity body (>4.6 km/s) that extends from 60 to 130 km
depth at 71° W and dips to the east. The slab is also visible in map view at this latitude
from 80 km to 165 km depth as an eastward dipping high velocity body, located beneath
the active arc at ~100 km depth (Figure 13). The oceanic crust would likely appear as a
low-velocity zone located at the top of the slab but given the wavelength of the surface
waves used to image this depth we are unable to image it, although it has been imaged
using receiver functions (Gans et al., 2011). The location of the slab correlates with
earthquake locations (USGS PDE Catalog)(Figure 14) and has roughly the same ~25°30° dip as measured by Fuenzalida et al. (1992), further affirming its location.
Immediately above and to the east of the high velocity body inferred to be the subducting
slab, we observe a low velocity region (< 4.3 km/s), which is consistent with hot
asthenosphere emplaced as corner flow. This anomaly is visible in map view at depths
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from 60 to 100 km (Figure 13). Dependent on starting model, shear velocities in this
region are less than 4.0 or 4.1 km/s, which agrees with average back arc shear velocities
calculated in island arc settings (Wiens et al., 2003)
Cross-section B-B’, in Figure 15, runs parallel to the relative Nazca-South
American plate motion and along the region of flattest subduction (Figure 1) at an
azimuth of ~30° northeast. Within this cross-section we observe consistent velocity
patterns regardless of starting model. As in the southern cross-section, we focus our
interpretation on features that are consistent in the shear velocity inversion regardless of
initial model. Within the upper crust, we observe high velocities at shallow depths
beneath basement-cored uplifts, consistent with phase velocity measurements (Figure
12). We observe lower velocities in the mid-crust beneath the high-Andes than are
observed beneath the Sierras Pampeanas, possibly related to the transition from the Cuyo
into the Pampean terrane or to variations in crustal thickness. Based on the depth of the
4.2 km/s velocity contour eastward thinning of the crust is also observed. The slab is
imaged as a region of variable shear wave velocities (4.4-4.6 km/s) immediately beneath
the zone of concentrated seismicity. From west to east, the slab transitions at 68° W from
a high velocity zone (> 4.6 km/s) with pockets of low velocities (< 4.6 km/s), to a high
velocity region (> 4.6 km/s) with no associated low velocity zones. As observed in crosssection A-A’ (Figure 14), there is a slightly lower velocity zone (< 4.4 km/s) immediately
above and to the east of the normally dipping slab. The velocities are not as low as those
associated with corner flow to the south and are consistent with either cooling
asthenosphere or hydrated lithospheric mantle. A high velocity region (> 4.5 km/s) is
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observed at the base of the crust beneath the Sierras de Cordoba, extending eastward
from the western edge of where our model possesses adequate resolution to ~66° W and
to depths of ~110 km depth. The location of this high velocity zone is consistent with the
presence of cratonic lithosphere associated with the Rio de la Plate Craton. In map view
east of 68° S and north of ~33° S at depths of 120 to 140 km, there is a strong spatial
correlation between earthquake locations and an ENE-WSW running high velocity body
(> 4.7 km/s) (Figure 13). We interpret this as southeastward dipping slab representing the
transition from flat to normal-angle subduction.

DISCUSSION
Crustal Velocities
Within the southern part of the study area, recent volcanism and magma bodies
can explain the low shear wave velocities observed in the upper crust beneath the high
Andes and in the area immediately to the west. A significant amount of volcanism has
occurred in the area south of cross-section A-A’ (Figure 1), associated with the Payenia
volcanic province (Ramos and Folguera, 2011). This volcanism, located to the east of the
active arc is relatively recent (< 2 Ma) and is believed to be associated with extension and
the emplacement of asthenosphere caused by an increase in slab dip (Kay et al., 2006;
Ramos and Folguera, 2009; Ramos and Folguera, 2011). Melt related to arc volcanism
beneath the high Cordillera and back-arc volcanism beneath Payenia province volcanism
can explain the low velocities we observe in the upper crust. The Triassic Cuyo basin is
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also located in the same region as the Payenia volcanic province and is another viable
explanation for the low velocities there. In the northern part of the study area, where the
Nazca slab subducts at a shallow angle, shear wave velocities within the upper crust
largely reflect basin structure, with low velocities concentrated in the basins and higher
velocities observed where bedrock outcrops are present (Figure 12). The most prominent
features within this area are Pie de Palo and the Bermejo Basin (Figures 8, 12). Pie de
Palo, has a large high velocity crustal root that appears to extend down into the mid-crust
(Figure 15), this high velocity root and crustal seismicity (Linkimer et al., 2011) suggest
that the range bounding thrusts extend down to at least 15 km depth. The Bermejo basin
is the lowest velocity feature observed at 8 km depth, which is consistent with it being a
10 km thick sediment filled foreland basin (Allmendinger et al., 1990). The low-velocity
feature associated with the Bermejo basin is considerably larger longitudinally than
surface expression of the basin. The eastward extent of this low velocity zone can be
explained by the smoothing of the Bermejo and Marayes low velocity zones into one
large low velocity features (Figure 8). To the west there is evidence that the Bermejo
basin initially extended to 69° W (Cardozo and Jordan, 2001), and has been broken up by
deformation related to the Precordillera. The sediment associated with the original extent
of the basin can explain the westward extent of the low-velocities observed. The Jocoli
foreland basin lies to the south of Pie de Palo and exhibits low velocities as well,
consistent with previous estimates that suggest a basin thickness of ~5 km (Verges et al.,
2007). Within the mid- to lower-crust we observe an eastward increase in mid crustal
velocities, which is possibly related to terrane boundaries or to variations in crustal
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thickness. The velocities measured in this region are strongly affected by the velocity
contrast at the Moho so we avoid extensive interpretation at this depth.
Normally Dipping Slab Velocities
In the region where the Nazca plate subducts at a normal angle, the slab is
observed as a high velocity region underlain by low velocity asthenosphere, visible in the
far western corner of cross section A-A’, (Figure 14). Based on slab thickness
measurements made in the Atlantic, Pacific and Indian oceans (Zhang and Lay, 1999)
and assuming a 40-50 Ma age of the slab at the trench, the subducting oceanic lithosphere
should be approximately 60-70 km thick in the region, which is consistent with our
measurements. The high velocities observed within the normally-dipping slab suggest
that the oceanic mantle is dry relative to the flat slab and that fluids associated with it and
the active arc are confined to the oceanic crust, which is thin enough that we do not
observe it at this depth using surface wave tomography. Above and to the east of the slab,
the convecting asthenospheric wedge is visible as a low velocity region. The location of
this low velocity zone is consistent with corner flow and the inferred slab rollback based
on the shift in volcanism (Ramos and Folguera, 2011).
Flat-Slab Mantle Velocities
In the northern part of the study area, where the slab is flat, we interpret our slab
and upper mantle shear wave velocity measurements in the context of slab
serpentinization, dehydration, and subsequent hydration of the overlying mantle. In the
western part of this region there is a body of high shear velocities (> 4.7 km/s) located
between 50 and 100 km depth underlain by lower velocity material with (< 4.5 km/s)
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(Figure 15). We interpret the high velocity material as cold-dry continental lithosphere,
which has been previously identified by body wave tomography (Wagner et al., 2005;
Wagner et al., 2006) and the lower velocity material as serpentinized oceanic lithosphere
within the subducting slab. Wagner et al. (2005, 2006) observe a broader region of fast
Vs material than is observed in this study, which may be a result of reduced spatial
resolution due to the size and geometry of their array. Serpentinite is formed by the
hydration of oceanic mantle prior to subduction and is identified seismically by low Pand S- wave velocities and a high Vp/Vs ratio. As the slab subducts, serpentinite becomes
unstable at higher temperatures and pressures and dehydrates releasing water into
overlying mantle. As water leaves the slab it becomes a higher velocity feature, while
velocities in the overlying mantle decrease as it absorbs the water released from the slab
(e.g. Hacker, 2003). The observed eastward increase in slab and decrease in overlying
mantle velocities observed in the flat-slab region are consistent with this pattern.
Serpentinization of the slab mantle lithosphere is common in subduction zones
(e.g. Peacock, 2001; Hacker et al., 2003b) and is believed to occur at spreading centers, at
the outer rise of subduction zones and at fracture zones. Within this region, the Nazca
plate is formed at the fast spreading East Pacific Rise (~15 cm/yr) and Chile Rise (~5
cm/year) (Klitgord et al, 1973; DeMets; 2010). Little serpentinization of the mantle
lithosphere is believed to occur at fast spreading centers, making spreading center
hydration unlikely for the Nazca Plate in this region. However, outer rise extension and
fractures associated with the formation of the Juan Fernandez Ridge could enable
hydration of the upper mantle within the slab. In the Pampean region there is significant
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evidence for extensive serpentinization of the Nazca plate based on seismic tomography
and earthquake locations (Kopp et al., 2004; Fromm et al., 2006). Off shore active source
seismic work along the Juan Fernandez Ridge shows low P-wave velocities in the
oceanic mantle extending to at least a depth of 6 km beneath the oceanic Moho (Kopp et
al., 2004), indicative of serpentinization of the upper oceanic mantle. Further, the
locations of outer-rise aftershock earthquakes (Fromm et al., 2006), suggests that large
outer-rise earthquakes in the Nazca plate rupture at least 20 km beneath the oceanic
Moho. Along the middle American trench and Nazca plate near northern Chile, fractures
associated with the outer rise are believed to serve as conduits that allow water to
penetrate into the subducting mantle (Ranero et al., 2003; Ranero and Sallares, 2004).
Given the fractured nature of the slab along the ridge, it is likely that water is penetrating
deep within the slab in this region as well.
Serpentinization of the oceanic mantle is typically associated with the creation of
an additional plane of seismicity commonly referred to as a “double Benioff zone,” that
would accompany one plane in the crust of the oceanic lithosphere (Peacock, 2001;
Hacker et al., 2003b). Within the Pampean flat-slab region only one plane of seismicity is
observed (Linkimer et al., 2011), implying that either seismicity is only occurring in the
oceanic crust or within the slab mantle. The earthquakes appear to concentrate in the
mantle of the slab based on receiver function observations that seismicity is concentrated
~20 km beneath the top of the subducting slab, which is well within the oceanic mantle
lithosphere (Gans et al., 2011; Linkimer et al., 2011).
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Seismicity in the oceanic mantle is commonly attributed to dehydration
embrittlement caused by the dehydration reaction of antigorite. Antigorite is the
serpentine mineral stable to the greatest pressure/temperature (PT) conditions, which
reacts to form forsterite + enstatite + H2O (Peacock, 2001; Dobson et al., 2002; Hacker et
al., 2003). Using pressure-temperature conditions calculated from thermal modeling of
flat-slab subduction (Gutscher et al., 2000; English et al., 2003) we plot the PT path for
the upper oceanic mantle (20 km beneath the top of the slab) in the Pampean flat-slab
region on a phase diagram for antigorite (Peacock, 2001) (Figure 16). This plot shows
that the PT conditions at which earthquakes occur in the flat slab aligns with the PT
conditions where serpentinite dehydration takes place (Lines A and B Figure 16).
Earthquakes associated with dehydration embrittlement are believed to occur due to the
build up of fluid pressure within the rock, allowing for brittle failure in high P-T
conditions (Raleigh and Paterson, 1965; Meade and Jeanloz, 1992). In a typical
subduction zone, the increase in pressure creates the conditions for the antigorite
dehydration reactions to occur, with the increase in temperature playing a minimal role.
When a slab assumes a roughly flat geometry the pressure remains constant within the
slab and any heating of the slab would occur from the bottom to the top, as there is no
warm asthenospheric wedge above the slab. If the slab warmed from bottom to top,
dehydration reactions would also occur at greater depths first and shallow as the slab
warms. If the slab is warmed from the bottom up, this process of warming would be aided
by convection associated with the upward movement of free water released as antigorite
dehydrates.
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The low velocity regions within the slab, that we interpret as serpentinite pockets
in the west, exhibit an eastward increase in velocity, with shear velocities of 4.3-4.5 km/s
observed beneath the high Cordillera and 4.5-4.7 km/s beneath the Sierras Pampeanas
where seismicity ceases. We interpret this gradation in velocities as indicative of possible
slab dewatering as serpentinite becomes unstable and dehydrates, releasing water, which
migrates out of the slab into the overlying mantle. This increase in slab velocity
correlates with an eastward decrease in shear velocities in the overlying lithospheric
mantle, which transitions from fast (4.4-4.8 km/s) beneath the high Cordillera to ~4.5
km/s beneath the central Sierras Pampeanas. These velocities correspond roughly to
calculated shear velocities of 4.87 km/s for a dry (70% forsterite and 30% enstatite)
mantle and 4.30 km/s for a wet (60% forsterite 20% enstatite and 20% serpentinite)
mantle (Hacker et al., 2004). The high velocities observed beneath the Andes suggest that
water is not immediately escaping the slab into the overlying mantle. Possible
mechanisms for slab dewatering include fluid flow along high-permeability regions
(Hacker et al., 2003b), the hydrofracturing of rock along preexisting fractures, and the
hydrofracturing of rock in the direction of least compressive stress (Davies, 1999). We
expect that the slab bending associated with the transition from a normal angle of
subduction to a flat geometry places the upper part of the slab under compression, closing
fractures and decreasing the permeability of the top of the slab, which would inhibit all of
the above mechanisms for fluid flow. This would result in trapped water within the slab
even after serpentinite dehydrates, possibly explaining the thickness of the observed low
velocity layer. As the slab flattens out, the top of the slab is no longer under compression
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allowing it to dewater, releasing fluids into the mantle above it. Focal mechanisms
calculated within the slab where it is flat are largely normal, consistent with this
hypothesis (Pardo et al., 2002). When the slab bends to resume a typical angle of
subduction, the bending of the slab puts the upper part of the slab into greater extension,
allowing the last of the water to escape and the cessation of seismicity.
Low shear-wave velocities are observed in the upper mantle beneath the Sierras
Pampeanas from 66º W to 68º W degrees west, which we interpret as hydrated
continental lithosphere. At a depth of 40-70 km, antigorite is stable at temperatures less
than 650º C (Ulmer and Trommsdorf, 1995) and the wet solidus for peridotite is ~825º C
(Grove et al., 2006), which suggests that the material could possibly be partially
serpentinized mantle or peridotite and free water. While these temperatures are lower
than modeled temperatures for continental lithosphere in a flat-slab subduction zone
(Gutscher, 2000, English et al., 2003), neither of these models incorporates the adjacent
Rio de la Plata cratonic lithosphere, which could serve to prevent asthenospheric flow
into the upper mantle, and further refrigerating the region above the subducting slab. The
lack of volcanism can also by explained by compression of the Sierras Pampeanas
preventing magma from reaching the surface (Booker et al., 2004).
We image a high velocity zone in the mantle beneath the northeastern Sierras de
Cordoba, inferred to be the aforementioned cratonic lithosphere. The location and
thickness of the cratonic lithosphere agrees with S-wave receiver function measurements
showing ~125 km thick lithosphere beneath the western Cordoba Range (Heit et al.,
2008). Between the subducting slab and the cratonic lithosphere we observe a low
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velocity (< 4.4 km/s) region. These velocities are consistent with the presence of a thin
dipping layer of asthenosphere or hydrated mantle lithosphere between the slab and
continental lithosphere. The location of this low-velocity zone correlates with
magnetotelluric measurements, which show a low resistivity zone extending down to
depths greater than 400 km (Booker et al., 2004). Estimates of heat flow from the spectral
analysis of magnetic anomalies suggest increased heat flow in the region (Ruiz and
Introcaso, 2004) where this low velocity zone intersects the crust, which suggests that the
low velocity zone may be asthenosphere. The absence of significant slab seismicity,
possibly related to slab dehydration, beneath this low-velocity zone also supports this
hypothesis. However, the subduction related geochemical signature of the young (7.9-4.5
Ma) Pocho volcanics (Kay and Gordillo, 1994), located within the Sierras de Cordoba
(Figure 8), suggests that at least some lithospheric hydration has occurred within the
region. Based on the evidence presented above we consider both viable explanations.

SLAB BUOYANCY
Numerous ideas have been proposed to explain flat-slab subduction. Possible
hypothesis include a high rate of convergence, young slab age, increased slab buoyancy
due to over thickened oceanic crust, the hydration of the mantle wedge, slab suction
forces, and the hydration of the oceanic mantle (e.g. Cross and Pilger, 1982; Cloos, 1983;
Pilger 1981; McGeary et al. 1985; Gutscher et al. 2000b; van Hunen et al. 2002; van
Hunen et al. 2004; Guillaume et al. 2009; Gans et al. 2011; Skinner and Clayton, 2010;
Stevenson and Turner, 1977; Tovish et al., 1978; Kopp et al., 2004). While recent
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receiver function work in the region suggests that the oceanic crust is moderately over
thickened and is contributing to the buoyancy of the slab, it is unlikely that this provides
all of the necessary buoyancy to maintain flat-slab subduction (Gans, et al., 2011). We
propose that the hydration of the slab plays a role in maintaining flat-slab subduction
within this region. At 2.5 GPa, corresponding to a depth near 100km, and 500º C,
antigorite has a density of 2654 kg/m3 (Hacker et. al, 2004). Assuming a slab density of
3330 kg/m3 and an asthenosphere density of 3300 kg/m (Tassara et al., 2006), a 5%
3

serpentinization of the oceanic lithosphere would produce a buoyant slab. While this
degree of serpentinization is unlikely for the whole slab, partial serpentinization of the
upper 20 km of the slab and an over thickened crust could provide the necessary
buoyancy to maintain flat-slab subduction. This buoyancy would be lost as antigorite
dehydrates and water is released allowing the slab to resume a normal angle of
subduction. The serpentinization of the slab would have the added effect of reducing slab
strength allowing it bend into a flat geometry. One limitation of this interpretation is that
it can only explain how a flat geometry is maintained and not the onset of flat-slab
subduction, as a highly fractured slab under extension would likely dehydrate quickly. A
combination of slab suction forces and increased slab buoyancy due to over thickened
crust can explain the onset of flat-slab subduction, which slab hydration could help
maintain.
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CONCLUSIONS
We calculated shear wave velocities for the Pampean flat-slab region using
Rayleigh wave phase velocities determined from ambient-noise tomography and from
earthquake-generated surface waves employing the two-plane wave approach.
Combining these two methods allows for a much more detailed analysis of crust and
upper mantle structure than either individual method could provide. Results show that
upper crustal velocities are primarily dependent on lithology and volcanism, with basins
and areas of active volcanism clearly defined as low-velocity zones. Within the mid crust,
there is an eastward increase in velocity possibly related to terrane boundaries or to
thinning crust. Though surface wave inversions do not have a high sensitivity to sharp
seismic discontinuities (i.e. the Moho), crustal thickness estimates for the region do
reflect the eastward decrease in Moho depth observed using receiver functions and Pn
arrivals (Fromm et al., 2004; Gilbert et al., 2006; Gans et al., 2011). Regional shear wave
velocities for the region also provide new insight into the role of water in flat-slab
subduction. These results suggest that the oceanic mantle is hydrated and serpentinized
due to fracturing in the crust caused by volcanism associated with the Juan Fernandez
Ridge. This hydration possibly increases the buoyancy of the subducting slab and
weakens it allowing it to assume a flat geometry. As the slab subducts to the east, it is
dewatering, resulting in increased seismicity due to dehydration embrittlement. The
cessation of seismicity at 67.5° W may correspond to the removal of serpentinite and
likely the end of slab dewatering. This would increase the density of the slab allowing it
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to subduct more steeply into the mantle. The presence of a low-velocity zone above the
slab as it steepens may by indicative of the slab retaining a small amount of water which
is then released aseismically at depth or may represent cooling asthenosphere. While this
model is able to account for some of the increased buoyancy necessary for flat-slab
subduction and better explain the role of water in this process, it is increasingly clear that
there is not one definitive cause of flat-slab subduction, which instead relies on a
complicated interplay of numerous factors.
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FIGURES

Figure 1. Map of study area showing station locations for each array, active arc
volcanoes, quaternary volcanism, the track of the Juan Fernandez Ridge, deformational
regions and terrane boundaries. The slab contour interval is 10 km, the 100, 150 and 200
km contours are labeled. Northern slab contours are from Linkimer et al. (2011) and the
southern slab contours are from Anderson et al. (2007). The deformational and
quaternary volcanism boundaries are from Alvarado et al. (2007) which is based on Kay
& Mpodozis (2001), Ramos et al. (2002), Bissig et al. (2002), Ramos (2004) and Stern
(2004). Plate convergence velocity from Kendrick et al. (2003). Inset shows the study
area location.
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Figure 2. Sensitivity kernels for Rayleigh waves at select periods assuming a modified
IASP91 velocity model (Kennett and Engdahl, 1991) with a 50 km deep Moho and 5 km
thick layers.
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Figure 3. A) Resolution map for ambient noise phase velocity measurements at the 16
seconds period. Black line is the 100 km resolution contour. B) Inter-station paths used at
16 seconds to calculated phase velocity maps. White triangles are station locations.
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Figure 4. Raypaths used to calculated phase velocities at the 50-second period. White
triangles are station locations. Inset shows the locations of all of the earthquakes used in
this study.
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Figure 5. Map of 2x the standard deviation for phase velocity measurements at 50
seconds. Measurements with a standard deviation less than 0.04 km/s were used in the
shear velocity inversion. Orange diamonds are station locations, red triangles are
volcanoes, and blue circles are major cities.

92

Figure 6. Map of the absolute value of the difference in 20-second phase velocity
measurements between ambient noise and ballistic surface waves at each grid point.
Orange diamonds are station locations, red triangles are volcanoes, and blue circles are
major cities.
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Figure 7. Plots showing the effect of the initial shear velocity model (solid black line), on
the inversion results for the grid point at 30.5° S 68° W. Left panel shows starting model
and inversion results (colored), colored horizontal lines on right show layer thicknesses
used in the inversion for A, B, and D. Panel C has 5 km thick layers. Right panel shows
fit to measured phase velocities. A) Modified IASP91 model with variable Moho. B )
Constant initial velocity model. C) Modified IASP91 model with variable Moho with 5
km thick layers. D) Model with reduced mantle velocity.
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Figure 8. A) Map of study area showing select interstation paths overlaid on a map of
major basins and rock exposures. Abbreviations are: BB= Bermejo Basin, BzB = Beazley
Basin, CN = Cuyo Basin, JB = Jocoli Basin, LRB = La Rioja Basin LSB = Las Salinas
Basin, MB = Marayes Basin, PP = Pie de Palo, PV = Pocho Volcanics, SA = Sierra de
Ancasti, SC = Sierras de Chepes, SCd = Sierras de Cordoba, SF = Seirra de Famatina, SL
= Sierras de San Luis, SV = Sierra de Velasco VF = Sierras de Valle Fertil B)
Corresponding dispersion curves to inter-station paths calculated using ambient-noise
tomography. Dispersion curve colors correspond to colors on map.
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Figure 9. Map of Rayleigh phase velocities measured at 10 seconds. Velocities at this
period were calculated using ambient-noise tomography. Orange diamonds are station
locations, red triangles are volcanoes, and blue circles are major cities. Contour interval is
0.1 km/s.
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Figure 10. Map of Rayleigh phase velocities at 25 seconds calculated by averaging
ambient-noise tomography and two-plane wave velocity measurements. Orange
diamonds are station locations, red triangles are volcanoes, and blue circles are major
cities. Contour interval is 0.1 km/s.
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Figure 11. Maps of Rayleigh phase velocities at 40, 59, 77 and 87 seconds calculated
using the two-plane wave method. Orange diamonds are station locations, red triangles
are volcanoes, and blue circles are major cities. Contour interval is 0.1 km/s.
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Figure 12. Maps of crustal shear wave velocities calculated at 8, 15, 25 and 35 km depth
using a constant shear velocity initial model of 4 km/s. Orange diamonds are station
locations, red triangles are volcanoes, and blue circles are major cities. Blue crosses are
earthquake locations from Linkimer et al. (2011). Contour interval is 0.1 km/s. Shaded
out area is the region with less than 100 km resolution for phase velocities at 16 seconds.
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Figure 13. Maps of mantle shear wave velocities calculated at 60, 80, 100, 120, 140 and
165 km depth using a constant shear velocity initial model or 4 km/s. Orange diamonds
are station locations, red triangles are volcanoes, and blue circles are major cities. Yellow
crosses are earthquake locations from Linkimer et al. (2011) within 10 km of the depth
slice. Contour interval is 0.1 km/s.
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Figure 14. Cross section A-A’ calculated at 34.5° S using A) a constant velocity initial
model and B) a variable starting model with a gradational Moho. Contour interval is 0.1
km/s. Red x’s are earthquakes locations (> mag 4.0) from the USGS (United States
Geological Survey) PDE (Preliminary Determination of Epicenters) catalog from 1973 to
2011 within 0.1 degrees of this vertical slice. Cyan x’s are earthquake locations from the
EHB catalog (International Seismological Centre, 2011) within 0.1 degrees of this
vertical slice. Dashed line shows the top of the slab using the utilizing the slab contours
from Anderson et al. (2007). Variable smoothing is used to display cross sections in the
crust and mantle in order to observe features in each.
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Figure 15. Cross section B-B’ calculated using A) a constant velocity initial model and
B) a variable starting model with a gradational Moho. Contour interval is 0.1 km/s.
Orange x’s are earthquakes locations from Linkimer et al., 2011. Cyan x’s are earthquake
locations from the EHB catalog (International Seismological Centre, 2011) within 0.1
degrees of the cross section. Dashed line shows the top of the slab using the slab contours
from Linkimer et al. (2011) and assuming the top of the Benioff zone is 15 km of this
vertical slice beneath the top of the slab (Gans et al., 2011). Variable smoothing is used to
display cross sections in the crust and mantle in order to observe features in each.
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Figure 16. Phase diagram for antigorite modified from Peacock (2001), showing P/T
paths for the oceanic mantle 20 km beneath the top of the slab from A) English et al.
(2003) and B) Gutscher et al. (2000). Cross-hatched area is the typical P/T conditions for
intermediate depth lower-plane seismicity. Gray shading is the area of antigorite stability.
Light gray is antigorite stability from Ulmer and Trommsdorff (1995) and Bose and
Navrotsky (1998), dark gray is stable region from the previous two and Wunder and
Schreyer (1997). Circled area is the estimated P-T conditions for 20 km beneath the top
of the slab during flat-slab subduction based on modeling by Gutscher et al. (2000 and
English et al. (2003).
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Figure 17. Summary diagram showing our interpretation of flat-slab S-wave velocities
along cross section B-B’ in Figure 1.
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10.00
10.00
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30.00
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50.00
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0.00
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3.00
3.00
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3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00

Table 1. Starting models for runs with A) defined Moho with 40 km thick crust and B)
no defined Moho. The number of layers and layer thicknesses were varied in model A to
accommodate the eastward decrease in crustal thickness.
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SUPPLEMENT
The following are supplemental figures showing seasonal variations in ambient
noise measurements (Figure S1) and additional phase velocity maps (Figure S2-S15).
Figure S1 shows that there is little seasonal dependence in phase velocity measurements.
Figures S2-S15 highlight phase velocity observations described in the main text.
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Figure S1. Maps comparing phase velocity measurements and ray paths used from
summer (November to February) and winter months (May to August) at 12 seconds.
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Figure S2. Map of Rayleigh phase velocities measured at 8 seconds. Velocities at this
period were calculated using ambient-noise tomography. Orange diamonds are station
locations, red triangles are volcanoes, and blue circles are major cities. Contour interval is
0.1 km/s.
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Figure S3. Map of Rayleigh phase velocities measured at 12 seconds. Velocities at this
period were calculated using ambient-noise tomography. Orange diamonds are station
locations, red triangles are volcanoes, and blue circles are major cities. Contour interval is
0.1 km/s.

109

Figure S4. Map of Rayleigh phase velocities measured at 14 seconds. Velocities at this
period were calculated using ambient-noise tomography. Orange diamonds are station
locations, red triangles are volcanoes, and blue circles are major cities. Contour interval is
0.1 km/s.
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Figure S5. Map of Rayleigh phase velocities measured at 16 seconds. Velocities at this
period were calculated using ambient-noise tomography. Orange diamonds are station
locations, red triangles are volcanoes, and blue circles are major cities. Contour interval is
0.1 km/s.
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Figure S6. Map of Rayleigh phase velocities at 20 seconds calculated by averaging
ambient-noise tomography and two-plane wave velocity measurements. Orange
diamonds are station locations, red triangles are volcanoes, and blue circles are major
cities. Contour interval is 0.1 km/s.
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Figure S7. Map of Rayleigh phase velocities 22 seconds calculated using the two-plane
wave method. Orange diamonds are station locations, red triangles are volcanoes, and
blue circles are major cities. Contour interval is 0.1 km/s.
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Figure S8. Map of Rayleigh phase velocities 27 seconds calculated using the two-plane
wave method. Orange diamonds are station locations, red triangles are volcanoes, and
blue circles are major cities. Contour interval is 0.1 km/s.
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Figure S9. Map of Rayleigh phase velocities at 30 seconds calculated by averaging
ambient-noise tomography and two-plane wave velocity measurements. Orange
diamonds are station locations, red triangles are volcanoes, and blue circles are major
cities. Contour interval is 0.1 km/s.
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Figure S10. Map of Rayleigh phase velocities 34 seconds calculated using the two-plane
wave method. Orange diamonds are station locations, red triangles are volcanoes, and
blue circles are major cities. Contour interval is 0.1 km/s.
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Figure S11. Map of Rayleigh phase velocities 45 seconds calculated using the two-plane
wave method. Orange diamonds are station locations, red triangles are volcanoes, and
blue circles are major cities. Contour interval is 0.1 km/s.
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Figure S12. Map of Rayleigh phase velocities 50 seconds calculated using the two-plane
wave method. Orange diamonds are station locations, red triangles are volcanoes, and
blue circles are major cities. Contour interval is 0.1 km/s.
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Figure S13. Map of Rayleigh phase velocities 67 seconds calculated using the two-plane
wave method. Orange diamonds are station locations, red triangles are volcanoes, and
blue circles are major cities. Contour interval is 0.1 km/s.
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Figure S14. Map of Rayleigh phase velocities 100 seconds calculated using the twoplane wave method. Orange diamonds are station locations, red triangles are volcanoes,
and blue circles are major cities. Contour interval is 0.1 km/s.
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ABSTRACT
Understanding lower-crustal deformational processes and the related features that
can be imaged by seismic waves is an important goal in active tectonics. We demonstrate
that teleseismic receiver functions calculated for broadband seismic stations in Southern
California reveal a signature of pervasive seismic anisotropy in the lower crust. The large
amplitudes and small move-out of the diagnostic converted phases, as well as the broad
similarity of data patterns from widely separated stations, support an origin primarily
from a basal crustal layer of hexagonal anisotropy with a dipping symmetry axis. We
conducted neighborhood algorithm searches for depth and thickness of the anisotropic
layer and the trend and plunge of the anisotropy symmetry (slow) axis for 38 stations.
The searches produced a wide range of results, but a dominant SW-NE trend of the
symmetry axis emerged. When the results are divided into crustal blocks and restored to
their pre–36 Ma locations, the regional-scale SW-NE trend becomes more consistent,
although a small subset of the results can be attributed to NW-SE shearing related to San
Andreas transform motion. We interpret this dominant trend as a fossilized fabric within
schists, created from top-to-the-SW sense of shear that existed along the length of coastal
California during pretransform, early Tertiary subduction or from shear that occurred
during subsequent extrusion. Comparison of receiver-function common conversion point
stacks to seismic models from the active Los Angeles Regional Seismic Experiment
shows a strong correlation in the location of anisotropic layers with “bright” reflectors,
further affirming these results.
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INTRODUCTION
According to a growing body of geologic and tectonic evidence, the crustal blocks
that constitute the crust of southern and central California west of the San Andreas fault
are largely the scattered remnants of a once-continuous magmatic arc lithosphere that was
delaminated at mid- to lower-crustal levels by Laramide shallow flat subduction and
subsequently underplated by schists derived from the adjacent accretionary trench
complex (e.g., Saleeby, 2003; Ducea et al., 2009). The end of Laramide flat subduction
was marked by oceanward extensional collapse of the delaminated crust and partial
exhumation of the underplated schists (Saleeby, 2003). Post-Laramide tectonic evolution
of the region then led to further crustal fragmentation and the transfer of some crustal
blocks to the Pacific plate, in some cases accompanied by large-magnitude vertical-axis
rotation and long-range lateral transport (Nicholson et al., 1994). If this hypothesis is
correct, large portions of the crust in southern and west-central California should be
underlain by schists that were overprinted with a flattening strain during underplating. In
this paper, we describe a seismic investigation based on the receiver-function (RF)
method to search for and characterize lower-crustal seismic anisotropy that would be
expected to delineate such a regional-scale fabric.
Teleseismic receiver functions have been used for roughly the past 30 yr (e.g.,
Langston, 1979) to better understand crustal structure through the identification of major
impedance contrasts and the ratio of P- to S-wave velocity within layered crust and
mantle (e.g., Zandt et al., 1995; Zhu and Kanamori, 2000). More recently, the RF
technique has been applied to the identification of anisotropic zones in the crust, which
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are then used to infer the location and mechanism for previous and current deformation
(e.g., Levin and Park, 1997; Savage, 1998; Peng and Humphreys, 1997; Sherrington et
al., 2004; Ozacar and Zandt, 2004, 2009).
The motivation for this study is the observation of consistent move-out patterns
within Southern California indicative of dipping layers or seismic anisotropy. Southern
California is an ideal location for such a study due to the abundance of geologic and
geophysical studies in the region, the availability of numerous long-running (>4 yr)
seismic stations with publicly available data, and well-constrained crustal structure and
deformational history. This well-constrained geologic history helps to address one of the
fundamental difficulties in any seismic analysis, i.e., the lack of temporal information
regarding observations. This is especially important in anisotropy analyses, which give
no indications as to whether observations reflect previous deformation or modern
tectonics. By interpreting our new results in conjunction with previous work in the
region, we expect to better constrain the deformational history of the lower crust and
improve our understanding of both the regional tectonics and the receiver-function
anisotropy technique.

GEOLOGIC AND TECTONIC SETTING
Our study area in Southern California, shown in Figure 1, is composed of two
tectonic plates and multiple tectonic terranes with complex geologic histories. Here, we
will generally follow the terrane terminology and tectonic reconstruction of the region
compiled by McQuarrie and Wernicke (2005). Because of the importance of the tectonic
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history to the interpretation of crustal anisotropy, a more detailed description of each of
these terranes is provided in Appendix I.
The San Andreas fault is a transform plate boundary separating the Pacific and
North American plates; it grew from offshore precursors following the sequential
cessation of subduction near Southern California starting at ca. 30 Ma (Atwater, 1989).
The Sierra Nevada and Peninsular Ranges are pieces of relatively intact batholithic upper
crust. These were originally separated by an ∼500-km-wide gap that is the proposed
location of a shallow segment of the Laramide flat slab (Malin et al., 1995; Saleeby,

2003). This shallow subduction episode in Late Cretaceous–early Tertiary time sheared
off the lower lithosphere of the upper plate, including the lower crust, and underplated a
subduction-zone accretionary complex that was subsequently metamorphosed into schists
(Saleeby, 2003; Ducea et al., 2009; Grove et al., 2003). Following the end of flat-slab
subduction, the outboard edge of the upper plate collapsed oceanward and was further
disaggregated by the initiation of transform motion, locally exposing the schists in small
outcrops of the Pelona, Orocopia, and Rand schists, in a belt extending from the Coast
Ranges through the Mojave Desert, in the San Gabriel Mountains, southeastern
California, and southwestern Arizona (Fig. 1) (Jacobson et al., 1996; Grove et al., 2003;
Ducea et al., 2009). Blocks currently attached to the Pacific plate include the Salinian
block, the Western Transverse Ranges block, the San Gabriel block, the continental
borderlands, and the Peninsular Ranges block. On the North American plate, there are the
Mojave block, separated into western and eastern domains by the Eastern California
shear zone, the San Bernardino block, and the Eastern Transverse Ranges block (Fig. 1).
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The Salinian block is composed of multiple terranes that, in conjunction with the
Mojave block, originally formed the continuation of the magmatic arc between the Sierra
Nevada and Peninsular Ranges and was subsequently rifted off and attached to the
Pacific plate (Nicholson et al., 1994; Malin et al., 1995; Grove et al., 2003; Saleeby,
2003; Ducea et al., 2009). The San Gabriel block is an unrotated block west of the San
Andreas fault that lies between the San Bernardino Ranges and the Western Transverse
Ranges (Fig. 1). The Western Transverse Ranges, originally located outboard of the
Peninsular Ranges, were rifted off in the mid-Miocene and rotated ∼115° clockwise to
their current position (Hornafius et al., 1986; Luyendyk, 1991; Nicholson et al., 1994).
This rifting and rotation left in its wake the strongly attenuated continental crust of the
continental borderlands offshore of Southern California (Crouch and Suppe, 1993;
Bohannon and Geist, 1998). The Catalina schist, located on the Catalina Islands in the
offshore borderlands, is another outcrop of subduction-zone accretionary material that
was partially subducted beneath the western edge of the Peninsular Ranges Batholith and
later exhumed (Grove and Bebout, 1995). The opening of the Gulf of California
completed the transfer of the Salinian block, Western Transverse Ranges, and the
Peninsular Ranges to the Pacific plate by ca. 6 Ma (e.g., McQuarrie and Wernicke, 2005).
The terranes that remain part of North America are the Mojave, San Bernardino, and the
Eastern Transverse Ranges. The Mojave region experienced two stages of Cenozoic
deformation: a mid-Tertiary stage of extension associated with core complexes (Glazner
et al., 1989; Walker et al., 1990; Martin et al., 1993; Fletcher et al., 1995), and a later
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stage of right-lateral shear associated with the modern Eastern California shear zone
(Dokka and Travis, 1990; Howard and Miller, 1992; McQuarrie and Wernicke, 2005).
The San Bernardino block is a relatively small block with a poorly constrained rotational
history, located just northwest of the Eastern Transverse Ranges and immediately south
of the Mojave block (Stewart and Poole, 1974; Miller, 1981; Luyendyk, 1991). The 38
long-running broadband seismic stations used in this study are located in eight of these
terranes (Fig. 1; Table 1).

CRUSTAL SEISMIC ANISOTROPY
Seismic anisotropy is the property of rocks such that the seismic wave speed at a
point is dependent on the direction of wave propagation. Here, we follow the definition of
percent seismic anisotropy as (Vmax – Vmin) / Vavg, where V is seismic velocity. Seismic
anisotropy in the crust is generally attributed to fractures, rock fabrics, aligned mineral
grains, metamorphism, or magma injection into a shear zone (Babuska and Cara, 1991;
Okaya and Christensen, 2002; Okaya and McEvilly, 2003). While aligned fractures play
a significant role in upper-crustal anisotropy, once a confining pressure of 150–300 MPa
is achieved, the influence of fractures is almost nonexistent (Barruol and Kern, 1996;
Pellerin and Christensen, 1998). For lower-crustal rocks, the primary mechanism of
anisotropy is believed to be the lattice-preferred orientation (LPO) of mineral grains (also
referred to as crystallographic preferred orientation [CPO]; Babuska and Cara, 1991;
Levin and Park, 1998). While magma injection into shear zones can create a fabric
(Kohlstedt and Holtzman, 2009) capable of producing seismic anisotropy, this process
has been explored much less than LPO anisotropy.
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Although most crustal minerals exhibit some form of seismic anisotropy,
magmatic rocks commonly do not have strong anisotropic signatures, due to a lack of
aligned mineral grains. Measurable anisotropy is generally found in metamorphic rocks
such as schists and gneisses, which are capable of producing seismic anisotropy values as
large as 20%, due to the alignment of minerals such as micas (Babuska and Cara, 1991).
There are several different forms of seismic anisotropy, which are defined by the number
of unique values necessary to describe their elastic properties (Babuska and Cara, 1991).
For this work, we assume hexagonal anisotropy, also referred to as transverse isotropy.
This is the simplest form of seismic anisotropy and can be described with one unique
velocity axis. The advantage of assuming this form of anisotropy is that it can be
parameterized more easily than other forms, requiring a stiffness tensor with only five
independent variables (compared to two for an isotropic medium). These variables are
related to Vp-fast, Vp-slow, Vs-fast, Vs-slow, and Vp-45°, which defines the velocity
gradient between Vp-fast and Vp-slow (see Appendix II) (Okaya and Christensen, 2002;
Babuska and Cara, 1991). Following hexagonal anisotropy, the next simplest form of
anisotropy is orthorhombic, which requires nine unique variables to describe the elastic
tensor. This high number of unique variables makes an inversion for these parameters
from receiver-function data untenable given current seismic analysis techniques and data.
Fortunately, several studies have suggested that hexagonal anisotropy is sufficient to
describe the average aggregate properties of regionally significant zones of crustal
anisotropy (e.g., Levin and Park, 1997; Godfrey et al., 2000). A similar argument is used
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to justify using hexagonal anisotropy to describe the anisotropic effect of an aggregate of
orthorhombic olivine crystals in the upper mantle.
Hexagonal anisotropy can be divided into two different categories: fast unique
axis and slow unique axis (or pumpkin and melon, respectively, in the terminology of
Levin and Park, 1997) (Fig. 2). Fast-axis anisotropy is seen in mantle rocks (e.g., olivine)
and is used for SKS wave-splitting analysis, which generally assumes a horizontal
orientation of the fast axis. Results from SKS measurements are commonly displayed in
maps of fast-axis orientations. In the Southern California crust, we expect to find
regionally pervasive crustal schist packages with abundant micas defining a foliation
(Fig. 2). Micas within the schist would dominate the anisotropic signature of the rock and
therefore are believed to be the primary source of observed anisotropy (Weiss et al.,
1999). Typical micas are monoclinic but have seismic anisotropy that deviates only
slightly from strong slow-axis hexagonal anisotropy (Alexandrov and Ryzhova [1961] in
Babuska and Cara, 1991; Vaughan and Guggenheim, 1986); hence slow-axis hexagonal
anisotropy is often assumed for crustal anisotropy studies (Weiss et al., 1999). We will
follow this convention in this study and will display results in maps of slow-axis
orientations. Unlike the upper-mantle case, where the horizontal fast-axis orientation can
only resolve the shear axis and not the direction of deformation, the uniquely dipping,
slow-axis trend potentially can be used to determine the sense of shear within a
subhorizontal shear zone. If shearing within the zone produces a mica foliation that is at
an angle to the shear-zone boundary, the azimuth of the unique axis points in the
direction of relative upper-plate motion (Fig. 2). However, this interpretation is not
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unique, and the same slow-axis trend, if it is produced by melt bands, will indicate the
opposite sense of motion (Fig. 2) (see supplemental material of Zandt et al., 2004).
Therefore, some knowledge of the geologic cause of the anisotropy is important when
interpreting a sense of shear from crustal seismic anisotropy measurements. Nonetheless,
the orientation (trend direction or 180° opposite) of the slow-axis still provides important
information about orientation of shearing, even without the sense of shear constraint.

ANISOTROPY EFFECTS IN RECEIVER FUNCTIONS
Receiver functions make use of P- to S-converted waves (Ps) to estimate the
depth of the conversion-generating interfaces. This method is particularly sensitive to
major velocity contrasts and to the ratio of P- to S-wave velocity within a layer (Vp/Vs).
Receiver functions calculated from events at varying back azimuths sample an
anisotropic layer differently based on the angle of the ray path relative to the orientation
of anisotropy (Fig. 3). On the radial component of receiver functions, this produces
azimuthally dependent delays in the arrival time and amplitude variations in the Ps
converted phase. In certain situations where waves sample a highly anisotropic layer, the
impedance contrast can vary azimuthally between the anisotropic layer and the
surrounding medium, producing azimuthally dependent polarity reversals on the radial
component. On the tangential component of RFs, anisotropy produces large-amplitude
variations in the Ps phases that are most easily identified as azimuthally dependent
polarity reversals. When receiver functions from a given station are stacked in bins by
back azimuth, delays in arrival times and variations in amplitude can be used to
determine the trend (0°–360° measured clockwise from north) and plunge (0°–90°
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measured downward from horizontal) of the unique anisotropic axis for a given layer, as
well as the percent anisotropy (e.g., Levin and Park, 1998; Sherrington et al., 2004;
Ozacar and Zandt, 2009). While dipping layers and anisotropy can produce similar
patterns in both the radial and tangential components, there are significant differences in
amplitude and delay patterns that make it possible to distinguish between the two. In
particular, a dipping layer produces a zero-lag arrival on the tangential record section
with a polarity reversal that is not observed for the anisotropy case (Fig. 3). Geologic
constraints can also help distinguish between dip and anisotropy. The presence of a
consistent azimuthal pattern observed at several stations over a broad geographic area
having structural complexity suggests a cause rooted in anisotropy, as opposed to a set of
similarly dipping layers at the same depth.
To identify and parameterize seismic anisotropy, we first calculate both radial and
tangential receiver functions for each station within the study area. These are then
visually examined for the aforementioned features, and time windows are selected that
incorporate the Moho arrival and potential zones of lower-crustal anisotropy. Using this
time window, a neighborhood algorithm search is conducted using the raysum forward
modeling code (Frederiksen et al., 2003) to determine an anisotropic crustal model that
best matches the observed signal. These results are then plotted and evaluated for error.
An important factor in describing hexagonal anisotropy is the elastic parameter η.
The value of η defines the shape of the velocity ellipsoid between the P-fast and P-slow
axes. For the inversion, we required that the velocity gradient between the P-fast and Pslow axes fit a pure ellipse, following Levin and Park (1998). The rationale is explained
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in Appendix II. If we assume the gradient between the two velocities is a pure ellipse, η is
function of the percent anisotropy, with higher percent anisotropies corresponding to
lower η values for rocks with a slow unique axis. An η value equal to 1 describes an
isotropic medium. Synthetic testing performed prior to the inversion demonstrated that
variations in the value used to define η have minimal impact on the inversion for trend of
anisotropy, which is primarily dependent on the locations of polarity reversals and not
relative amplitudes.
The calculated plunge of the unique axis of anisotropy and percent anisotropy are
primarily dependent on the amplitude of arrivals and azimuthally dependent Ps delays
observed in receiver functions. Variations in both of these features can be relatively
subtle in receiver functions and are sometimes hard to identify if the crust beneath a
station has complicated structure. These difficulties make the inversion for plunge and
percent anisotropy less robust than the trend of the anisotropy. Variations in anisotropy
plunges near 0° are capable of producing 180° rotations in the calculated trend, and
stations with plunges near 90° appear nearly isotropic in receiver functions. Station
inversions that result in these extreme plunges are generally less accurate than inversions
with a moderate plunge. Although slow unique axis anisotropy is assumed in this study,
when the inversion was run assuming fast unique axis anisotropy, the best-fitting model
generally had a trend 180° and a dip 90° from the slow unique axis solution (Ozacar and
Zandt, 2004). When synthetic RFs for both solutions were compared, the resulting moveout patterns were very similar and would be difficult, if not impossible, to differentiate in
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real data. Therefore, the most robust results from this study are the orientations of the
trends, so we place the most emphasis on these in our interpretations.

DATA PROCESSING FOR RECEIVER FUNCTIONS
Receiver functions were computed from seismograms of teleseismic events
between 25° and 95°, recorded on 38 Southern Californian broadband stations that were
publicly available through the Incorporated Research Institutions for Seismology Data
Management Center (IRIS DMC). Seismograms with a signal to noise ratio less than 3
were immediately discarded. The remaining traces were windowed from 10 s before to
100 s after the direct P-wave arrival and band-pass filtered using corner frequencies of
0.05 and 5 Hz. The seismograms were then down-sampled to 20 Hz, and the horizontal
seismograms were rotated into radial and transverse components. An iterative timedomain deconvolution method (Ligorria and Ammon, 1999) with a Gaussian pulse width
of 2.5, equivalent to a low-pass frequency of 1.2 Hz, was used to calculate the receiver
functions. The calculated receiver functions were convolved with the vertical component
trace and compared to the radial trace to assess the variance reduction, with higher values
representing better deconvolutions. After deconvolution, receiver functions were
normalized to the radial component by dividing both components by the maximum radial
value. Those with variance reductions of <0.80, with negative first arrivals, or with
extreme normalized amplitudes were discarded. Remaining receiver functions were
plotted by back azimuth in bins of 20°. Each plotted bin contains the median value for all
incoming rays with back azimuths ±10° of the bin value. Three stations had fewer than 35
RFs (CIU, LKL, SNCC); the rest had over 70, and a majority had between 200 and 623,
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which was the maximum number of RFs (Table 1). Previous studies of receiver functions
in Southern California have focused on estimates of bulk crustal thickness and Vp/Vs
(Zhu and Kanamori, 2000) and details of local and regional crustal structure (Yan and
Clayton, 2007), but they have not considered the possibility of anisotropy. In this study,
we focus on regional-scale lower-crustal anisotropy.

ANISOTROPY SEARCH PROCEDURE
Azimuthal plots of both the radial and transverse components of receiver
functions for each station were examined for “indicators” of lower-crustal anisotropy.
This was done by first identifying the Moho Ps phase on the radial RFs and then
inspecting the ∼4 s window before the Moho arrival for phases that reversed polarity on

the transverse component. For many of the Southern California stations, we were able to
identify these diagnostic phases. In some cases, this was the major feature in the RFs, but
for other stations, this lower-crustal signal was one of several layers of complex signal,
both within the crust and in the upper mantle. With the focus of this study on lowercrustal anisotropy, we did not try to model the complete crustal structure for each station
but rather restricted our efforts to estimating the anisotropic parameters for the basal
crustal layer for all stations that displayed evidence of a potential anisotropic signal.
Synthetic receiver functions for an anisotropic medium were calculated using a
modified version of the raysum code (Frederiksen and Bostock, 2000), a ray-based
technique that calculates the amplitude and traveltimes for different phases, which are
then combined to create a synthetic seismogram. The technique is limited to the planewave assumption, i.e., teleseismic waves, and is not applicable to models with steeply
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dipping layers (>50°) that potentially pinch out in the range of interest. We did not
calculate multiples in our modeling because the multiples from the lower crust arrive
much later than the time window with which we were concerned. In recorded data,
multiples from localized shallow structures can potentially interfere with the arrivals in
the time window of interest and produce variations in trend and anisotropic layer
thickness. To mitigate these local variations in results, we modeled several stations for
each tectonic block and took the average anisotropy measurement for each block. The
search code uses a global directed-search optimization technique known as the
neighborhood algorithm to solve for a set of given parameters (Frederiksen et al., 2003;
Sambridge, 1999). The neighborhood algorithm search is summarized here and described
in greater detail in Frederiksen et al. (2003) and Sambridge (1999). It works by randomly
defining points in model space for several sets of free parameters (e.g., anisotropy trend,
Moho depth, etc.; Table 2) and constructing polygons, known as neighborhoods, around
each point. These polygons contain the point and all of the area in model space closest to
that point that is not contained within another polygon. Misfit between the observed and
synthetic receiver functions is calculated for each point, and, once completed, more
points are generated within the neighborhoods encompassing the points with the lowest
misfits. New polygons are generated within the previous neighborhood for these new
points, and the process is then repeated until a specified number of iterations has been
reached. The progression of the model misfit is shown for stations PKD and BBR in
Figure 4. For this work, we performed 20 iterations, searching 1700 models for each
station. Experimenting with a few select stations demonstrated that increasing the number
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of iterations beyond 20 did not produce significant improvement in misfit or variations in
results. We also modified the original raysum inversion code by making the assumptions
that the fit between fast-and slow-velocity axes is a pure ellipsoid and that percent P and
percent S anisotropy are equal. We found that without the pure ellipsoid constraint, it is
possible to produce an anisotropic signal from a layer with 0% anisotropy when
anisotropy is defined using η (Appendix II).
One of the advantages of the neighborhood algorithm search is that it will work
for almost any method of calculating misfit. We used an l2 norm misfit, which is more
sensitive to amplitude and less sensitive to arrival time than the correlation misfit (which
is the default for the code; Frederiksen et al., 2003). The advantage of the l2 norm is that
it allows us to easily calculate the misfit for an assigned time window (Table 1), which
gives us the ability to focus specifically on lower-crustal anisotropic zones. The
parameters allowed to vary in the inversion were: anisotropic layer thickness, anisotropic
layer depth, percent anisotropy, anisotropy slow-axis trend, and plunge. Density, the
Vp/Vs ratio, P velocity, layer strike, and dip were all kept fixed (Table 2).
For the search, we assumed that all of the tangential energy and azimuthally
dependent move-out was the result of seismic anisotropy and not dipping layers. While
this assumption oversimplifies the crustal structure, allowing for both dipping layers and
anisotropy results in a less efficient search. To test this assumption, searches were run on
select stations allowing for layers that were both anisotropic and dipping. The results
from these tests showed that allowing both parameters to vary did not measurably
improve the fit to the data (see GSA Data Repository supplement [footnote 1]). To
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determine if the observed signal was a result of dipping layers, searches were done on
these same stations but allowing for dipping layers with no anisotropy; however, these
results did not fit the data as well as those that assumed seismic anisotropy (see GSA
Data Repository supplement [footnote 1]). In the search for anisotropy, we assumed that
the crust consisted of an upper-crustal layer with a P-wave velocity of 6.4 km/s and an
anisotropic lower-crustal low-velocity layer with an average velocity of 6.2 km/s,
consistent with the P velocity for Pelona schists (Godfrey et al., 2000) (Table 2). The
depth and thickness of the low-velocity anisotropic zone were allowed to vary to best
match the arrival times of the phases associated with the upper and lower interfaces of the
anisotropic layer.
Evaluating the quality of the results was one of the most difficult aspects of the
search. The search outputs the model with the lowest root mean square (RMS) misfit for
an assigned time window as the “best” model. While this identifies the model that best
fits the data for an individual station, this value cannot be used to compare results
between stations, because a lower RMS misfit does not necessarily equate to a more
robust inversion. A station with a high percentage of anisotropy will have more energy on
the tangential components than a station with less anisotropy. If the search is unable to
match the locations of polarity reversals exactly, a station with more tangential energy
(i.e., greater percent of anisotropy) will have a higher RMS misfit than a similar station
with less tangential energy. Stations with greater azimuthal coverage will generally give
better information about crustal structure but have a greater RMS misfit than a station
with less coverage. This is because additional data provide further constraints in the
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search but also make it more difficult for a model to match all of the observations. Both
of these scenarios result in a situation where the search is less robust for a station with
lower misfit. In order to quantify error for each station, we produced trade-off plots
showing how variations between pairs of parameters influenced misfit. In these plots, we
observed very little trade-off between parameters. Anisotropy trend versus anisotropic
layer thickness and anisotropy trend versus plunge are shown for stations PKD and BBR
in Figure 4. Based on a visual examination of trade-off and back-azimuth plots, we
provide a rough estimate of trend misfit in Table 1.

ANISOTROPY SEARCH RESULTS
The search results are tabulated in Table 1 and illustrated in Figures 5 and 6.
Figure 5 has eight panels illustrating the results for one representative station in each of
the eight terranes. Each panel shows a comparison of the data to the synthetics for the
best-fit model, an illustration of the best-fit anisotropy trend and plunge, and a velocitydepth profile illustrating the anisotropic layer. The anisotropy trend, plunge, and percent
anisotropy results for all the stations are illustrated on the map in Figure 6.
In Figure 5, two stations (RPV, MWC) located relatively close to each other and a
third (PKD) located over 300 km away all display very similar evidence of lower-crustal
anisotropy that consists of a negative-positive phase pair with large-amplitude variations
(including polarity reversals) on the radial record and a pair of phases exhibiting matched
polarity reversals in the same time window of the tangential record. Station DJJ is located
close to RPV but across a terrane boundary. This station exhibits similar polarity
reversals on the tangential component and a strong negative immediately before the
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Moho arrival, but the back azimuth of these signals is rotated ∼130° to 150° clockwise
from the other three stations. Yan and Clayton (2007) noted these phases at MWC and
attributed them to a dipping interface, which was a plausible explanation given the
similarity of signals from dipping layers and anisotropy. We prefer the anisotropy
explanation for several reasons. First, the comparison of a dipping versus an anisotropic
layer illustrated in Figure 3 shows that the dipping layer case has a diagnostic arrival on
the tangential record of a polarity reversing phase at zero lag time (centered at time zero),
which is absent for the anisotropy case. The zero lag phase is not observed at MWC or at
the other stations, although some shallower phases are present. A more subtle difference
is that the anisotropy case has polarity reversals on the radial component that are not
observed in the dipping layer case, and again polarity reversals are observed on the radial
data from MWC and other stations. Perhaps most significant to us is the similarity of
signals from both closely spaced and distant stations. This would either require similarly
dipping interfaces at similar depths beneath all these stations or a similar anisotropic
layer. Given the geologic evidence for the presence of underplated schists beneath all
these stations, we prefer the anisotropy explanation.
The linear nature of the trend versus plunge and trend versus layer thickness in
trade-off plots (samples shown in Fig. 4) demonstrates that the inversion for anisotropy
trend is more stable relative to other parameters. This is because trend is determined by
the location of polarity reversals, which are relatively easy to locate within the tangential
record section. Calculated percent anisotropy values for the region are generally higher
than expected for crustal rocks and are relatively less constrained in the inversion. The
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high percent anisotropy values might be explained in part by unmodeled near-surface
low-velocity zones (i.e., basins) that refract the incoming P-wave arrival to vertical,
effectively changing the relative amplitudes of the converted (Ps) waves compared to the
direct (P) wave on the radial RF component. Forward modeling of receiver functions with
a 5 km low-velocity zone at the top of the crust, and then inversion of the results for
anisotropy without a low-velocity upper-crustal layer, produces high percent anisotropy
values for crustal rocks.
Some of the data clearly exhibit more complexity than a simple one-layer
anisotropy model can explain. Given the complex tectonic history of the region, there are
structural complications that locally emplace the schists at shallower levels, and locally
expose them in surface outcrops (e.g., Ducea et al., 2009; Grove et al., 2003; Chapman et
al., 2010). Therefore, it is not surprising that the lower-crustal anisotropic layer is not
consistently observed at every station within each block. The reader is referred to Yan
and Clayton (2007) for a more detailed analysis of some of these structural complexities.
Nonetheless, we believe that comparisons of both the radial and tangential record
sections from all the stations clearly reveal a persistent anisotropy signal that is consistent
with pervasive regional-scale lower-crustal anisotropy in Southern California. Search
results for all 38 stations are summarized in Table 1 and plotted in Figure 6. The
minimum depth to the anisotropic layer is 10 km, the maximum depth is 28 km, and the
average depth is ∼21 km. The thickness of the anisotropic layer ranges from 5.5 km to 15
km, with an average of 9.7 km. The percent anisotropy ranges from 5% to 20%, with an

average of ∼14%. The η values range from 0.545 to 0.863, with an average of 0.664. Of
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the 38 stations that we inverted for anisotropy, 34 were used to calculate the regional
anisotropy trend and the average anisotropy for the tectonic blocks. The anisotropy
calculations for the remaining four stations (shaded white in Fig. 1) were not included in
the final interpretation because they either did not lie within one of the defined tectonic
blocks or else did not have significant azimuthal coverage to produce robust anisotropy
results.

ANISOTROPY RESULTS BY CRUSTAL TERRANE
The rose diagram in Figure 6 illustrates the distribution of the trend directions. A
regional-scale anisotropic trend is present in the area with a best-fitting unique axis
orientation of 211° and a standard deviation of 43° (assuming orientations 180° apart are
equivalent), calculated for the 34 stations assigned to tectonic blocks. The significant
scatter in the results can be partially explained by separating the results into groups
sampling the different geologic/tectonic blocks that constitute the crust in the region. As
we demonstrate next, anisotropy results within each crustal block appear to be more
coherent.
Salinian Block
The Salinian terrane is a large composite terrane (see Appendix I), and three
stations are not nearly enough for a complete characterization. Nonetheless, the three
stations in southern Salinia that we examined have a common SW-NE azimuth of
anisotropy. Two stations (PKD and MPP) exhibit nearly identical trends of 231° and
236°, and the other (PHL) station has a nearly opposite trend of 70°. PHL has a relatively

142

weak signal and small magnitude of percent anisotropy (−9%) compared to the other two
stations (−20%). Rotating station PHL's unique anisotropy axis 180° to 250° results in an
average unique axis orientation of ∼239° for the block, with a standard deviation of

∼10°. The ∼239° trend agrees within estimated error with the detailed study by Ozacar
and Zandt (2009) for the Parkfield station, PKD. They interpreted the anisotropy

observed at this station as a fossil fabric from Farallon subduction in either a serpentinite
layer or a fluid-filled schist layer, based on the high Vp/Vs calculated for the lower crust.
The underplated schist interpretation is supported by new field evidence suggesting that
the Salinian block is largely a remnant Cretaceous arc underplated by schists, similar to
those that outcrop in the Sierra de Salinas (Kidder and Ducea, 2006; Chapman et al.,
2010). The opposite orientation of PHL compared to PKD and MPP might be attributed
to large-magnitude extension of the underplated schists following flat slab subduction
(Chapman et al., 2010). The composition of the schists indicates that the most anisotropic
mineral preserved in the outcrop is mica (Ducea et al., 2007). Regardless of the exact
source of the anisotropy, the orientation of the slow axis approximately orthogonal to the
trend of the San Andreas fault at this location suggests that northwestward translation of
the Salinian block along the San Andreas fault is not deforming the lower crust in a way
that modifies the observed lower-crustal anisotropy.
San Gabriel Block
The San Gabriel block is much smaller than the Salinian block, and so the stations
located within it provide a much better sampling of this terrane. The anisotropy trend
measurements for the five stations clearly in the San Gabriel block average out to ∼213°,
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with a standard deviation of ∼29°, which is nearly the same direction as for the Salinian
block, within error. In this case, all the trends are oriented to the SW, although

measurements from station OSI are affected by structural complexities. Station DEC,
which is located very close to the boundary between the Western Transverse Ranges and
the San Gabriel block, exhibits a trend of 211°, which is consistent with the San Gabriel
block results. Though located in the Western Transverse Ranges in the reconstruction,
given the uncertainly of the terrane boundaries at depth, we argue that in future work
DEC should be grouped with the San Gabriel block terrane, resulting in a more consistent
reconstruction. The San Gabriel block is composed of Mesozoic and Proterozoic igneous
and metamorphic rocks thrust over the Pelona Schist (Jacobson, 1983). Based on the
reconstruction of McQuarrie and Wernicke (2005), the block has not undergone
significant rotation. The similarity of the geologic history of the terranes suggests to us
that the similar anisotropy results are due to a common cause: the subduction
emplacement of schists beneath these terranes.
Western Transverse Ranges
Much of the Western Transverse Ranges terrane is located offshore, so the
stations we have in this terrane only sample a small portion of its easternmost end. The
results for the four stations clearly in the Western Transverse Ranges are distinctly
different from the results in the Salinian and San Gabriel blocks, with an average trend of
353° or approximately north.
The Western Transverse Ranges have a complex deformational history of
translations, rotations, and shortening (Appendix I). One possibility is that the N-S
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orientation of anisotropy trend reflects the >260 km of northward translation of the
terrane since the early Miocene. However, other neighboring terranes outboard of the San
Andreas fault have experienced similar translations and do not show the northward trend.
It is also possible that anisotropy measurements reflect lower-crustal shear traction within
the Western Transverse Ranges, which contain numerous indicators of intense N-S
shortening (J. Saleeby, 2010, personal commun.). Unlike many of its neighboring
terranes, the Western Transverse Ranges block has also undergone >100° of clockwise
rotation since the early Miocene (Luyendyk, 1991). If rotated back 116°
counterclockwise to its pre-Miocene orientation, the average anisotropy trend for the four
N-oriented stations is 237°, aligning it with our “subduction accretion” trend. Given the
difficulty in determining the cause of anisotropy for the block, we conclude that active
tectonics and schist emplacement are both viable options.
Continental Borderland
Godfrey et al. (2002) argued that the crust within the inner continental borderland
is composed of Catalina schist underlain by a greenschist-facies basaltic rock, interpreted
as a fossilized subduction zone. The stations in this predominantly submerged terrane are
confined to the far eastern part of this province, making it difficult to establish the
anisotropic signal for the entire crustal block. The three higher-quality results we have
show an average anisotropy trend of ∼231° with a standard deviation of ∼16°, again the
subduction accretion trend. Two lower-quality results indicate a more N-S trend, which

may be due to the strong extension in this region that followed in the wake of the rotation
of the Western Transverse Ranges. Similar to the Western Transverse Ranges, the few
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observations we have from this large terrane are consistent with either active tectonics or
schist emplacement.
Peninsular Ranges Block
The Peninsular Ranges block is composed of relatively intact batholithic crust,
and its transfer to the Pacific plate in the past 6 m.y. as a cohesive body strongly suggests
that it still retains a portion of its mantle lithosphere (J. Saleeby, 2010, personal
commun.). The seven stations we analyzed in the Peninsular Ranges block are located in
a relatively confined area of the northern Peninsular Ranges block. The anisotropy trends
calculated for the Peninsular Ranges show the most variability among the terranes we
examined, ranging from WSW to NNE. Within the region, station RDM exhibited an
extremely weak anisotropic signature, and the Moho is not a clear consistent arrival at
KNW. Two stations, WMC and SND, located close to each other and near the trace of the
San Jacinto fault display widely disparate results, perhaps reflecting complexities related
to the fault. Three stations, CRY, TRO, and YAQ, display a more consistent WSW trend,
and station KNW has an anomalous N trend.
The 10° dip in the Moho identified by Lewis et al. (2000) could impact the results
from these stations. To test this possibility, searches were run for anisotropy assuming a
10° dipping Moho. The results did not change significantly (<15°) for all but two of the
stations, suggesting that the impact of this dip on our anisotropy trends is minimal. The
proximity of most of the stations in this block to active fault strands may explain the
variability of the observed anisotropy trends.
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Mojave Block (Western and Eastern)
On the North American side of the San Andreas fault, we have results for the
large Mojave terrane and the smaller San Bernardino block. Due to variations across the
Eastern California shear zone, the Mojave was divided into two blocks: the eastern and
western Mojave blocks. Three stations exhibit a SSE orientation of anisotropy in the
west, and four stations exhibit a WSW trend in the east. The three western Mojave
stations have an average anisotropy azimuth of ∼156°, with a standard deviation of 22°,
while the five eastern Mojave stations average ∼246°, with a standard deviation of 21°,

when the unique anisotropy azimuth for station JVA is rotated 180°. Within the Mojave,
station LKL has relatively poor azimuthal coverage, and stations in the eastern Mojave all
exhibit effects from complicated crustal structure, potentially impacting our inversion
results. In general, stations in the Mojave exhibit a weaker anisotropic signal with less
energy on the tangential component of receiver functions than is observed west of the San
Andreas fault, making the inversion results for this area less robust.
Luffi et al. (2009) and Chapman et al. (2010) argued that much of the western
Mojave experienced the same subduction erosion and schist underplating that occurred
throughout the rest of Southern California. Thus, one would expect a similar direction of
anisotropy (∼240°) as other terranes that preserve this signal. The opposing trend
observed at JVA may have the same explanation as we proposed for PHL in the Salinian
block, that is, it may reflect extrusion of the underplated schists (Chapman et al., 2010).
The anisotropy azimuth of ∼156° calculated for the western Mojave suggests that the
lower-crustal anisotropy trend appears to have been reset by younger deformational
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events. We will reevaluate the Mojave interpretation after the tectonic reconstruction later
in this paper.
San Bernardino Block
This small crustal block is part of the Transverse Ranges; however, the bedrock of
the San Bernardino block is most strongly correlated to the immediately adjacent Mojave
basement near Victorville (Stewart and Poole, 1974; Miller, 1981). Like the western
Mojave, the San Bernardino block upper crust is underlain by schist, interpreted to be the
Orocopia schist by Powell (1981). Two of the stations display S-SE trends, while a third
has a NW trend. One station, SVD, is located between two branches of the active San
Andreas fault, and, interestingly, it exhibits a fault-parallel trend. In some ways, the
trends in this small block appear similar to those observed in the western Mojave block
just to the north. However, the receiver functions from these stations are relatively
complex, making these results less robust than those from other crustal blocks.

TECTONIC RECONSTRUCTION TO 36 MA
In order to develop a better picture of the relative locations and orientations of the
anisotropy trends to pretransform paleogeography, the crustal blocks with their seismic
stations were restored back to their early Oligocene (36 Ma) positions and orientations,
based on the reconstruction of McQuarrie and Wernicke (2005) (Fig. 7). The anisotropy
locations and rotations were palinspastically restored by associating each of the
individual points with the polygons reconstructed by McQuarrie and Wernicke (2005).
Points were then restored via incremental translation and rotation about their associated
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polygon centroid (McQuarrie and Oskin, 2010) (Table 1). The 36 Ma time frame was
chosen not only because it is the earliest time frame in the reconstruction, but also
because it takes us back to a pretransform period, when subduction was active along the
entire coastline. Restoring the anisotropy highlighted subtle problem areas in the tectonic
reconstruction of McQuarrie and Wernicke (2005). The geological boundaries of the
reconstruction are based on geographic information system (GIS) polygons from the
1:5,000,000 scale tectonic map of Muehlberger (1996). Given the complexity of Southern
California tectonic history, there are a variety of interpretations in the restored locations
of crustal blocks. While this is a significant issue, our interpretation is primarily
dependent on the rotational history of the blocks; as such, uncertainties in restored
locations are less important than those related to orientation. The scale of the map used to
define geologic boundaries is such that station locations in close proximity to polygon
boundaries may be assigned to the wrong block. As an example of a potential boundary
problem, stations PAS and PASC are located ∼3 km apart, yet they palinspastically

relocate to widely separated locations. In this reconstruction, station PAS is located on
the northernmost edge of the Peninsular Range polygon, which did not experience
significant rotation. Immediately adjacent is station PASC, in the Western Transverse
Ranges, which underwent 116° of rotation. Pre-restoration PAS and PASC stations
record similar anisotropies of 354° and 332°, respectively. When palinspastically rotated
116°, station PASC matches the other Western Transverse Ranges anisotropies as well as
the overall SW-trending anisotropy of the region (Fig. 7); however, PAS, with little
rotation but significant translation with the Peninsular Range block, does not. This
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suggests that both PAS and PASC should be restored with the Western Transverse
Ranges. As discussed earlier, station DEC, while reconstructed on the northern edge of
the Western Transverse Ranges terrane, has the anisotropic signature of the adjacent San
Gabriel block, which shows a SW-trending anisotropy before rotation (Fig. 6). After the
rotation of the Western Transverse Ranges block, the anisotropy of DEC dips to the east
(Fig. 7), confirming it should be restored with the San Gabriel block. The reconstruction
does not answer all questions regarding the San Bernardino block, but it does provide
some insight into the anisotropic signal there. This block has a relatively unconstrained
rotational history and exhibits complicated receiver-function signals observed at the
stations within it. Given the proximity of stations SBPX and SVD to the San Andreas
fault at 36 Ma, it is possible to attribute the anisotropy trends observed at these stations to
deformation associated with motion along the fault. Within the block, post-subduction
deformation could obscure the anisotropic signal directly related to underplated schist.
Station SVD is located between two strands of the San Andreas fault and is assigned to a
polygon that has significant southward translation in the reconstruction. Given its
location, it is unclear if SVD should be included within the San Bernardino block.
Stations with uncertain locations in the reconstruction are transparent on the map and are
not included in the rose diagram of the post-restoration trend distribution nor were they
considered in calculating best-fitting anisotropy arrows for the tectonic blocks (Fig. 7).
Comparing the rose diagrams of anisotropy trends prior to and after restoration
(Figs. 6 and 7), we observe a significant tightening in the azimuthal distribution. The
dominant trend is at ∼240°, with a much smaller peak in the opposite direction of ∼60°.
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This orientation coincides closely with the Farallon–North American convergence
direction for the end of the Laramide (ca. 59–42 Ma) (Saleeby, 2003). Subordinate peaks
occur for N-S and NW-SE orientations.
In the map view of the 36 Ma reconstruction, stations in blocks originally west of
the San Andreas fault (Salinian block, San Gabriel block, Western Transverse Ranges,
and Peninsular Ranges block) all exhibit similar SW-NE orientations, and predominantly
SW trends, consistent with a top-to-SW sense of shear, assuming an S-C–type cause for
the anisotropy. This is consistent with the hypothesis of subduction emplacement of
schists derived from the accretionary complex.
While the tectonic reconstruction of McQuarrie and Wernicke (2005) is based on
>100 unique displacement constraints for the reconstruction east of the San Andreas
fault, displacements of fault-bounded blocks west of the San Andreas fault are only
controlled by five, first-order constraints. These are (1) displacement on the San Andreas
fault (Matthews, 1976; Graham et al., 1989; Dickinson, 1996), (2) ∼110° clockwise

rotation of the Western Transverse Ranges (Hornafius et al., 1986; Luyendyk, 1991), (3)
attenuation of the continental borderlands in the wake of the rotating Transverse Ranges
(Crouch and Suppe, 1993; Bohannon and Geist, 1998), (4) opening of the Gulf of
California (Oskin et al., 2001; Oskin and Stock, 2003), and (5) the easternmost extent of
Pacific plate oceanic crust, which constrains the maximum western extent of continental
North America (Atwater and Stock, 1998). By taking into account only these first-order
constraints, the attempt at a self-consistent, strain-compatible model highlights several
problems, many of which are focused along and west of the San Andreas system
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(McQuarrie and Wernicke, 2005). One of these problems, directly related to this study, is
the restoration of the coastal Salinia terrane to a position that overlaps with the western
Mojave Desert. This kinematic incompatibility (see Chapman et al., 2010) arises from the
requirement that continental crust cannot be west of the restored Pacific plate (Atwater
and Stock, 1998). The limited amount of extension in the Mojave region and the Basin
and Range immediately to the east (<200 km) forces undocumented extension in the
western Mojave region of the model. Solutions to this kinematic incompatibility would
require a careful reconstruction of displacements west of the San Andreas fault not
included in the reconstruction by McQuarrie and Wernicke (2005), as well as different
plate-tectonic reconstructions that restore the Pacific plate farther to the southwest at 33
Ma (e.g., Wilson et al., 2005). Restoring the Pacific-Farallon plate boundary to the
southwest may also provide room for a nonlinear western North America margin due to
Late Cretaceous extension in the region (Chapman et al., 2010). Although we readily
acknowledge that the tectonic reconstructions highlight geological incompatibilities, we
argue that these incompatibilities do not affect the primary conclusions of this study. By
using the reconstructions of McQuarrie and Wernicke (2005), we have learned that the
most important parameters for restoring anisotropy measurements are (1) large-scale
displacements along the San Andreas system and (2) large rotations associated with the
transform boundary. By accounting for these first-order constraints, we show that the
number of measurements showing a clear NE fabric increases and that the locations of
strong NE anisotropy cluster between two large coherent blocks that clearly retained both
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mantle lithosphere and lower crust, the restored Sierra Nevada and Peninsular Ranges
blocks.
Both Figure 5 and Figure 6 highlight two predominant anisotropy directions, a
SW-NE orientation that we attribute to an underplating signature, as well as a NNW-SSE
direction that parallels the San Andreas system. The average anisotropy trends for the
western Mojave stations are close to and parallel to the future location of the San Andreas
fault, suggesting that perhaps the initiation of motion on this segment of the San Andreas
system aligned the fabric in the schists within the lower crust. In contrast, the eastern
Mojave stations display the same SW-NE orientation that we attribute to an underplating
signature (Fig. 7), suggesting perhaps that this region was far enough away from the
future San Andreas system to retain this original anisotropy. Luffi et al. (2009) showed
that the level of low-angle subduction underplating was progressively deeper in the
eastern Mojave, requiring Farallon mantle lithosphere underplating at Moho depths.
Nonetheless, shear sense is the same and occurred at Moho depths, so it should have
imparted a similar anisotropic fabric (J. Saleeby, 2010, personal commun.).
Summary of Results
The most important observation from the reconstruction is the consistency of
results west of the San Andreas fault, which provides strong evidence that the signal
observed there is related to the subduction of the Farallon slab and that much of this
signal has not been overprinted by subsequent deformation. Based on geologic evidence
(Saleeby, 2003; Ducea et al., 2009; Luffi et al., 2009; Chapman et al., 2010), we propose
that this signal is the result of a pervasive fabric in schists that were underplated during
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Laramide flat slab subduction (Fig. 8). The presence of these schists has been identified
in several previous geologic and geophysical studies of the region (e.g., Malin et al.,
1995; Ozacar and Zandt, 2009; Pellerin and Christensen, 1998; Godfrey et al., 2000;
Cheadle et al., 1986; Li et al., 1992; Yan et al., 2005). Pellerin and Christensen (1998)
used data from the Los Angeles Regional Seismic Experiment (LARSE) project to
examine crustal anisotropy within the region and calculated elastic tensors for the Pelona
schists at varying pressures. They identified gneisses and schists with substantial
anisotropy (up to 20°) in the Southern Californian crust.
We believe the anisotropy is an aggregate effect of the fabric within the schist
produced by flattening strain during the initial subduction of the accretionary package or
during subsequent extrusion, and it is not necessarily affected by individual shear
megathrusts at the top and bottom of the schist body. As Ducea et al. (2007) pointed out,
the change from subduction to exhumation of the schist package requires the subduction
megathrust to shift from the top to the bottom of the package, as well the development of
a shear zone that reverses the sense of motion along the upper boundary. This is
consistent with the “extrusion” hypothesis outlined in Chapman et al. (2010), where the
entire subduction assemblage moves trenchward, with deformation concentrated in shear
zones located at the top and bottom of the subduction package, preserving the initial
subduction fabric within the schist body. Although the bounding shear zones are probably
highly anisotropic as well, they are most likely too thin to affect seismic waves with
teleseismic wavelengths.
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COMPARISON TO LARSE EXPERIMENT
An important remaining question is whether the anisotropic lower crust has any
consequences for the active tectonics of Southern California. In order to investigate this
question, cross sections of receiver functions were plotted using the Common Conversion
Point (CCP) method (e.g., Gilbert et al., 2003; Dueker and Sheehan, 1998). The
advantage of this method is that it improves the signal-to-noise ratio through the stacking
of traces from multiple stations. To convert from time to depth, we used a P-wave
velocity of 6.4 km/s and a Vp/Vs ratio of 1.75. The Vp/Vs ratio is the average for the Los
Angeles area calculated by Hauksson and Haase (1997) and approximates the average
Vp/Vs for the Pelona Schist at 8 kbar calculated by Godfrey et al. (2000).
The CCP stacks from this work correlate well with results from the LARSE. CCP
cross sections overlain on the LARSE lines show crustal thicknesses within several
kilometers of LARSE estimates (Fuis et al., 2001, 2007; G.S. Fuis, 2009, personal
commun.) (Fig. 9). Both models show a step down in the Moho from ∼25 to ∼30 km

near the coastline and an increase in depth to ∼35 km under the San Gabriel Mountains.
While the LARSE model has a small crustal root centered under the San Andreas fault,
the RF model has a step near the surface trace of the San Andreas fault, consistent with
Zhu (2002) and Yan and Clayton (2007), although uncertainties about Vp/Vs variations
across the fault preclude firm conclusions. This Moho step and the truncation of some
intracrustal features suggest that the San Andreas fault penetrates the entire crust at this
location, as discussed in detail by Yan and Clayton (2007). A negative polarity lowercrustal arrival is present under the inner borderland, west of the San Andreas; it
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disappears for ∼40 km east of the San Andreas, appearing again in the midcrust

underneath the Mojave (Fig. 9). This phase marks the top of the lower-crustal schist
package. The reflection “bright spot” identified by Ryberg and Fuis (1998) as a fluidfilled pocket along a horizontal crustal décollement beneath the San Gabriel Mountains is
observed at the same location and depth as the top of the lower-crustal schist layer (Fig.
9). Hence, the fossil anisotropy layer may still be acting as an important control on
modern tectonics by localizing upper-crustal deformation above the preserved schist
layer.

CONCLUSIONS
The consistent SW-NE orientation of anisotropy found in the blocks west of the
San Andreas, when rotated back to their pretransform orientations, supports the
hypothesis that much of the lower crust beneath southern and west-central California
consists of anisotropic schists subcreted during subduction. The preservation of this
pattern in a majority of the blocks suggests that subsequent translations, rotations, and
internal deformation have had little impact on this basal crustal layer, consistent with it
being a strong layer that is well coupled with the upper crust. The consistency of the
signal supports the hypothesis that schists were moved trenchward as a cohesive package
and deformation was concentrated at the upper and lower edges of the body. This also
implies that motion along the San Andreas fault is not deforming the lower crust west of
the fault, in a way that impacts its anisotropic signature. The two exceptions to this trend
are found on the North American side of the fault in the San Bernardino block and
western Mojave block. The lower-crustal anisotropy present in those blocks is likely
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related to transpression or motion along the San Andreas fault, although this conclusion
requires further examination for confirmation.
When RF anisotropy orientations are compared to SKS anisotropy measurements
(Polet and Kanamori, 2002) and bulk crustal anisotropy measurements made using
ambient noise tomography (Lin et al., 2009), which both produce consistent results, one
striking similarity between the three sets of orientations is that all of them have a strong
E-W component. Polet and Kanamori (2002) suggested that their SKS measurements
may result from a remnant subduction fabric, but they largely discounted this hypothesis
due to the consistency of SKS measurements, Pn tomography, and stress measurements.
Instead, they attribute their measurements to modern tectonic processes. Beyond the
similarities in strong E-W components, these other methods do not closely match lowercrustal measurements, suggesting that there is little direct relation between mantle and
lower-crustal anisotropy, as well as lower-crustal and bulk crust anisotropy, in the region.
This could mean that modern deformation is localized above and below this strong lowercrustal layer.
The consistent pattern in lower-crustal anisotropy azimuths observed throughout
Southern California suggests that use of receiver functions to examine crustal anisotropy
has the potential not only to provide relevant information about the deformational history
of other regions, but also to permit the analysis of anisotropy in a relatively narrow depth
range rather than just the bulk crust. The biggest limitations of the technique are the
requirement for sufficient azimuthal coverage and the applicability of the simplifying
geological assumptions.
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APPENDIX I
Salinian Block
The Salinian block or Salinian “composite terrane” (Vedder et al., 1983) is
bounded to the northeast by the San Andreas fault and to the south by the Sur-Nacimiento
fault (Mattinson, 1978). The block has undergone ∼315 km of northward transport since

the mid-Miocene (Dickinson and Wernicke, 1997) and can be correlated structurally with
rocks from the southern Sierra Nevada block (Dickinson and Butler, 1998; Ross, 1984).
During the Laramide, the subducting slab remained at a shallow depth beneath Salinia,
reaching a depth of only 35 km, ∼170 km inboard from the trench (Ducea et al., 2009).
This removed lower-crustal material and underplated the lower crust with trench

sediments. The lower crust within the Salinian block is believed to be composed of the
Sierra de Salinas schist, which is correlative to the Pelona, Orocopia, and Rand schists
that underlie much of Southern California and western Arizona (Ducea et al., 2009).
Stations MPP, PHL, and PKD are located within the Salinian block.
San Gabriel Block
The San Gabriel block lies between the San Bernardino and Western Transverse
Ranges blocks and contains the stations BFS, CHF, MWC, OSI, VCS, and most likely
DEC (in the reconstruction, this station lies within the Western Transverse Ranges). The
block is composed of Mesozoic and older igneous and metamorphic rocks thrust over the
Pelona Schist (Jacobson, 1983; Jacobson et al., 1996). While this block has not
experienced the rotation of the Western Transverse Ranges block, it has moved 270 km
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northward since the mid-Miocene and has most likely experienced the same ∼53–60 km

shortening since ca. 3 Ma as calculated for the Western Transverse Ranges block directly
to the west (Namson and Davis, 1988; McQuarrie and Wernicke, 2005).
Western Transverse Ranges
The Transverse Ranges consist of E-W–running mountain ranges uplifted due to
transpression within the restraining bend in the San Andreas fault (Ehlig, 1981; Wright,
1991). Based on the reconstruction of McQuarrie and Wernicke (2005), we divided the
Transverse Ranges into three separate crustal blocks for our interpretation: the Western
Transverse Ranges block, the San Bernardino block, and the Central Transverse Ranges
or San Gabriel block. The Transverse Ranges also consist of the Eastern Transverse
Ranges block, which is not included in our interpretations.
The Western Transverse Ranges block consists of the region west of the San
Gabriel Mountains and includes the southern part of the Santa Ynez Mountain (Fig. 1);
stations DJJ, TOV, PAS, and PASC lie within this block. During the early Miocene, this
block was located on the western side of the Baja block; since that time, it has moved
∼260–270 km north and rotated ∼90°–117° clockwise (Hornafius et al., 1986; Luyendyk
et al., 1980; Luyendyk 1991). Crustal shortening of ∼53–60 km along a midcrustal

detachment is believed to have occurred within this block since 3 Ma, resulting in high
topography and a deformed crust (Namson and Davis, 1988).
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Continental Borderland
Beginning in the early Miocene, the continental borderland, located off the coast
of California (Fig. 1), experienced extension comparable in both style and magnitude to
that seen in the Basin and Range Province of the southwestern United States (Bohannon
and Geist, 1998). The province is separated into the inner and outer borderland (Crouch
and Suppe, 1993); we concerned ourselves primarily with the inner borderland, because
all the seismic stations used in this work fall within this area. Basement rocks in the inner
borderland consist primarily of Mesozoic-age blueschists and greenschists from the
Catalina terrane (Howell and Vedder, 1981; Wright, 1991). The topography of the inner
borderland consists of several NW-trending submerged basins and ridges that formed
during the mid-Miocene, in the wake of clockwise rotation of the Western Transverse
Ranges (Howell and Vedder, 1981; Wright, 1991; Crouch and Suppe, 1993). Prior to
rotation of the Transverse Ranges and the accompanying extension, in the borderlands,
McQuarrie and Wernicke (2005) proposed that the continental borderland behaved as
part of the Baja block. Deformation within the continental borderland occurred along
NW-striking oblique normal faults (Wright, 1991). The stations CIA, CIU, SNCC, RPV,
and FMP lie within the block.
Peninsular Ranges
In reconstructions of western North America, the Peninsular Ranges are
considered part of the Baja block (McQuarrie and Wernicke, 2005), which has moved
∼276 km northward from 6 Ma to present (Oskin et al., 2001; Oskin and Stock, 2003).
Stations CRY, KNW, RDM, SND, TRO, WMC, and YAQ are located within the Baja
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block. The Peninsular Ranges are a large batholith that extends 1000 km from Southern
California to the tip of the Baja Peninsula (Silver and Chappell, 1988). For this study, we
focus on the San Jacinto Mountains, located at the northern end of the range. The
mountains are bifurcated by the San Jacinto fault, a right-lateral splay of the San Andreas
fault. It has been argued that this fault formed at a compositional boundary between
older, more mafic rocks to the west and younger, more felsic rocks to the east (Magistrale
and Sanders, 1995), and that this boundary is related to structures that predate the
batholith (Langenheim et al., 2004). A 10°W-dipping Moho has been identified across
this boundary in the northern Peninsular Ranges (Lewis et al., 2000).
Mojave Block
The Mojave block is the part of the Mojave Desert that is bounded to the
southwest by the San Andreas fault, to the north by the Garlock fault, and to the east by
the southern edge of the Death Valley fault zone (Glazner et al., 2002). From ca. 24 Ma
to present, the Mojave block has experienced two phases of deformation, early Miocene
extension and volcanism, and late Tertiary right-lateral shear (e.g., McQuarrie and
Wernicke, 2005). Early Miocene extension in the Mojave was focused in the central
Mojave metamorphic core complex (Glazner et al., 1989; Walker et al., 1990; Martin et
al., 1993; Fletcher et al., 1995; Glazner et al., 2002), which accommodated 40–50 km of
E-W extension between 24 and 18 Ma (Glazner et al., 1989; Martin et al., 1993; Ingersoll
et al., 1996). Post-extension deformation largely occurred along strike-slip faults that may
have accommodated up to 100 km of shear since ca. 12 Ma (McQuarrie and Wernicke,
2005). The Mojave block contains the Eastern California shear zone, a 100-km-wide
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system of right-lateral faults formed due to the relative motion between the North
American and Pacific plates (e.g., Savage et al., 1990, 2001). Geodetically, the Eastern
California shear zone accommodates ∼25% of the relative plate motion between the

North America and Pacific plates (Sauber et al., 1994; Miller et al., 2001; McClusky et
al., 2001). Based on paleomagnetic data, it is argued that the northeastern Mojave has
experienced up to 60° of clockwise rotation (Shermer et al., 1996; Luyendyk, 1991;
Luyendyk et al., 1980). For this project, we divided the Mojave into eastern and western
components separated by the Eastern California shear zone. Stations EDW2, LKL, and
VTV lie in the western Mojave, and stations HEC, GSC, JVA, RRX, and TUQ lie in the
east.
San Bernardino Block
The San Bernardino block consists primarily of the San Bernardino Mountains,
and it contains the stations SBPX, BBR, as well as station SVD, which lies directly on
the San Andreas fault but falls just west of the fault in the reconstruction of McQuarrie
and Wernicke (2005). The geology of the San Bernardino block is strongly tied to the
southern Mojave, with basement rocks in the San Bernardino block having direct
correlatives to the immediately adjacent Mojave basement near Victorville (Stewart and
Poole, 1974; Miller, 1981). Likewise, the displacement history of the San Bernardino
block is proposed to be similar to the southern Mojave. The block moved to the northwest
synchronous with right-lateral shear in the Mojave and rotation of the Eastern Transverse
Ranges (e.g., McQuarrie and Wernicke, 2005) and has experienced an unknown amount
of post-Miocene rotation (Luyendyk, 1991). The block is composed largely of
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Proterozoic and Mesozoic igneous and metamorphic rocks, overlain by Tertiary deposits
(Langenheim and Powell, 2009). The Orocopia schist is present beneath much of the San
Bernardino block (Powell, 1981).
Eastern Transverse Ranges Block
The Eastern Transverse Ranges block lies to the southeast of the San Bernardino
block and contains the Little San Bernardino Mountains and the land between the Pinto
Mountain fault and the San Andreas fault. Stations BLA and BEL lie within the block.
The tectonic block has been rotated clockwise ∼41° in the past 10 m.y. Inversions run on
the two stations located within the block do not produce consistent azimuths of

anisotropy, and therefore they were not included in our interpretation for the region.

APPENDIX II
The value of η defines the curvature of the velocity “ellipsoid” between the Vpfast and Vp-slow axes. Using the nomenclature of Love (1927 cited in Babuska and Cara,
1991) the elastic tensor for hexagonal anisotropy is:
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C = ρVP 0°
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(Okaya and Christensen, 2002)
and the parameter η is defined as:

η=

F
(7)
(A - 2L)

(Sherrington et al. 2004).
Levin and Park (2007) use the parameters a, b, c, d, and e to define anisotropy
where:
2

ρV p = a + b cos(2ξ ) + c cos(4ξ ) (8)

2

ρVS = d + e cos(2ξ ) (9)

The variable ξ is the angle between the wave propagation and the axis of
symmetry. The parameter a corresponds to average P velocity, b to the azimuthal
variation in P velocity, c to anisotropy ellipsoid variations away from a true ellipsoid, d to
the average S velocity, and e to the azimuthal variations in S velocity. For the anisotropy
inversion, the velocity ellipsoid was assumed to be a true ellipsoid (c=0) as has been
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assumed in several previous studies (Ozacar and Zandt 2009; Sherrington et al., 2004;
Levin and Park, 1997). The purpose of this assumption is to improve the inversion to
calculate more reasonable anisotropy values. If η is kept independent of percent
anisotropy, it is possible to produce a significant anisotropic signal with 0% anisotropy
by deforming the velocity ellipsoid so that Vp-45° is equivalent to Vp-max. In assuming
a pure ellipsoid, η becomes a function of percent anisotropy. Previous work calculating
elastic tensors for the schists in the region has assumed hexagonal anisotropy (Godfrey et
al., 2000). Further work is required to determine if significant perturbations from an
ellipse are detectable with this technique. Relating η to percent anisotropy also allows us
to approximate η, while reducing the number of free parameters in the inversion, which
in turn increases its stability.
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FOOTNOTES
1

GSA Data Repository Item 2011138, results showing the effects of inverting

receiver-function data assuming anisotropy, a dipping layer, and anisotropy and a dipping
layer, is available at www.geosociety.org/pubs/ft2011.htm, or on request from
editing@geosociety.org, Documents Secretary, GSA, P.O. Box 9140, Boulder, CO
80301-9140, USA.
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FIGURES

Figure 1. Map of the study area showing station locations (circles) and the approximate
boundaries of the crustal blocks used in this study. Colors correspond to assigned crustal
block. Station assignments are listed in Table 1. White stations are unassigned. Stations
with black X's are shown in Figures 5A and 5B. Major faults are shown as red lines, and
schist outcrops are shaded magenta. Fault locations are from U.S. Geological Survey and
Arizona Geological Survey (2008).
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Figure 2. (A) Cartoon diagram showing lower-crustal seismic anisotropy and two ways
shear zones can produce seismic anisotropy. The first case is caused by the alignment of
mineral grains due to shear. The second is the result of magma injections into a shear
zone. (B) Anisotropy ellipsoids showing the difference between fast and slow unique axis
anisotropy. For this work, slow unique axis anisotropy is assumed.

182

Figure 3. Diagram showing (upper left) a block of crustal rock with an isotropic dipping
low-velocity layer (B) separating an isotropic crust (A) and mantle (C) and (upper right) a
block with a hypothetical lower-crustal anisotropic layer (B) located between an isotropic
upper and middle crust (A) and an isotropic mantle (C). The subvertical gray lines
represent the ray paths for receiver functions sampling the layer. The fronts of the blocks
show the polarities of the radial components, while the right sides show the polarity of
the tangential. The synthetic receiver functions correspond to the associated crustal block.
For both scenarios, assumed values are: crustal Vp of 6.4 km/s, a Vp/Vs of 1.75, and a
Moho depth of 25 km. Mantle rocks are assumed to have a Vp of 7.8 km/s and a Vp/Vs
of 1.74. In the dipping layer example, a 5-km-thick 20°S-dipping layer with a Vp of 5.8
km/s is assumed. In the anisotropic case, receiver functions were calculated assuming that
seismic anisotropy is confined to a layer with a Vp of 6.2 km/s and 20% anisotropy
located in the bottom 5 km of the crust.
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Figure 4. Misfit plot for stations PKD (top) and BBR (bottom) showing the relationship
between anisotropy trend and plunge and trend and anisotropic layer thickness in the
neighborhood algorithm search. Darker shades of gray represent lower misfit, and the
white diamonds represent the parameters that produce the smallest misfit in the inversion.
Misfit versus model number shows the progression of the inversion. Shading corresponds
to the misfit in each of the trade-off plots. Contours show the zones of smoothed 0.045
and 0.05 misfits.
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Figure 5. Summary figure for individual stations from each crustal block showing the
receiver-function data by back azimuth (colored) compared to synthetic data (thick black
line) calculated from the inversion results. The trend and plunge of anisotropy and the
best-fitting velocity model are shown to the right and listed in Table 1. Continued on
following page.
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Figure 5 (Continued).
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Figure 6. Map of station locations showing the trend of anisotropy for each station.
Colors correspond to the assigned crustal block. The large arrows show the approximate
best-fitting trend lines for the stations within the block. Red lines are fault locations. The
size of the circle is proportional to the percent anisotropy, and the length of the arrow is
the horizontal projection of the plunge of the unique anisotropic axis. The rose diagram
shows the number of stations with anisotropy trends within each 10° bin. CBL—
continental borderland; EMB—Eastern Mojave block; ETR—Eastern Transverse
Ranges; PRB—Peninsular Ranges block; SAL—Salinia; SBB—San Bernardino block;
SGB—San Gabriel block; WMB—Western Mojave block; WTR—Western Transverse
Ranges.
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Figure 7. Map of station locations and unique anisotropy axis orientations at 36 Ma
based on the reconstruction of McQuarrie and Wernicke (2005). Station coloring
corresponds to the crustal blocks. The large arrows show the best-fitting block trend lines
rotated back to their orientation at 36 Ma. Stations SVD and PAS are not included in the
block averages shown by the large arrows and in the rose diagram. Transparent stations
are “problem” stations identified in the text. The rose diagram shows the number of
stations with anisotropy trends within each 10° bin when rotated back to their 36 Ma
orientations. Vectors show early Tertiary Farallon–North America relative motion vectors
from Saleeby (2003). SGB—San Gabriel block; WTR—Western Transverse Ranges.
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Figure 8. Cross section of early Tertiary subduction showing the emplacement and
extrusion of schists. Figure is modified from Saleeby (2003) and Chapman et al. (2010).
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Figure 9. Common Conversion Point (CCP) cross sections for Southern California,
overlain with results from the Los Angeles Regional Seismic Experiment (LARSE)
project (Fuis et al., 2007), to illustrate their similarities. In the receiver function (RF)
stack, red shading corresponds to positive polarity arrivals, and blue corresponds to
negative polarity arrivals. The location of the cross section is shown in Figure 1. The
thick white line represents the RF Moho, while the thick black line represents the LARSE
Moho. Thin white lines represent structures (i.e., top of potential shear zones) seen in
RFs. The thin black lines represent reflectors interpreted as décollements in the LARSE
cross section, and the thick black bodies represent bright reflectors imaged in the same
project (Fuis et al., 2007). The thick vertical red line is the projection of the San Andreas
fault (SAF). The thin gray lines are the traces calculated from the CCP stacks.

Table 1. Station locations and inversion results.

TABLES
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Table 2. Inversion parameters and their ranges
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ABSTRACT
Utilizing EarthScope USarray data, we use ambient-noise tomography and
receiver functions to examine the lithospheric structure of the Colorado Plateau, the
adjacent Basin and Range and the transition zone between the two. At shallow crustal
depths, shear velocities from ambient-noise tomography are fast in areas that correspond
to Laramide uplifts and slow in Laramide basin locations. The high velocity bodies
associated with the uplifts extend into the lower crust within the Colorado Plateau
interior, suggesting that the causative structures extend deep into the crust and have
remained intact since the end of the Laramide orogeny. The lowest velocities observed in
the mid to lower crust correlate spatially with the location of mid-Tertiary volcanic fields.
Receiver functions show a sharp Moho beneath the Basin and Range and the margins of
the Colorado Plateau, with the highest amplitude Ps Moho conversions beneath the
Marysvale volcanic field. The Moho arrival within the central Colorado Plateau is weaker
and exhibits more complexity than along its margins suggesting a gradational boundary.
Based on our observations and published tomographic images of high velocity bodies
(“drips”) in the upper mantle at the edge of the Colorado Plateau, we argue that highdensity mafic roots formed during mid-Tertiary magmatism associated with the rollback
of the Laramide flat slab are foundering into the upper mantle. Uplift history and
modeling studies suggest delamination of these roots occurred 9-5 Ma, a time interval
that correlates with independent evidence of Late Cenozoic surface uplift of the Colorado
Plateau.
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INTRODUCTION
Recent tomographic studies of the western United States using data from the
EarthScope USArray network and regional seismic deployments (Schmandt and
Humphreys, 2010; Obrebski et al., 2011; Sine et al., 2008) have identified at least two
high-velocity bodies in the mantle beneath the Colorado Plateau (CP), which are inferred
to be downwelling lithospheric material (Levander et al., 2011; Obrebski et al., 2011;
Schmandt and Humphreys, 2010; Van Wijk, 2010). These two downwellings are located
near three mid-Tertiary volcanic fields located on the edges of the plateau, the Marysvale
Volcanic Field (MVF) on the western margin, the San Juan Volcanic Field (SJVF) on the
eastern margin, and the Mogollon-Datil on the southeastern margin (Fig. 1). All three
volcanic fields were active in the interval between ~34 and ~20 Ma and each erupted
large volumes (> 10,000 km3) of calc-alkaline volcanics (Rowley et al., 1998; Lipman et
al., 1978; Lipman, 2007; McIntosh et al., 1992). The close proximity of these upper
mantle anomalies to the volcanic fields suggests the possibility that these vertically
elongated high-velocity bodies may result from the removal and foundering of dense
mafic magmatic residual roots. These roots likely formed during the generation of
batholiths associated with the volcanic fields, similar to what is observed in the Sierra
Nevada Mountains (e.g. Ducea and Saleeby, 1998; Zandt et al., 2004) and the Wallowa
Mountains (Hales et al., 2005). In order to investigate this relationship and to better
understand the regional lithospheric structure, we estimate shear wave velocities using
Ambient-Noise Tomography (ANT) and calculate Receiver Function (RF) stacks for the
Colorado Plateau and surrounding regions. The primary focus of this work is on the
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western margin of the plateau where the MVF is located, and where the Colorado
Plateau/Rio Grande Rift Seismic Transect (RISTRA) experiment provides dense
broadband seismic station coverage.

GEOLOGIC SETTING AND THE UPLIFT CONTROVERSY
The CP is a high (~2 km above sea level) tectonically stable plateau within the
North American Cordillera, that was located at sea level during the Late Cretaceous and
has since been uplifted to its current elevation (e.g. Pederson et al., 2002). With the
exception of large, thrust fault cored, monoclines formed during the Late Cretaceousearly Tertiary Laramide orogeny (e.g. Bump and Davis, 2003) and small volumes of
volcanism, the plateau interior has experienced little internal deformation since the
Paleozoic. This apparent enigma of major uplift with little or no accompanying surface
deformation made the CP the prime example of continental delamination (Bird, 1979)
and the cause of the uplift has been debated for decades (Thompson and Zoback, 1979;
Morgan and Swanberg, 1985; Parsons and McCarthy, 1995; Spencer, 1996; McQuarrie
and Chase, 2000; Roy et al., 2009; Liu and Gurnis, 2010; Liu et al., 2011). The timing of
uplift is especially contentious and has been variously proposed to have occurred in early,
middle, or late Tertiary time, or some combination of two or more pulses during these
periods (see recent review by Flowers, 2010). Early studies noted that late Cenozoic
volcanism and deformation migrated into the CP along its southern and western margins
in Utah and Arizona (e.g. Best and Brimhall, 1974; Best et al., 1980; Wenrich et al.,
1995; Spencer et al., 1995) and more recent studies attribute this encroachment to either
warming of thermally perturbed lithosphere, small-scale edge convection, or convective
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removal of the lithosphere (Roy et al, 2009; Crow et al., 2011; Van Wijk 2010; Levander
et al., 2011). The topography of the CP forms a bowl shape, with the interior of the
plateau at a lower elevation than its margins. These high elevations at the edge of the
plateau have been explained by edge driven convection (Karlstrom et al., 2008; Van Wijk
et al., 2010) or a density driven removal of the lower crust due to the cooling and
densification of asthenospheric melt infiltrating into the lower lithosphere of this region
(Levander et al., 2011).
The Western Transition Zone (WTZ), between the CP and the central Basin and
Range (BR) in Utah, is defined by the physiographic boundary of the BR to the west and
by the limit of normal faulting to the east (Figure 1) (Wannamaker et al. 2001, 2008).
This region contains the MVF, which was most active from 34 to 22 Ma, erupting greater
than 12,000 km3 of calc-alkaline, intermediate composition volcanic rock and is
underlain by a batholith complex of even greater volume (Rowley et al., 1998). This
voluminous episode was followed by small volume eruptions from 23-14 Ma of a
bimodal suite of alkali rhyolites and basalts that initially included high potassium basalts
(Cunningham et al., 1998). Isotopic data suggest the rhyolites of this second episode were
produced by the partial remelting of the batholith that formed during the first episode. A
third episode from 9-5 Ma was also bimodal; highly variable isotopic ratios observed in
rhyolites from this episode reflect variable-melting sources associated with extensional
tectonics (Cunningham et al., 1998). The MVF is one of three large-volume mid-Tertiary
volcanic fields in our study area that align along an east-west trend, including the Indian
Peak volcanic field (IPVF) to the west and the SJVF to the east (Fig. 1) and is part of the
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larger Reno-Marysvale-San Juan magmatic belt (Best et al., 1989). This in turn is part of
the even larger western North American volcanic fields that erupted over 500,000 km3 of
volcanics in the mid- to late Cenozoic (Johnson, 1991). The IPVF is located astride the
Utah Nevada border at 38° N and formed about 32 to 27 Ma, erupting about 10,000 km3
of ash-flow tuffs and lavas (Best et al., 1989). The large (> 16,000 km3) SJVF and the
Rio Grande Rift (Figure 1) bound the CP to the east (Figure 1). The rocks within the
SJVF were erupted largely between 30 and 20 Ma and are part of the even larger
composite Southern Rocky Mountain Volcanic Field (Lipman et al., 2007). Including the
smaller volume laccolith fields located within the CP between the Marysvale and San
Juan fields, all these volcanic fields appear to be genetically linked (Nelson et al., 1992).
The timing of greatest volcanic flux within these volcanic fields corresponds with a
southward volcanic sweep caused by the rollback of the Farallon slab at the end of the
Laramide orogeny (e.g. Nelson et al., 1992; Dickinson, 2002; Humphreys, 1995;
McQuarrie and Oskin, 2010). The Mogollon-Datil Volcanic Field is located southeast of
the CP and was primarily active from 37 to 24 Ma (McIntosh et al., 1992). This field
appears to be part of a separate west migrating volcanic sweep across the southern Basin
and Range (Dickinson, 2002; McQuarrie and Oskin, 2010).
A 100 km wide swath of Precambrian rocks exposed at the surface defines the
southern transition zone between the BR and CP in Arizona (Peirce et al., 1979;
Karlstrom and Bowring, 1988; Flowers et al., 2008). The BR is located to the south and
west of the CP and is the largest continental rift on Earth. The rocks within the BR have
experienced several episodes of deformation, and are characterized by Sevier age
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compressional structures (e.g. Coney and Harms, 1984; DeCelles, 2004) overprinted by
large magnitude (~50-~200%) extension (e.g. Eaton, 1982; Wernicke, 1982; McQuarrie
and Wernicke, 2005).

NEW SEISMIC IMAGING RESULTS
We use seismic data in this study downloaded from the data management center
of the Incorporated Research Institutes for Seismology (IRIS). These data were collected
primarily by two arrays, the EarthScope USArray and the RISTRA experiment (Wilson
et al., 2010; Sine et al., 2008), and were used to calculate RFs and regional 3D shear
velocities using ANT. Previous surface wave studies that overlapped our study area either
used longer period data and had less crustal resolution (Liu et al., 2011), or were more
regional in coverage and did not focus on our study area (Moschetti et al., 2010; Bensen,
2009). RFs are primarily sensitive to the depth and sharpness of major impedance
contrasts, while surface waves are sensitive to the bulk velocity structure of the Earth
along their raypaths, with depth sensitivity increasing with period. By using both of these
techniques we are able to investigate both discrete and gradational variations in seismic
velocities.
Crustal shear velocities from our ANT tomography correlate remarkably well
with the location of Laramide age structures (Fig. 2). At shallow depths, slow and fast
shear velocities align with Laramide age basins and uplifts, respectively. In the upper
crust (< 10 km) low shear velocities (< 3.2 km/s) are observed along the western and
northern margins of the plateau and correlate with the Uinta and Piceance basins on the
northern margin and the Flagstaff and Clarion basins along the western margin. A smaller
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amplitude slow anomaly also correlates well with the location of the San Juan basin in
northwestern New Mexico.
At these same upper crustal depths, higher shear velocities (> 3.4 km/s) occur
along northwest-southeast oriented finger-shaped regions that enclose the basement
uplifts within the interior of the plateau. The northernmost trend includes the
Uncompahgre uplift and the San Juan dome, and the central segment encompasses the
Defiance and Monument uplifts and the San Rafael Swell. The highest velocities
observed at 5-10 km depth are located in the Arizona Transition Zone and the adjacent
southwestern margin of the CP, where Precambrian basement is exposed or located at
shallow depths along a trend between the Kaibab and Apache uplifts (Figures 1 and 2).
This pattern of high velocities agrees with the first-order basement structure of the CP
that generally deepens northeastward and is overprinted by long-wavelength folds (e.g.,
see Fig. 1 in Flowers et al., 2008). These high velocity features break up with depth, but
some extend into the mid- and lower-crust (Figure 2), which is consistent with thickskinned style deformation during the Laramide orogeny. The continued correlation of
high velocity (> 3.75 km/s) features at 20-30 km depths with many of the surface
Laramide uplifts (e.g., KU, DU, MU, UNU in Figure 1) suggests that the crust within the
interior of the plateau has not experienced any significant deformation since their
formation.
Starting at 10-20 km depth but most clearly seen in the 20-30 km depth layer, low
shear velocities (< 3.6 km/s) along the margins of the CP correlate with the locations of
the mid-Tertiary age Indian Peak, Marysvale, San Juan, and Mogollon-Datil volcanic
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fields (Fig. 2). With the exception of the San Juan anomaly, these are also the locations
of Pliocene and Quaternary volcanism, but the areal extent of the slow velocity zones
correlates much better with the mid-Tertiary fields. An exception to this is the slow
anomaly on the southwest margin of the plateau where mid-Tertiary volcanism was
limited and where a slow anomaly correlates well with the location and extent of the late
Tertiary San Francisco and Uinkaret (Grand Canyon) volcanic fields. Later we
summarize evidence that the mid-crustal low-velocity zones are one manifestation of late
Tertiary delamination beneath the mid-Tertiary volcanic fields.
In the 30-40 km depth layer, the high velocity (> 4.1 km/s) region observed
wrapping around the western and southern edges of the plateau is consistent with crustal
thickness < ~40 km in the eastern BR and thicker than ~40 km within the plateau. The
high shear velocities observed in the 20-30 km depth layer within the western plateau
interior are significantly slower and are indicative of a high-velocity lower crust and not a
shallow Moho as suggested by Levander et al. (2011) based on receiver functions.
Our new receiver function stack along the RISTRA transect (A-A’ in Fig. 1) has
similar features to the one published by Wilson et al. (2010) but here we overlay our
shear wave velocity contours from the ANT model to provide additional constraints on its
interpretation (Fig. 3). In the RF stack, we observe a sharp, high amplitude conversion
from the Moho beneath the Basin and Range and WTZ changing to a transitional lowercrustal/Moho signal beneath the western Colorado plateau, a feature observed in other
parts of the CP interior (Sheehan et al, 1997; Gilbert et al., 2007; Bashir et al., 2011).
This agrees with the shear velocity measurements, which show tighter contour spacing
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where the Moho is clearly observed in RFs while higher lower crustal velocities and
wider contour spacing are observed where a weaker and more complicated RF signal is
found (Figure 3). Wilson et al. (2010) also observed this Moho transition in the RISTRA
data, and using a multimode imaging approach they were able to identify a weak Moho at
~45-50 km beneath the Lake Powell area. Using only EarthScope data, Levander et al.
(2011) identified a Moho at ~ 30 km in the same area. Our ANT results support the larger
crustal thickness and we suggest the shallower discontinuity is the top of a higher
velocity lower crust observed in active source seismic work (Allmendinger et al., 1987;
Hauser and Lundy, 1989). A combination of seismic, xenolith, and heat flow data from
the Four Corners region of the plateau constrain this lower crustal layer to be composed
of mafic granulites and amphibolites of continental arc affinity formed during crustal
assembly in the Proterozoic (Condie and Selverstone, 1999). The observed change in
Moho character cannot be due to a thermally controlled granulite-eclogite phase change
(Griffin and O’Reilly, 1987) because that process predicts a sharp Moho for a cool
geotherm and a transitional zone for a hot geotherm, the opposite of what we observe.
Instead, we interpret the sharp Moho in the WTZ as a “delamination Moho” that formed
by the emplacement and cooling of mantle material into the space where lower crustal
material delaminated, similar to that observed in the Sierra Nevada (Zandt et al., 2004;
Frassetto et al., 2011).

DISCUSSION
While removal of a high-density lithospheric body has been hypothesized by
previous studies of this region (Sine et al., 2008; Van Wijk et al., 2010; Levander et al.,
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2011), we argue that the driving mechanism for the foundering of the lower crust in the
transition zone is the gravitational instability of high-density mafic roots that formed
during batholith generation associated with the mid-Tertiary high flux volcanic fields.
Although there is some debate whether large volume, high flux volcanic fields are always
accompanied by batholith formation, Ducea (2001), Lipman (2007) and de Silva and
Gosnold (2007) present petrologic arguments that they are, and Rowley et al. (1998)
specifically argued that the MVF is underlain by a granitoid batholith. In addition, Roy et
al. (2004) and Keller et al. (1998) present gravity modeling results identifying an upper
crustal batholith beneath the San Juan Volcanic Field and the Mogollon-Datil Volcanic
Fields, respectively.

TIMING OF DELAMINATION
The largest flux of volcanism within the Marysvale Volcanic Field subsided by
~22 Ma and changed from predominantly calc-alkaline to bimodal volcanism (Rowley et
al., 1998), suggesting the residual root had formed by that time. The hypothesis that driplike high velocity bodies imaged in the present day upper mantle is foundering
lithosphere requires that the removal event is young, probably of Late Cenozoic age (e.g.,
Zandt and Carrigan, 1993). Modeling of the thermal and density evolution of magmatic
cumulates show that the timing of instability is a complex function of composition,
temperature, pressure, and strain rate, but that it generally takes a few to ~10 Myr of
cooling following magmatism for a mafic root to become gravitationally unstable (Jull
and Kelemen, 2001). More detailed numerical models for the Sierra Nevada batholith
delamination event also suggest that extension and a thin lithosphere with a weak lower
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crust help drive delamination. In numerical thermo-mechanical models tuned for the
Sierra Nevada, the initial lithospheric failure occurs by lithospheric necking that
eventually connects to a lower crustal weak layer, a process that can take on the order of
10 Myr. (Le Pourhiet, et al., 2006) Once failure occurs, the time scale of root removal is
only 1-2 Myr in these models. Based on the abrupt slowing and change in composition of
volcanism at ~22 Ma and the time necessary for the formation of an unstable root, we
argue that the second episode of volcanism in the MVF from 23-14 Ma marked the time
the root was cooling, becoming denser and more gravitationally unstable. Final
detachment of the root did not begin until ~9-5 Ma and is associated with the third
episode of volcanism and the migration of extension eastward into the WTZ (Nielson et
al, 1986; Rowley et al., 1981; Rowley et al., 1994). This timing agrees with a ~6.6 Ma
thermal event recorded in 40Ar/39Ar dating in the region (Cunningham et al., 2005) and
paleoelevations calculated from basalt vesicles that show rapid uplift of the WTZ
beginning at ~5 Ma (Sahagian et al., 2002), although the interpretation of this data is
controversial (Libarkin and Chase, 2003). This rapid late Cenozoic surface uplift, if
confirmed, is consistent with the isostatic response to the removal of a dense lowercrustal root from beneath the MVF. The timing of delamination also corresponds to the
northeastward transgression of volcanic rock ages in the Pahranagat-San Rafael belt
(Nelson and Tingey, 1997), suggesting that these volcanics may be related to an eastward
propagating root removal.
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SUPPORTING EVIDENCE
Seismic tomography, magnetotelluric soundings, heat flow data and earthquake
locations are all consistent with a Late Cenozoic removal of a dense crustal root from
beneath the MVF. The boundary between the WTZ and the CP is visible in this region in
both seismic tomography and magnetotelluric (MT) observations to depths greater than
100 km (Schmandt and Humphreys, 2010; Liu et al., 2011; Wannamaker et al., 2008).
The WTZ mantle exhibits low seismic velocities and electrical resistivity as is observed
in the adjacent BR, while faster velocities and greater resistivity are observed to the east
beneath the CP (Schmandt and Humphreys, 2010; Sine et al., 2008; Wannamaker et al.,
2008). Heat flow in the Colorado plateau (60 mW/m2) is significantly lower than in the
Basin and Range (105 mW/m2), with the boundary between the two heat flow regimes
located at the eastern margins of the WTZ and the Marysvale volcanic field (Henrikson
and Chapman, 2002). This variation in heat flow agrees with stable crust beneath the
central plateau and the transfer of heat from the BR into the WTZ of the CP, possibly due
to the inflow of hot asthenosphere where a root was removed. Decompression melting in
the ascending mantle could be the source of heat and melts that generate a lower crustal
conductor interpreted as recent magmatic underplating and hydrothermal fluid release
(Wannamaker et al, 2008). Crustal earthquakes beneath the MVF occur no deeper than
~15 km depth, but across its eastern border, the conductivity changes abruptly to a
resistive crust and upper mantle, and earthquakes occur to depths > 40 km (Wannamaker
et al., 2008; Wong and Humphrey, 1989), further suggesting an abrupt transition to a
stable crust and cold mantle within the plateau interior.
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CONCLUSIONS
Based on this work we argue that the interior of the CP has experienced little
deformation since the end of the Laramide orogeny and that the fast lower-crustal
velocities and the complex Moho signal observed in this region reflect a largely intact
crust formed during Proterozoic assembly (Condie and Selverstone, 1999). In the WTZ,
an ultramafic crustal root formed due to magmatism associated with the MVF. This root
was subsequently removed at ~9-5 Ma as extension encroached into the CP. Upwelling
asthenosphere replaced the detached crustal root and cooled to form relatively high
velocity mantle while melts and fluids intrude the overlying lower crust, resulting in the
sharp, high-amplitude Moho Ps conversions observed in receiver functions. Although the
western margin of the CP is the focus of this study, we suggest similar processes may be
occurring on the eastern edge of the CP beneath the SJVF, where tomography shows a
lower-amplitude high velocity perturbation (Schmandt and Humphreys, 2010; Obrebski
et al., 2011). A third delamination event may be associated with the Mogollon-Datil
volcanic field on the southeastern edge of the CP. While our results do not directly
constrain surface uplift, the removal of a dense residual root should be accompanied by
isostatic uplift. The pattern and amplitude of a surface uplift associated with mantle
lithosphere instabilities is complexly dependent on lithospheric rheology and distribution
of radioactive elements in the crust, and can range from several hundred meters to a few
kilometers (Pysklywec and Beaumont, 2004; Le Pourhiet et al., 2006). If multiple
magmatic roots formed and foundered contemporaneously in this region, we can make a
qualitative prediction that during post-magmatic cooling, slow regional subsidence
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should occur followed by rapid surface uplift following removal. A study based on
reconstructions of post-Laramide relief and erosion in the greater Rocky Mountain region
concluded that post-Laramide basin filling resulted from slow regional subsidence during
Oligocene to Miocene time and rapid incision into this basin fill surface, and presumed
surface uplift, began in late Miocene time and continues today (McMillan et al., 2006).
The timing of these purported events is at least consistent with our predictions. Our
proposed driving mechanism of delamination is consistent with other studies reporting
encroachment of the BR extension and volcanism into the CP and suggests that the
foundering of crustal roots may be driving this process. Our results in conjunction with
other recent works support the idea that lithospheric instabilities are common in active
orogenic belts and that crustal and mantle interactions play an important role in
explaining surface observations in active tectonic regions.

METHODS SUMMARY
The receiver function technique is a well-established method of locating velocity
contrasts within the Earth using teleseismic earthquake waves. Interfaces are located
based on the difference in arrival times between the primary P and the Ps converted
phases formed at velocity contrasts. We use the time-domain pulse-stripping
deconvolution technique outlined in Liggoria and Ammon (1999) to calculate receiver
functions and use common conversion point (CCP) stacks (Dueker and Sheehan, 1997;
Gilbert et al., 2003; Frassetto, et al., 2011), to create cross sections of seismic velocity
contrasts (Figure 3.). In addition to locating velocity contrasts, RFs also give insight into
the nature of boundaries, with high amplitude Ps conversions indicative of large velocity
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variations or sharp velocity contrasts and low amplitude arrivals indicative of small or
gradational velocity contrasts.
ANT is a relatively new technique (Shapiro et al., 2005), where the crosscorrelation of background seismic noise is used to approximate the Green’s function of
surface waves traveling in both directions between two seismic stations. This is
advantageous over traditional earthquake generated surface wave tomography because it
does not require earthquakes from certain azimuths and distance ranges and allows for
the measurements of higher frequency surface waves and therefore better resolution at
shallower depths. We used ANT to calculate Rayleigh wave phase velocities between
stations using the method outlined in Bensen et al. (2007) and then combined these
measurements into 2D grids of phase velocities by period (Barmin et al., 2001). Phase
velocities at each gridpoint were then inverted for the regional 3D shear velocity model
(Hermann, 1987), used in our interpretation (Figures 2 and 3).
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FIGURES

Figure 1. Location map for the study area. A-A’ is the location of the cross section in
Figure 3. The Colorado Plateau and transitions zones are outlined in black. Dark blue and
yellow shaded areas are Laramide uplifts and basins, respectively. Red outlines are the
location of Tertiary volcanic fields. Orange outlines are Colorado Plateau laccoliths.
Green outline is the San Francisco volcanic field. Light blue dashed lines are the location
of high velocity mantle downwellings at 195 km depth (Schmandt and Humphreys,
2010). Dark grey region are Precambrian rock exposures (Schruben et al., 1994).
Physiographic Regions: BR—Basin and Range, CP—Colorado Plateau; RGR—Rio
Grande Rift; STZ—Southern Transition Zone; WTZ—Western Transition Zone.
Volcanic Fields: IPVF—Indian Peak Volcanic Field; MVF—Marysvale Volcanic Field;
MDVF—Mogollon-Datil Volcanic Field; SJVF—San Juan Volcanic Field; SFVF—San
Francisco Volcanic Field. Laccoliths: AM—Abajo Mountains; HM—Henry Mountains;
LM—La Sal Mountains. Laramide Features: AU—Apache uplift; CB—Claron Basin;
CCU—Circle Cliffs uplift; DU—Defiance uplift; FB—Flagstaff Basin; KU—Kaibab
uplift; MMU—Miner’s Mountain Uplift; MU—Monument Uplift; PB—Piceance Basin;
SJB—San Juan Basin; SJD—San Juan Dome; SRS—San Rafael Swell; UB—Uinta
Basin; UNU—Uncompahgre uplift; UU—Uinta uplift; WHU—White River uplift; ZU—
Zuni uplift. States: AZ—Arizona, CO—Colorado, NM—New Mexico, NV—Nevada,
UT—Utah. Topography from Lindquist et al., 2004. Laramide features from Davis et al.
(2009), Davis et al. (2010), Bump and Davies (2003). Fault locations from the USGS.
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Figure 2. Shear velocity maps at 5-10, 10-20, 20-30 and 30-40 km depth. Contour
velocity labels are in km/s. Black outline is the Colorado Plateau. Shaded out area has <
100 km resolution. Topography from Lindquist et al. (2004). Abbreviations are the same
as in Figure 1.
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Figure 3. Cross section of receiver functions and shear wave velocities along the
RISTRA Line (A-A’ in Figure 1). Red and blue coloring represent positive and negative
Ps conversions respectively. Contours show shear velocities in km/s. Contour interval is
0.1 km/s. Blue triangles are station locations. Blue circles are well-resolved earthquake
locations from the University of Utah seismic catalog 1962-2011 (University of Utah
Seismic Stations, 2011). Black dashed line is transition from high conductivity to low
conductivity (Wannamaker, 2008). Transparent body is location of deep crustal
earthquakes (Wong and Humphrey, 1989). Drip location from Schmandt and Humphreys
(2010). Abbreviations are the same as in Figure 1.Topography from Lindquist et al.
(2004) exaggerated 10x.
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SUPPLEMENT
The following are supplemental figures showing additional receiver function and
ambient noise results as well as further evidence for delamination in the region. Figure S1
shows the depth of the Moho calculated from receiver functions. Figure S2 shows how
the starting model influences the inversion for shear velocities. Though there are
significant differences in the cross sections the overall interpretation does not change.
Figures S3-S9 are additional shear velocity depth slices calculated using ambient-noise
tomography. These highlight many of the same features described within in the text, and
are consistent with a stable Colorado Plateau and delaminated transition zone. Figure S10
is a map of heat flow in the Colorado Plateau region showing reduced heat flow beneath
the central Colorado Plateau compared to its margins and the Basin and Range. The
implications of this observation are described in the text. Figure S11 shows the age and
location of volcanic rocks in the region as well as time/space contours of the mid-Tertiary
volcanic sweep discussed in the text.
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Figure S1. Depth of the Moho below sea level calculated from receiver functions. Blue
circles are station locations. Within the center of the Colorado Plateau, the Moho is
observed as a gradational feature in receiver functions. The contours reflect the top of this
feature in this region and not true Moho depth.
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Figure S2. Cross sections of receiver functions and shear wave velocities along the
RISTRA Line (A-A’ in Figure 1 of main text), showing the effect of the starting model
on the inversion for shear velocity. Cross section A has no input Moho. Cross section B
has an initial Moho beneath the Transition Zone and Basin and Range and an undefined
Moho beneath the Colorado Plateau. The starting model for cross section C has a Moho
defined throughout. Moho depths were determined using the receiver function model in
Figure S1. Red and blue coloring represent positive and negative Ps conversions
respectively. Contours show shear velocities in km/s. Contour interval is 0.1 km/s. Blue
triangles are station locations. Blue shading in the cross sections is the location of the
high velocity downwelling in Schmandt (2010). Topography from Lindquist et al. (2004)
exaggerated 10x.
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Figure S3. Shear velocity maps at 0-5 km depth. Contour velocity labels are in km/s.
Black outline is the Colorado Plateau. Shaded out area has < 100 km resolution.
Topography from Lindquist et al. (2004).
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Figure S4. Shear velocity maps at 40-50 km depth. Contour velocity labels are in km/s.
Black outline is the Colorado Plateau. Shaded out area has < 100 km resolution.
Topography from Lindquist et al. (2004).
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Figure S5. Shear velocity maps at 50-60 km depth. Contour velocity labels are in km/s.
Black outline is the Colorado Plateau. Shaded out area has < 100 km resolution.
Topography from Lindquist et al. (2004).
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Figure S6. Shear velocity maps at 60-80 km depth. Contour velocity labels are in km/s.
Black outline is the Colorado Plateau. Shaded out area has < 100 km resolution.
Topography from Lindquist et al. (2004).
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Figure S7. Shear velocity maps at 80-100 km depth. Contour velocity labels are in km/s.
Black outline is the Colorado Plateau. Shaded out area has < 100 km resolution.
Topography from Lindquist et al. (2004).
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Figure S8. Shear velocity maps at 100-150 km depth. Contour velocity labels are in
km/s. Black outline is the Colorado Plateau. Shaded out area has < 100 km resolution.
Topography from Lindquist et al. (2004).
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Figure S9. Shear velocity maps at 150-∞ km depth. Contour velocity labels are in km/s.
Black outline is the Colorado Plateau. Shaded out area has < 100 km resolution.
Topography from Lindquist et al. (2004).

233

Figure S10. Heat flow map of the Colorado Plateau, showing reduced heat flow beneath
the Colorado Plateau relative to the Basin and Range Province and Transition Zone.
Black dots show heat flow measurement locations. Data from Southern Methodist
University Geothermal Lab (http://smu.edu/geothermal/georesou/usa.htm).
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Figure S11. Map of Colorado Plateau/Basin and Range transition zone in southwestern
Utah. Triangles show Mid- Late- Tertiary volcanism from the North American Volcanic
and Intrusive Rock Database (NAVDAT, http://www.navdat.org/). Blue dashed lines are
age contours of the mid-Tertiary ignimbrite flare up (Dickinson, 2006). Red dashed line
is the outline of the Marysvale volcanic Field. Blue circles are seismic station locations.
Inset shows volcanic production for the Marysvale (red) and Southern Rocky Mountain
(San Juan) volcanic fields (black).

