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ABSTRACT 

The cessation of wide-scale subduction and orogenic compression during the 

early to mid-Cenozoic radically altered the North American Cordillera. This dissertation 

summarizes the results of three seismic studies, conducted in different regions of western 

North America, aimed at understanding how the structure and character of the crust and 

upper mantle relate to regions of post-subduction magmatism and persisting high 

elevations. Across the southern Basin and Range and Colorado Plateau teleseismic 

receiver functions show that only the Colorado Plateau contains thick crust 

commensurate with its high elevation. In contrast the southern Basin and Range has a 

relatively uniform crustal thickness of ~30 km, which is inadequate to support the high 

elevations of some of its metamorphic core complexes. We conclude that local variations 

in the density of the crust or upper mantle may support at least some high elevations in 

the southern Basin and Range. A large dataset of receiver functions collected across the 

Sierra Nevada show a complicated crust-mantle boundary which varies geographically, 

transitioning from thin crust beneath the eastern Sierra to thick crust underlying the 

western foothills. The thicker crust coincides with xenoliths sampling a remnant mafic-

ultramafic residue produced during arc magmatism in the late Cretaceous. Modeling of 

receiver functions suggests that recent volcanism throughout the elevated eastern Sierra 

and nearby Basin and Range results from continued foundering of this dense material and 

its replacement with asthenosphere at relatively shallow depths in the upper mantle. In 

the Canadian Cordillera, regional observations of shear-wave splitting constrain the 
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orientation and magnitude of seismic anisotropy. A pronounced and unusual trend of 

shear-wave splitting across the central British Columbia suggests that eastward directed 

flow of mantle asthenosphere fuels recent, widespread and geochemically distinct post-

subduction volcanism within the northern slab window. These observations show how 

local and dynamic processes contribute to the support of lingering high elevations across 

western North America and that regions formerly associated with subduction may 

experience renewed magmatism due to inflow and subsequent melting of asthenospheric 

mantle. 
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INTRODUCTION 

The advent of plate tectonic theory [e.g. Hess, 1962; Wilson, 1965] established 

the foundation for how and why regional tectonics relate to the interaction and evolution 

of the continents. In western North America, tectonic reconstructions provided evidence 

for the consumption of the subducting Farallon and Kula plates and development of 

dextral transforms between the North American and Pacific plates during the Cenozoic 

[Atwater, 1970]. Prior to this, prolonged ocean-continent subduction during the Paleozoic 

and Mesozoic had created a broad zone of deformation and magmatism throughout the 

North American Cordillera [e.g. Dickinson, 2004; DeCelles et al., 2004]. New 

continental crust formed through the amalgamation of accreted exotic terranes [Coney et 

al., 1980] and was homogenized by production of expansive granitoid batholiths within 

the Andean-style volcanic arc that spanned the length of the continent [e.g. Kistler, 1974; 

Samson and Patchett, 1991; Gehrels et al., 2009]. A high plateau of thickened continental 

crust, analogous to the Altiplano in the central Andes of South America was centered 

across what is now central Nevada [DeCelles et al., 2004]. 

Considering the subsequent development of both high- and low-angle extension in 

the Basin and Range and parts of the Canadian Cordillera and widespread distribution of 

post-arc magmatism [e.g. Coney and Harms, 1984; Armstrong and Ward, 1991], it is 

clear that the cessation of subduction and relaxation of compressive stresses since the 

mid-Tertiary [e.g. Dickinson, 1979] caused profound changes to the crust and 

subcontinental mantle beneath western North America. Much of the high topography 
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created by crustal thickening during orogenesis gravitationally collapsed to reach an 

equilibrium state of buoyancy [Sonder and Jones, 1999]. Beneath portions of the 

Cordillera where subduction had ceased, slab windows enabled asthenosphere to interact 

with the subcontinental mantle, triggering new extension and magmatism [Dickinson and 

Snyder, 1979; Thorkelson and Taylor, 1989; Menzies, 1989]. 

 Although the large-scale understanding of the tectonics of western North America 

has improved during the past four decades [e.g. Dickinson, 2004; Humphreys, 2009], 

there are still unconstrained aspects of its evolving Cordillera. Geologic observations 

only provide limited information about the lower crust and upper mantle. Seismology 

provides an invaluable tool to link the structure and composition of surface rocks to the 

seismic structure and elastic properties of the crust and upper mantle. In particular, the 

development of methods utilized to map structural discontinuities [receiver functions, e.g. 

Langston, 1979], relative variations in body-wavespeed [seismic tomography, e.g. Aki et 

al., 1977], and seismic anisotropy [shear-wave splitting, e.g. Silver and Chan, 1991] 

allow for the detailed characterization of the crust and upper mantle using the body-wave 

energy from teleseismic earthquakes recorded by a seismometer. The growth and 

improvement of instrumentation and infrastructure allows for temporary deployments of 

seismometers, enabling robust analyses to be performed for remote and geologically 

important environments [e.g. Levander et al., 2005]. 

In this dissertation, my coauthors and I examine three recently collected seismic 

datasets that explore how the crust and upper mantle of western North America recorded 

and responded to the transition from ocean-continent subduction to right-lateral transform 
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motion during the Cenozoic [Figure 1]. These datasets cover specific regions of the 

Cordillera at varying resolutions, and correspondingly focus on different fundamental 

aspects of the evolving continental margin in western North America. The first region 

spans the southern Basin and Range and Colorado Plateau in Arizona. The second region 

includes the Sierra Nevada batholith and its surroundings throughout most of eastern 

California and western Nevada. The third region encompasses the Canadian Cordillera in 

British Columbia, southeastern Alaska, and the southernmost Yukon. 

We analyze the crust and upper mantle beneath these study areas by calculating 

receiver functions [e.g. Langston, 1979] and measuring shear-wave splitting [e.g. Silver 

and Chan, 1991]. Both techniques employ robust and popular analyses utilizing 

teleseismic P- and S-waves. Receiver functions display the timing and amplitude of P-to-

S conversions generated by prominent discontinuities in the crust and upper mantle. 

Shear-wave splitting measurements characterize the magnitude and orientation of 

anisotropy integrated into the waveform by anisotropic fabric in the upper mantle beneath 

a seismometer. Using receiver functions, we employ single- and multi-station analyses 

(Appendix A, C) in Arizona, California, and Nevada and demonstrate an improved 

approach for reducing noise in stacked receiver functions (Appendix B). Shear-wave 

splitting measurements encompass results from three robust methods (Appendix D) and 

present a new characterization of the upper mantle beneath the Canadian Cordillera. 
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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. 

 

 In southern and central Arizona the topography of the southwestern United States 

shifts from alternating mountains and valleys across the southern Basin and Range to the 

relatively high, flat edifice of the Colorado Plateau [Figure 1, Box A]. The Consortium 

for an Arizona Reconnaissance Seismic Experiment (COARSE) operated seven 

broadband seismometers from 2003 to 2006 in this region to understand how the 

structure of the crust and upper mantle differs between the Colorado Plateau and Basin 

and Range and explore what factors maintain locally and regionally high elevations in the 

absence of regional tectonic compression. Previous studies suggested that a local crustal 

root supports the elevation of the Catalina-Rincon metamorphic core complex [Myers 

and Beck, 1994] and that unusually thick crust underlies much of the Colorado Plateau 

[Hauser and Lundy, 1989].  

Using seismometers deployed through COARSE and two permanent seismic 

stations, we calculate receiver functions to determine the converted wave structure of the 

lithosphere and migrate and stack conversions from the Moho using the H-K method to 

constrain the thickness and Vp/Vs of the crust [Zhu and Kanamori, 2000] (Appendix A). 

Receiver functions for metamorphic core complexes detect crustal thicknesses of <30 km, 
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relatively high Vp/Vs when compared to average continental crust worldwide, and a 

sharp conversion from the Moho. In contrast, data from the Colorado Plateau indicate 

crust of ~40 km in thickness, with a complicated transition into the upper mantle but 

relatively high Vp/Vs as well. The character of the crust and upper mantle also changes 

between provinces, with substantially more conversions including a more complicated 

Moho generated beneath the Colorado Plateau. 

Dense measurements near the Catalina-Rincon metamorphic core complex permit 

analysis of azimuthal variations in Vp/Vs obtained by station TUC. We combine 

seismically determined crustal thickness and Vp/Vs with constraints from the isostatic 

gravity field [Simpson et al., 1986] and modal compositions [Keith et al., 1980] from 

local plutons to model crustal composition, density, and seismic response using standard 

isostatic calculations and the elastic parameters of different minerals [Hacker and Abers, 

2004]. We conclude that the high elevations of metamorphic core complexes must be 

supported by unusually light crust (~2720-2784 kg/m3) and/or upper mantle (~3206-3233 

kg/m3) relative to other locations in the Basin and Range. Based on the unique seismic 

signature found at these locations, local variations in the composition and possibly 

strength of the crust may have controlled where significant extension occurred within the 

southern Basin and Range as the Cordillera collapsed. 

Bounding the western edge of the Basin and Range, the Sierra Nevada forms an 

imposing topographic barrier, which similarly maintains high elevation in the absence of 

compression [Figure 1, Box B/C]. The Sierra represents a foremost example of a 

Cordilleran batholith, the exhumed remainder of crystallized magma generated during 
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pulses of intense arc magmatism [Ducea, 2001]. Thermobarometry of xenoliths erupted 

since the mid-Miocene shows that the arc in the southern Sierra produced and then lost an 

overly dense residue of mafic-ultramafic lower crust and upper mantle, which formed 

complementary to the relatively light granitoids in the upper crust [Ducea and Saleeby, 

1996; 1998]. The removal of this arc-related lithosphere and subsequent replacement with 

asthenosphere sharpens the Moho and provides a mechanism to dynamically support the 

high elevations of the southern and eastern Sierra [e.g. Wernicke et al., 1996; Zandt et 

al., 2004]. 

To better understand the process of lithospheric removal and its consequences, the 

Sierra Nevada EarthScope Project (SNEP) deployed 90+ broadband seismometers across 

the central and northern Sierra. Using data from an additional 76 seismometers, we 

generate receiver functions and average them geographically into a three-dimensional 

volume using common-conversion-point (CCP) stacking to investigate the seismic 

structure of the crust and upper mantle [e.g. Gilbert and Sheehan, 2004]. CCP stacking 

enhances the coherency of laterally continuous Ps conversions from sources such as the 

Moho across broad regions. 

Because receiver functions isolate arrivals within the teleseismic P-coda, 

incoherent energy scattered by lateral heterogeneities in the crust may obscure true 

conversions with unwanted noise [Abers, 1998]. This issue becomes especially 

problematic in geologically complex areas like the Sierra Nevada and its surroundings. 

To reduce the potential effect of spurious noise in CCP stacking we incorporate phase-

weighting, a technique that uses a Hilbert transform to weight an averaged group of 
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signals by the sum of their instantaneous phases [Schimmel and Paulssen, 1997]. We 

develop and test this procedure on a synthetic dataset of receiver functions [Owens et al., 

1984] with added noise, an example of scattered energy from a previous experiment, and 

receiver functions from SNEP (Appendix B). Phase-weighting removes significant 

amounts of spurious noise from a stacked transect of synthetic data, resolving most of the 

original model. It also reduces the stacked amplitude of noise in a published example of 

incoherent scattering across a dense array [Abers, 1998], enabling more confident 

interpretation of stacked recordings. For SNEP, phase-weighting dramatically reduces the 

number and amplitude of small conversions and retains and sharpens robust features such 

as the Moho. We conclude that phase-weighted stacks improve the quality of images 

generated with receiver functions. 

 We migrate and stack receiver functions with phase-weighting, pick the depth of 

the Moho for its direct conversion and 2P-multiple, and calculate high-resolution maps of 

crustal Vp/Vs using a derived relationship between the theoretical arrival times of the 

direct P-to-S conversion and its 2P-multiple [Zandt et al., 1995]. Measurements for 

Vp/Vs yield an average of 1.74, with higher values in the eastern and northern portions of 

the Sierra and lower values spread throughout the main batholith. These variations are 

consistent with low Vp/Vs granitic crust comprising most of the southern and central 

Sierra and high Vp/Vs expected for ultramafic rocks that crop out in the northern Sierra 

and recent volcanism in the eastern Sierra [Christensen, 1996]. 

Migrating receiver functions to the proper depth of the Moho reveals large 

variations across the batholith and adjacent Basin and Range. A low amplitude Moho 
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beneath the western foothills of the central Sierra exceeds 50 km depth. In contrast, a 

high amplitude and shallow Moho occurs at 35 km depth or less beneath the crest of the 

eastern Sierra and into the Basin and Range. Across-strike transects display major 

changes in the structure of the lithosphere, which generally coincide with the change in 

character of the Moho. Crust above seismically dim Moho in the western Sierra shows 

few prominent conversions. This contrasts with several prominent zones of high 

amplitude conversions within the crust and upper mantle beneath the eastern Sierra. Most 

of these “bright spots” are located near large volcanic centers (e.g. Long Valley) and 

likely result from zones of partial melt. 

 Forward modeling of a representative CCP transect across the strike of the Sierra 

in southern Yosemite National Park supports our general interpretation that deep and 

seismically dim Moho observed beneath the west-central Sierra represents evidence of a 

petrologic Moho within intact mafic-ultramafic residue. Deep local earthquakes [Hurd et 

al., 2006] suggest that a portion of this residue is beginning or continuing to founder. 

Where foundering has recently completed, the crust is dominated by partial melt, likely 

the result of asthenosphere upwelling to replace the foundering material. Comparison of 

receiver functions transects suggests that the northern Sierra may not have developed a 

similar amount of intact residue observed in the central and southern Sierra. 

 While the styles of mantle deformation beneath southwestern North America are 

well-resolved [Zandt and Humphreys, 2008; West et al., 2009], we know much less about 

the forces that influence the Canadian Cordillera. There we investigate the pattern of 

strain and how it corresponds to observed plate boundary interactions and inferred 
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behavior of the upper mantle beneath British Columbia, southern Alaska, and the Yukon 

[Figure 1, Box D]. We conduct shear-wave splitting measurements using two dense 

seismic transects associated with the Batholiths Continental Dynamics Experiment, 

another small array of temporary stations, and other permanently installed seismometers. 

This dataset, combined with previous measurements, shows a varying pattern of shear-

wave splitting with magnitudes sufficient to require a portion of seismically anisotropic 

fabric within the asthenosphere. 

 Specifically, splitting measurements near transform faults along the plate 

boundary show fault-parallel fast directions that appear as relatively local anisotropy, as 

other stations farther from the Denali and Queen Charlotte faults exhibit mostly “null” 

measurements that imply no evidence of coherent anisotropy. Stations located across the 

central Coast Mountains record a pervasive east-west pattern of splitting with delay times 

of 1-1.5 seconds. Observations of thin lithosphere beneath this region require most of this 

observed anisotropy to reside within the mantle. 

 In light of recent seismic tomography analyzed across the Cordillera [Mercier et 

al., 2009] and studies of mantle chemistry [e.g. Bevier, 1989], we present a combined 

interpretation for mantle flow beneath the Coast Mountains and Cordillera. The 

magnitude of splitting near the northern edge of the subducted Juan de Fuca slab requires 

a large component of anisotropy within the asthenospheric mantle. This first-order pattern 

of splitting supports of the idea of asthenospheric flow around the edge of the slab, 

rotating clockwise into the backarc region. This mirrors the pattern observed within the 

southern slab window [Zandt and Humphreys, 2008]. Regions of prominent null 
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measurements generally coincide with large slow anomalies in tomography, and could 

conceivably result from near-vertical fabric orientation due to upwelling of hot 

asthenosphere beneath the Cordillera. Analyses in mantle chemistry (Sr-ratios, Nb-Ta 

abundances, εNd) using basaltic magmas show a depletion of the mantle since 10 Ma 

[Manthei et al., In Press]. Emplacement of asthenosphere beneath the subcontinental 

Cordillera from an oceanic source [Bevier, 1989] provides a necessary mechanism to 

alter the chemistry of the mantle in this manner. 

 Conclusions from the various components of this dissertation place new 

constraints on how a Cordillera responds following cessation of subduction; focusing on 

what mechanisms maintain high elevation in the absence of compression and encourage 

persistent and wide-ranging magmatism without melting of a hydrated mantle wedge. In 

the southern Basin and Range and eastern Sierra Nevada elevations are supported largely 

by density variations and dynamic forces, with a connection to both regional and local 

variations in composition of the crust and upper mantle. The recent removal of dense 

residue and emplacement of shallow asthenosphere beneath the Sierra Nevada likely 

enables the high elevations observed today, and continued removal of this lingering 

material may trigger additional uplift in the central Sierra. The 85 million year interval 

between the formation and removal of mafic-ultramafic residue illustrates the potentially 

lengthy period needed to homogenize granitic continental crust from its source in the 

mantle. 

Beneath the Canadian Cordillera, a clear connection exists between the unusual 

pattern of shear-wave splitting within the northern slab window and several regions of 
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post-subduction magmatism. Similar to observations of splitting within the southern slab 

window, these results define flow of mantle induced by the southwestward motion of the 

Juan de Fuca slab with respect to North America. The observed seismic anisotropy 

captures a key step in the process which induces mantle melting outside of subduction. 

Recent geochemical analysis and complementary seismic studies resolve depleted, slow 

mantle beneath the northern Cordillera. The lateral and vertical emplacement of depleted, 

potentially hot asthenosphere of oceanic affinity beneath the continent establishes a 

viable source for melting and generation of the observed basalts across both the Canadian 

Cordillera and also regions of volcanism in the southern portion of the Cordillera.
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Figure 1: Western North America Reference Map (previous page). Important tectonic 

and volcanic features of the North American Cordillera: AVB = Anahim volcanic belt, 

CRB = Columbia River basalts, HLP = High Lava Plains, SRP = Snake River Plain, SNB 

= Sierra Nevada Batholith, CMB = Coast Mountains Batholith, YT = Yakutat terrane, 

JdF = Juan de Fuca. Red triangles represent the Long Valley and Yellowstone Calderas. 

Vectors for plate motions are obtained from the GRSM model with no-net-rotation 

[Kreemer et al., 2003]. Red lines indicate the periphery of slab windows inferred from 

plate kinematics and seismic tomography [Dickinson and Snyder, 1979; Madsen et al., 

2006; Burdick et al., 2009; Mercier et al., 2009]. Regions relevant to Appendices A-D 

are marked boxed in blue. 
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Abstract 

To explore the nature of how the structure and physical properties of the crust 

vary from extended to relatively unextended domains we present teleseismic receiver 

functions which measure crustal thickness, shear wavespeed structure and the Vp/Vs ratio 

at 12 seismic stations in eastern Arizona. The crustal thickness is ~28 km, increases 

slightly eastward, and remains nearly uniform beneath the varying elevations in the 

southern Basin and Range. The observed Vp/Vs ratio in the Basin and Range (~1.78) 
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exceeds the global average. The southern Colorado Plateau exhibits thicker crust (~40 

km) and a slightly greater observed Vp/Vs (~1.81). A discrete region in the Colorado 

Plateau generates an unusually high Vp/Vs ratio (1.90) and contains low wavespeed 

zones which serve as evidence of partial melt related to Quaternary volcanism. The 

metamorphic core complexes in the southern Basin and Range likewise exhibit 

anomalously high Vp/Vs values (1.79-1.87) and lack locally compensating crustal roots. 

Density models show that ~85 kg/m3 lighter crust or ~35 kg/m3 lighter mantle than that of 

the surrounding Basin and Range helps these metamorphic core complexes maintain their 

high elevation. Compositional modeling of intrusive bodies exposed throughout the 

Catalina-Rincon metamorphic core complex indicates that the observed high Vp/Vs ratio 

and modeled low density could result from substantial amounts of a plagioclase-rich, 

quartz-poor rock. These Vp/Vs data are evidence that significant compositional 

heterogeneity of the crust can occur over a short distance and provide a clue as to how 

these areas that underwent significant Tertiary extension may have been preconditioned 

for orogenic collapse. 

 

1. Tectonic Setting and Broadband Deployment 

Southwestern North America has been tectonically modified to an extreme degree 

since the Mesozoic; from the late Cretaceous to early Tertiary (~80-40 Ma) the 

shallowing dip of the subducting Farallon slab shifted magmatism inboard of the arc and 

promoted Laramide crustal thickening throughout the Cordillera (see Dickinson [1979] 
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for a summary). The subsequent orogenic collapse in the middle Tertiary extended and 

exhumed mid-crustal metamorphic and igneous rocks from within the overthickened 

crust forming metamorphic core complexes (MCCs) in the Basin and Range [Coney and 

Harms, 1984]. Continued extension and magmatism persisted during the transition to a 

transform boundary as the Farallon plate was subducted (see Sonder and Jones [1999] for 

a review). Meanwhile unresolved factors allowed uplift of the Colorado Plateau to its 

present elevation without imparting significant internal deformation. The Cenozoic 

collapse of the Cordillera and its linkage to the current structure, composition, and form 

of support for the high elevations of both the Colorado Plateau and the Basin and Range 

remains a controversial issue that is fundamental to understanding the tectonic 

development of western North America. 

Here we present a teleseismic receiver function analysis using data from a recent 

regional broadband seismic deployment. These observations effectively constrain the 

Poisson’s ratio (or Vp/Vs) of the crust, allow us to identify layers of differing shear 

wavespeed and measure crustal thickness, and provide a vital framework to interpret the 

evolution of the Cenozoic extensional domain in western North America. In particular we 

hope to further constrain the forces which drive the profound changes in elevation and 

topography that are observed from the Basin and Range to the Colorado Plateau [e.g. 

Zandt et al., 1995]. To this end we use the receiver function method to characterize the 

crust and upper mantle in the region, produce constraints necessary to broadly explore the 

composition of the crust, and model the density distribution in the upper lithosphere to 

examine the sources that compensate high elevation in the southern Basin and Range. 
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The Consortium for an Arizona Reconnaissance Seismic Experiment (COARSE) 

deployment of nine broadband seismometers spans the three main tectonic provinces of 

Arizona in an approximate SW-NE swath [Figure 1]. Arizona State University’s ASU 

seismograph, National Seismic Network station WUAZ, and Global Seismic Network 

station TUC are included to improve array coverage. 

 

2. Teleseismic Receiver Function Analyses 

To analyze the structure of the crust and uppermost mantle beneath COARSE 

array stations we compute high quality teleseismic receiver functions with the iterative 

pulse stripping time domain deconvolution technique [Figure 2] [Ligorría and Ammon, 

1999]. During this process the vertical P wave energy is deconvolved from the horizontal 

(radial and tangential) components, removing source effects and preserving only near 

receiver P-SV and P-SH converted phases which are generated by structure in the 

lithosphere beneath each seismic station [Langston, 1979; Owens et al., 1983]. This study 

focuses on the P-SV (hereafter called Ps) converted phases of the radial component 

which are most sensitive to large scale variability in the shear wavespeed structure. 

Frequency content of our receiver functions from 0.05 Hz to 2.5 Hz allows for resolution 

of Ps phases from layer thicknesses of greater than ~0.5 km. The amplitude of a Ps phase 

depends on the wavespeed contrast at a layer boundary. Negative Ps polarities 

characterize higher to lower wavespeeds with increasing depth, while positive polarities 

characterize lower to higher wavespeeds [Figure 2]. We refer to the amplitude of a Ps as 
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a percentage of its amplitude to that of normalized initial P pulse. To analyze the highest 

quality results we accept receiver functions only if they satisfy a variance reduction 

cutoff above 80% and retain their highest amplitude, the direct P, within one second of 

the zero time on the deconvolved trace. Direct P sources are selected from epicentral 

distances of 30 to 90˚ and yield a dataset where most events are clustered in northern and 

southwestern Pacific subduction zones, as well as in Central and South America.  

Analyses of these data in the depth domain allow for the most accurate tectonic 

interpretation. To accomplish this and to produce a robust seismic characterization we 

eliminate one major unknown by assuming a standard Vp for the entire crust. We use a 

wavespeed of 6.2 km/s developed by Christensen and Mooney [1995] in their review of 

crustal seismic observations from extensional domains. Numerous refraction experiments 

throughout the Basin and Range-Colorado Plateau transition zone also measure a bulk 

crustal Vp of 6.2 ± 0.1 km/s [McCarthy et al., 1991, Warren, 1969; Sinno et al., 1981; 

Gish et al., 1981]. This value also matches observations for the southern Colorado 

Plateau [Parsons et al., 1996]. A range of wavespeeds between 6.1-6.3 km/s is probable 

based on the variety of geologic environments sampled by COARSE and the uncertainty 

in the refraction results. Tests on COARSE data show that variations in Vp have 

negligible effects on the observed Vp/Vs ratio and alter crustal thickness estimates by 

only ±0.5 km for Vp changes of ±0.1 km/s. Thus minor deviations from our constant Vp 

model do not significantly affect the overall findings. 

We evaluate the primary Ps phase and its multiples by using the thickness-Vp/Vs 

domain phase stacking algorithm [Figure 3] [Zhu and Kanamori, 2000]. This stacking 
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technique allows us to map the convergence of the direct Ps and its PpPs and PpSs+PsPs 

multiples for the Moho interface in order to estimate the crustal Vp/Vs and thickness 

beneath our stations. With ideal convergence a point of maximum amplitude or “bull's-

eye” signifies the most likely solution. The inherent weakness in this technique, the 

tradeoff between crustal thickness and Vp/Vs which leads to a diagonal smearing of the 

bull's-eye, produces some uncertainty in both the crustal thickness and Vp/Vs solutions. 

Additionally the peak amplitude of the stacked phases is often asymmetrically located 

within a larger zone of high amplitude. In order to constrain the confidence in our picks 

we determine the width of the maximum amplitude range and accept any solution within 

95% (or 90% at stations DSRT, KNTH, ZIZZ) of the peak amplitude. This produces a 

range of estimates encompassing the maximum convergence that represents the 

uncertainty in our results [Tables 1 and 2]. 

To verify these measurements we plot the moveout of phase arrivals as a function 

of ray parameter [Gurrola et al., 1994]. Moveout accounts for the differential arrival time 

of direct or converted waves plotted as a function of ray parameter. Direct Ps arrivals 

exhibit positive moveout with respect to the direct P arrival with increasing ray parameter 

while the ray geometry of PpPs and PpSs+PsPs multiples produces a negative moveout. 

Thus we can predict and compare expected and observed moveout on receiver functions 

in order to verify that the arrival of Ps phases and their later multiple reverberations are 

produced at particular depths. The identification of later phases is critical prior to 

interpretation of seismic structure because it allows us to discriminate between direct 

arrivals and multiples that may be spuriously interpreted. Receiver functions from each 
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station are corrected for moveout, stacked to improve the observed signal, and migrated 

to depth using the measured Vp/Vs to determine the depth of the Moho.  

 

3. Receiver Function Observations and Interpretations 

Although the event count at some stations is small, at least 21 receiver functions 

pierce the crust and upper mantle within several kilometers of each location. Azimuthal 

distribution of seismicity reveals a considerable gap in sampling towards the N and E 

where few suitable teleseismic earthquakes are generated. Despite these hindrances we 

record pronounced and systematic trends in the receiver functions sampling within each 

tectonic region. Within solely the Basin and Range we view interesting variations 

between stations located on MCC summits and those located in less extended regions. 

 

3.1. Basin and Range 

Receiver functions for the Basin and Range [Figure 2] contain similar features for 

most stations. At 6-20 km depth we find a broad negative Ps (labeled A in figure) of 5-

10% that is indicative of the top of slow wavespeed material, perhaps due to the presence 

of high temperatures, partial melt or a shear zone. The negative arrival is most 

pronounced near the MCCs and is entirely absent at ABBY, the only station to sample a 

relatively undeformed region, suggesting that it may result from extension. A well-

defined Moho Ps (M) arrives from depths of 24.5-31 km. With the exception of the 
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especially thin crust at ASU crustal thickness remains similar throughout the region and 

is comparable to thicknesses estimated from previous refraction profiling [Warren, 1969; 

Sinno et al., 1981].  

Moho amplitude varies significantly. Stations located at low elevation (ABBY, 

DSRT, TUC) record a uniformly weak Moho amplitude (~10%). This small amount of 

converted energy may result from a reduced shear-wavespeed and/or density contrast 

across the crust-mantle interface. The Moho Ps beneath or near the South Mountain, 

Baboquivari, Catalina-Rincon and Pinaleño MCCs (stations ASU, KITT, LEMN, SQRL 

respectively) is considerably greater (15-30%) suggesting a more rapid transition from 

crust to mantle or a larger impedance contrast at the base of the crust; either slow or low 

density crust atop normal mantle or alternatively normal lower crust atop fast or high 

density mantle. 

The receiver functions show few converted phases below the Moho Ps. There is 

evidence of a diffuse 5% positive Ps (B) at 40-55 km beneath all stations except DSRT 

[Figure 2]. Noise may obscure this interface at DSRT and the layer is probably 

characteristic of the region and would represent an abrupt increase in shear wavespeed at 

~15-20 km below the Moho. This may signify an increase with depth from the low Pn 

wavespeeds of 7.67-7.85 km/s observed previously [Warren, 1969; Sinno et al., 1981; 

Gish et al., 1981]. We also notice a 5-7% negative Ps (C) that appears at most stations at 

60-75 km and corresponds to a decrease in shear wavespeed in the upper mantle. 

Moveout analysis verifies that neither this nor the earlier arrival result from the 

reverberations of shallower layers. Therefore these observed Ps conversions from 
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interfaces marked by B and C bound a ~20-25 km thick layer of relatively dense or fast 

mantle that underlies the southern Basin and Range. Additional weak Ps observed 

beneath the Moho result from a combination of reverberations from the shallow negative 

Ps and assorted small Ps from the upper mantle.  

Crustal thickness and Vp/Vs estimates [Table 1] show pronounced variability 

amongst Basin and Range stations. Stations KITT, LEMN and SQRL show no increase in 

crustal thickness, an unexpected result for being situated atop high and large ranges, and 

contain anomalously high Vp/Vs values. The lack of a crustal root beneath LEMN differs 

from the interpretations by Myers and Beck [1994], who detect an apparent deepening of 

the Moho at nearby TUC from receiver functions that sample beneath the higher 

elevations. Now with sufficient data to explore the Vp/Vs-thickness relation, we offer an 

alternative explanation that the apparent crustal thickening beneath the Catalina-Rincon 

MCC may result from a significant azimuthal variation of the crustal Vp/Vs ratio on a 

local scale. We evaluate this shift with the phase stacking technique by using 270 

receiver functions that sample outside the MCC and 171 that sample in a narrow swath 

beneath the range [Figure 3]. This distribution and density of receiver functions reveals a 

strong zonation in the Vp/Vs with a low value (1.71) measured external of the MCC 

compared to a much higher Vp/Vs ratio (1.87) detected beneath it [Table 1]. This result is 

also consistent with the high value (1.86) observed at site LEMN located at the summit of 

the MCC. In fact the average Vp/Vs measurement of all MCCs is greater (1.83) than 

remaining Basin and Range stations (1.73) ignoring station DSRT. Measurements at 

ABBY and TUC curiously exhibit equal or slightly thicker crust than the higher elevation 
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MCCs sampled at KITT, LEMN and SQRL. The thinnest crust surveyed at ASU also 

exhibits a higher Vp/Vs (1.77), which may arise from its proximity to the South 

Mountain MCC, but we currently lack sufficient data to evaluate its Vp/Vs characteristic 

azimuthally in the same manner as achieved at TUC. Important to note is DSRT which is 

sited at a noisy location in the Tucson Mountains. The data show an outlier Vp/Vs of 1.95 

for this station, which recorded for only a short duration in a high noise environment. For 

this reason we exclude this station from any overarching analysis and interpretation of 

Vp/Vs trends. 

Zandt and Ammon [1995] measured the global crustal average for Vp/Vs in 

Mesozoic-Cenozoic orogenic belts to be 1.73, below our average (1.78). However non-

MCC Vp/Vs estimates of 1.73 imply that overall Basin and Range crust matches the 

global average while the MCC value (1.83) may result from the presence of partial melt 

or a significant shift in crustal composition. The partial melt scenario is unlikely because 

of the current tectonic quiescence of MCC systems and lack of Neogene volcanism in the 

area [Lynch, 1989]. The presence of mafic material would support a model for sizeable 

mantle input during MCC formation [Lister and Baldwin, 1993]. However analysis by 

Christensen [1996], which illustrates the dependence of Poisson’s ratio on mineral 

assemblage, describes the significant influence that plagioclase content has on the Vp/Vs 

ratio of a rock. While the sodium plagioclase end-member (albite) has a relatively lower 

Vp/Vs (~1.81), the calcium end-member (anorthite) has a very high Vp/Vs (~1.92). Thus 

the increasing presence of calcic-rich plagioclase will drive the Vp/Vs ratio of a crustal 



  
 

42

rock above the average value for orogenic belts and may be responsible for the elevated 

values observed here. 

These findings bring into consideration an alternative interpretation for post-

Laramide tectonics; that the style of collapse of the Cordillera may have been controlled 

by spatial variations in the composition of the crust, as evidenced today by this divide of 

Vp/Vs estimates between these different geologic environments. Also important and 

possibly connected is the absence of compensating roots beneath MCCs in the southern 

Basin and Range. This finding suggests that the traditional linear relation between 

elevation and crustal thickness is invalid here and that these edifices are supported via 

other means. 

 

3.2. Colorado Plateau and Arizona Transition Zone 

Receiver functions in the Colorado Plateau and Transition Zone are characterized 

by substantially greater seismic heterogeneity than the Basin and Range. We observe 

numerous Ps phases other than the Moho that possess high amplitude throughout the 

crust and upper mantle [Figure 4]. In addition all receiver functions appear to contain a 

direct P that is offset from 0 km. This is probably the result of the estimated 2-3 km of 

seismically slow sedimentary rocks that cap most of the Colorado Plateau and are 

exposed in the Grand Canyon. The base of this layer creates a large near surface Ps that 

interferes with and slightly shifts the direct P arrival.  
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 Crustal thickness ranges from 36-43.5 km throughout the region [Table 2]. 

Observed Ps from the Moho (M) are similar throughout the region (~10% of the direct P) 

and generally smaller than in the Basin and Range with an exception at RENO (20%) 

[Figure 4]. Additional direct Ps phases disclose substantial stratification and seismic 

heterogeneity in the crust. Stations KNTH, WUAZ and ZIZZ contain a large (10-15%) 

mid-crustal arrival (B) from 15-25 km that is the bottom of a slow wavespeed layer. At 

deeper levels in the crust WUAZ contains a Ps (C) above the Moho at 34 km. Stations 

KNTH and ZIZZ both exhibit a sub-Moho Ps (D) at 48-54 km which illustrates a further 

increase in wavespeeds. The COCORP and PACE controlled source seismic profiling 

experiments identify an interface in this depth range and interpret it as possible deep 

Moho beneath sections of the Colorado Plateau [Parsons et al., 1996; Hauser and Lundy, 

1989]. Locations where we observe the unusual converted phase appear to be limited to 

volcanic centers and this feature may result from magmatic migration through the lower 

crust and upper mantle. The complex pattern of several arrivals near, and just below, the 

Moho at these stations suggests that at localized regions in the Colorado Plateau the 

crust-mantle transition may be layered or more gradational [Figure 4]. A previous study 

of upper mantle wavespeed measures a well-constrained Pn of ~8.12 km/s beneath the 

Plateau. Thus a crust-mantle boundary with multiple layers would minimize a potentially 

large impedance contrast between crust and relatively fast mantle and produce a similar 

receiver function response to our observations. Receiver functions at KNTH and WUAZ 

distinctly express two converted phases with consistent arrival times at all azimuths, 

casting doubt on the possibility that this intriguing feature results from stacking azimuths 
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which sample the Moho at different depths. Careful examination of the phase stacked 

plots at KNTH, WUAZ and ZIZZ reveal that despite larger areas of high amplitude 

generated by the complicated crustal structure, the convergence peak interpreted as M 

contains amplitudes that are at least 5% greater than the next highest peak. Furthermore, 

these peaks provide estimates of crustal thickness close to that at found at PFNP which 

possesses a single peak. 

In the upper-most mantle a 7-22% negative Ps (E) appears at 53-65 km beneath 

the survey area. Its magnitude is strongest beneath KNTH, WUAZ and ZIZZ. This 

intriguing feature may signal a partial melt zone in the upper mantle which feeds recent 

volcanism witnessed along the southern margin of the Plateau. Additionally a negative Ps 

(A) at 10-20 km with 15-30% amplitude [Figure 4] everywhere except RENO appears to 

be a PpSs+PsPs reverberation from the sediment cap. At stations WUAZ and ZIZZ 

however the amplitude is nearly 30% and moveout analysis does not conclusively prove 

it to be reverberated energy. Its presence as a first-order structure may be explained by a 

zone of slow wavespeed created by partial melt in the crust. These large negative arrivals 

are similar to ones associated with the Altiplano-Puna magma body in South America 

[Chmielowski et al., 1999] and the Socorro magma body in the Rio Grande Rift [Sheetz 

and Schlue, 1992].  

Phase stacking and moveout analyses indicate an average Vp/Vs ratio of 1.81 for 

Colorado Plateau stations, noticeably higher than the non-MCC related Basin and Range 

and global average Vp/Vs values and possibly indicative of greater mafic material or 

partial melt within the crust [Table 2]. Separate results from Gilbert et al. [2005] also 
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support this observation. WUAZ possesses an unusually high Vp/Vs value (1.90) in 

addition to the large negative Ps following the Moho which suggests a slow wavespeed 

region in the upper mantle. When viewed in proximity to the nearby volcanic centers it 

provides possible evidence for the presence of partially molten crust and upper mantle 

near the currently active San Francisco Volcanic Field [Tanaka et al., 1986]. Azimuthal 

variability of the Ps phases displays reduced amplitudes within a zone near the most 

recent volcanism at Sunset Crater. Melt dominated material in the mid- to upper crust 

may be responsible for the reduction in converted energy. These findings coincide with 

the location of substantial volumes of Quaternary volcanism viewed along the Colorado 

Plateau rim and in the Arizona Transition Zone [Lynch, 1989; Moyer and Nealey, 1989]. 

Unlike WUAZ, ZIZZ does not have a definitive and station-wide increase in Vp/Vs ratio 

that indicates melt, but instead shows substantial noise and azimuthal heterogeneity 

which makes a reasonable Vp/Vs value difficult to constrain. Like DSRT we have 

excluded the Vp/Vs ratio at ZIZZ from broader interpretations.  

Although crustal thickness, isostatic support and means of uplift for the Colorado 

Plateau are thoroughly debated and the subject of numerous studies [e.g. Beghoul and 

Barazangi, 1989; Chase et al., 2002; Morgan and Swanberg, 1985; Roy et al., 2005; 

Spencer, 1996; West et al., 2004] no model manages to unify the numerous seismic, 

gravity and heat flow observations for the region. With our deployment we provide new 

seismic observations [Figure 4] for the Colorado Plateau which help clarify our 

understanding of the region. The range of crustal thickness estimates (36-43.5 km) 

generally matches those from previous geophysical investigations that found crust of 
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~35-42 km in nearby regions [Parsons et al., 1996; Hendricks and Plescia, 1991]. Both 

the upper mantle low velocity zone [Lastowka, 2001] and layered crust [Gilbert and 

Sheehan, 2004] previously seen across the central and western Colorado Plateau are 

present in measurements here. The weak Moho Ps and large negative upper mantle Ps 

indicating relatively slow upper mantle wavespeed beneath the study area concurs with 

the calculation by Roy et al. [2005] for a layer of lower density upper mantle residing 

beneath the Plateau’s eastern edge. All COARSE stations demonstrate thick and stratified 

crust beneath the Colorado Plateau. The exact cause for this zone of substantial shear 

wavespeed variation is unknown, but the layering and high average Vp/Vs ratio may be 

linked to the hypothesis of crustal growth via magmatic addition [Morgan and Swanberg, 

1985]. 

 

4. Support of High Elevation in the Basin and Range 

The complex and surprising nature of seismic observations for the southern Basin 

and Range warrants further consideration and is the primary focus here. Estimated depth 

for the Moho beneath the MCCs clearly deviates from the traditional linear relationship 

between crustal thickness and elevation [Figure 5]. An Isostatic Residual Gravity Map by 

Simpson et al. [1986] shows variation of the calculated isostatic anomaly due to the 

presence or absence of an Airy root. An anomaly of zero mgal serves as evidence that the 

region is balanced by a root necessary to account for the observed elevation and Bouguer 

gravity anomaly. Negative or positive excursions result from a corresponding mass 
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deficit or surplus created by the correction. Stations ABBY, DSRT and TUC coincide 

with anomalies of approximately zero mgal while KITT, LEMN and SQRL exist within 

20-30 mgal lows. These low values demonstrate that the isostatic correction is too large 

and when compared with receiver function data support our observation that none of the 

MCCs surveyed by COARSE are supported by a crustal root. 

 

4.1. Density Models 

Even geodynamic models that use a flexural response to support MCC elevation 

still require a local thickening of the crust approaching 10 km to compensate for the 

observed elevation [Holt et al., 1986]. We investigate the possibility that lower density 

crust may allow for high elevation without a corresponding crustal root. To test this 

hypothesis we use the ISOBAL isostasy modeling program [Clem Chase, personal 

communication]. This software balances a user specified reference column against a 

model with density or layer thickness allowed to vary, and also calculates a 1D Bouguer 

anomaly for each column. For this analysis we test three crustal reference models and use 

them to calculate the corresponding crustal density of the Catalina-Rincon MCC [Figure 

6]. For the MCC, we hold the seismically determined crustal thickness (29 km), the 

approximate average elevation (1.8 km), and the estimated density of the mantle (3250 

kg/m3) fixed. We then balance the two columns and adjust the crustal density until it 

matches the observed difference between the Bouguer gravity anomalies each location 

[Sweeney and Hill, 2001]. This final step is needed to account for the linearly trending, 
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long wavelength decrease in the Bouguer gravity field across southern Arizona 

[Hendricks and Plescia, 1991]. 

Two of the reference cases [Figure 6A-B] are based on the detailed seismic 

profiling and gravity modeling of the Buckskin-Rawhide MCC and the surrounding 

Basin and Range [McCarthy et al., 1991; Parsons et al., 2001]. The third reference case 

[Figure 6C] uses our seismic constraints for relatively unextended crust (ABBY) and an 

average density for the crust in the region [Clem Chase, personal communication]. All 

three solutions for the MCC require a density decrease of 3% (2720-2784 kg/m3) relative 

to the standard Basin and Range crust (2810 kg/m3), the Buckskin-Rawhide MCC (2850 

kg/m3), and the relatively unextended case (2830 kg/m3).  

We consider differences in density distribution to be a major factor for the high 

elevation of the Catalina-Rincon and other MCCs in our study area. Relatively light crust 

beneath these features satisfies the observed gravity low while presenting a stable 

environment to maintain high elevation. Lower density crust atop normal density mantle 

would also produce the large seismic impedance contrast observed at the Moho on 

receiver functions. The alternative, a 1% less dense mantle of 3206-3233 kg/m3 (noted in 

yellow, Figure 6), would presumably generate a higher magnitude and longer wavelength 

gravity low that is unobserved and diminish the sigificant impedance contrast at the 

Moho. However a recent study by Abers et al. [2002] indicates that lighter density mantle 

may provide a significant source of support for young MCCs and this finding prevents us 

from ruling out a mantle contribution in this case. 
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4.2. Compositional Models 

Comparing modeled densities to the compositions of MCC rocks helps to validate 

our model findings as well as include the independently constrained Vp/Vs estimates as 

we seek to determine the composition and means of support of the MCCs studied here. 

We apply the method of Hacker and Abers [2004] to estimate rock composition near the 

area sampled by seismic measurements. Mapping and petrologic analysis of the Catalina-

Rincon MCC show that the area is underlain by four distinct suites of intrusive bodies 

[Table 3]; the region-wide Oracle granite (~1.4 Ga), the more locally exposed 

Leatherwood suite plutons (~75-65 Ma), Wilderness granite (~50-44 Ma), and Catalina 

granite and equivalents (~30-25 Ma) (see Keith et al. [1980] for a summary). We 

compute average composition for each intrusion and model their seismic properties for 

mid-crustal conditions of 0.6 GPa and 400 ˚C. The results agree with the general results 

of Christensen [1996]; that plagioclase content, along with variability of quartz and mafic 

minerals, significantly affects the seismic properties of a rock. The Leatherwood suite 

intrusions, corresponding temporally to significant Late Cretaceous volcanic deposits 

exposed in the nearby Tucson Mountains [Dickinson, 1991], have a 3-4% increase in 

density and Vp/Vs ratio relative to the basement granitoids and succeeding intrusive 

episodes. The modeled Vp/Vs along with the seismically determined observations of 

abnormally high Vp/Vs at all MCCs surveyed here suggest that rocks with similar 

properties to the Leatherwood suite intrusions may constitute a substantial volume of the 

crust beneath the Catalina-Rincon MCC and possibly other MCCs in southern Arizona. 
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Although the modeled Vp/Vs ratio for the Leatherwood suite (1.77) exceeds that 

of the Oracle granite basement (1.72), Wilderness granite (1.73) and Catalina granite 

(1.71) it still fails to reproduce the value observed from receiver functions. As the higher 

Vp/Vs value within the Catalina-Rincon crustal block results from the prevalence of the 

anorthite and biotite-rich Leatherwood suite material, presumably similar, and possibly 

more plagioclase and mafic mineral-rich material exists at deeper levels. To test this 

hypothesis we create three models for deep crustal composition [Table 4], designed to 

explore the effects of adjusting specific mineral content at the same mid-crustal P-T 

conditions (0.6 GPa, 400 ˚C). Building upon the initial Leatherwood suite composition 

we test a material with 20% quartz, 5% K-feldspar, 30% anorthite, 20% albite, 20% 

biotite and 5% hornblende and using the Hacker and Abers [2004] calculation arrive at a 

Vp/Vs ratio of 1.77 and a density of 2726 kg/m3 which is still lower than our observed 

values for TUC/LEMN, KITT and SQRL. To determine a composition with a larger 

Vp/Vs value we eliminate K-feldspar and hold hornblende and biotite constant while 

decreasing quartz and increasing plagioclase. This material, approximate in composition 

to a quartz diorite, maintains a relatively low density (2741 kg/m3) but has an increased 

Vp/Vs value (1.84). This final model has a density increase of 0.5% while the Vp/Vs has 

increased by 4%, illustrating that compositional changes can often influence Vp/Vs more 

noticeably than density. These results support the findings of Christensen [1996] and 

illustrate the important connection between composition that varies by relatively minor 

amounts and large changes in the material Vp/Vs. The calculated Vp/Vs and density also 
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match closely the seismically constrained Vp/Vs and isostatically modeled density 

[Figures 3 and 6]. 

The constraints from our seismic observations and isostatic modeling allow us to 

estimate the lower crustal composition of the Catalina-Rincon MCC and, by similarity of 

seismic observations, the possible crustal composition for other MCCs in this study. 

There are several important points regarding these model results and their implications. 

The estimated Vp of the crust for any actual or modeled composition does not exceed 

6.21 km/s. This value is near the assumed 6.2 km/s wavespeed used for depth conversion 

of the receiver functions, and provides confidence in the crustal thickness and Vp/Vs 

estimates. Secondly, to produce the observed Vp/Vs values of the bulk crust at 

TUC/LEMN and SQRL, the intrusive bodies in the mid- to lower crust require a Vp/Vs 

ratio above ~1.90, higher than our models produce. It is also unknown how deformation 

and metamorphism have contributed to the composition of the lower crust. Finally, these 

results appear to form a paradox. The crustal column of Catalina-Rincon MCC has a high 

Vp/Vs ratio yet also is light enough to maintain its high elevation. The density-Vp/Vs 

trend calls for either a neutral or positive correlation for the compositions examined 

[Tables 3 and 4]. Thus, density of the region surrounding MCCs may be as low or lower 

to coincide with lower observed Vp/Vs, though Moho Ps amplitude on receiver functions 

does not explicitly support this possibility. Because of this inferred density heterogeneity, 

the broken plate flexural model by Holt et al. [1986] is especially appealing to explain 

this observation due to the fact that it decouples the uplifted Catalina-Rincon crustal 

block from the surrounding Basin and Range. A component of buoyancy in the mantle 
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beneath MCCs in this region may also provide a source of buoyancy that cannot be 

explained by crustal density differences. 

Another geodynamic model by Block and Royden [1990] questions the 

applicability of Airy isostasy in MCC formation. Their model proposes that flowing 

lower crust in detachment systems moves laterally and vertically to fill voids created 

during extension, thus maintaining a flat Moho geometry while emplacing domes of 

lower crust material. Our seismic observations of a subhorizontal Moho support this 

hypothesis and flowing lower crust may provide a mechanism to create the Vp/Vs 

anomalies by transporting higher Vp/Vs material underneath a MCC from the 

surrounding regions. However, this process would presumably raise the density as well. 

Thus the applicability of this model relies on a balance between emplacing a sufficient 

amount of lower crust with a composition that would raise Vp/Vs, but not increase the 

density beyond our range of estimates. In this situation, crustal flow would have likely 

occurred long after emplacement of the high Vp/Vs Laramide age plutons. The tectonic 

practicality of such a model is beyond the scope of this study. 

 

5. Concluding Remarks 

These new receiver function observations from the Colorado Plateau and Basin 

and Range illustrate the fundamental differences in crustal thickness, structure and 

composition between these tectonic provinces. Despite their geographic proximity it is 

clear from seismic observations that late Mesozoic and Cenozoic tectonic activity has 
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imparted a pronounced difference in the seismic character of these regions. The upper 

lithosphere of the Colorado Plateau possesses greater crustal thickness, increased crustal 

layering, higher than average Vp/Vs values, areas of gradational Moho, and possible 

evidence of partial melt at both deep and shallow levels [Figure 4, Table 2]. The Basin 

and Range has thinner crust, lacks significant layering and contains observed Vp/Vs 

values that suggest an average crustal composition [Figure 2, Table 1] except at MCCs 

where the Vp/Vs ratio is much higher than surrounding areas. Through extension the 

southern Basin and Range has maintained a crust of uniform thickness despite major 

differences in elevation and inferred through the Vp/Vs values, composition. The large 

variance in the Vp/Vs ratio differs from previous observations that suggest similar crustal 

compositions within the Basin and Range and Colorado Plateau [e.g. Parsons et al., 

1996]. 

Both seismic and gravity measurements of the MCCs imply the absence of a 

supporting root. Seismic observations also detect a sharp Moho and significantly higher 

Vp/Vs ratio than the surrounding Basin and Range. Modeling of crustal density for the 

Catalina-Rincon MCC results in a lower density crust than reference models based on the 

seismically constrained thicknesses. Our findings show that MCCs in the southern Basin 

and Range retain a substantial portion of their elevation due to a locally buoyant column 

of crust and possibly upper mantle. Results of compositional modeling [Table 4] allow us 

to speculate that the crust of the Catalina-Rincon MCC and its neighboring MCCs 

consists primarily of a plagioclase end-member anorthite-rich and quartz-poor material 

that may relate to the emplacement of the Leatherwood suite plutons during a significant 
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Laramide-age magmatic episode. It also appears that magmatic or deformational 

processes during MCC formation may have sharply demarcated the crust-upper mantle 

transition as seen from high amplitude Moho Ps converted phases on receiver functions 

[Figure 2]. 

It is important to consider that the anomalous Basin and Range Vp/Vs values are 

only related to areas that have undergone significant deformation and exhumation during 

the mid-Tertiary extension. We assert that Vp/Vs anomalies like those observed beneath 

the Catalina-Rincon MCC and others signify substantial variability in composition of the 

crust, and that these differences may have altered the distribution of strength in the crust 

and as a result primed certain areas for extension and exhumation during the process of 

orogenic collapse. 
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Figures 

 

Figure 1: The COARSE deployment (2003-Present) across eastern Arizona. All sites 

(excluding KATH) are near bedrock and produce high quality broadband earthquake 

recordings. For additional information visit http://asuarray.asu.edu/coarse/index.php. 
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Figure 2: Stacked Basin and Range receiver functions, grouped by Moho amplitude and 

Vp/Vs. Commonly observed interfaces have been identified with labels. M represents the 

estimated Moho. 
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Figure 3: Vp/Vs-thickness relation from phase stacks of: (i) receiver function azimuths 

(90-300˚) sampling beneath the Tucson Basin and (ii) azimuths (300-90˚) sampling 

beneath the Catalina-Rincon MCC. 
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Figure 4: Stacked Colorado Plateau receiver functions, grouped by structural trends and 

proximity to volcanic centers. Commonly observed interfaces have been identified with 

labels. M represents the estimated Moho. 
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Figure 5: Relationship of elevation and crustal thickness for COARSE stations. A least 

squares trend-line is fit to all stations with the exclusion of those atop MCCs. Data from 

TUC is divided in the same manner as in Figure 3. 
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Figure 6: Three isostatic model pairs for density structure. Crust and mantle are denoted 

with different shades. The left column of each pair is the reference case: (A) Buckskin-

Rawhide MCC, (B) Basin and Range in southeastern Arizona, and (C) Station ABBY. 

The value in the crust is the calculated density at the Catalina-Rincon MCC. The mantle 

value indicates the necessary density to produce the same observed gravity if the crust is 

kept as the reference density in each case. 
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Tables 

Station Elevation (m) Thickness (km) Vp/Vs Events 
ABBY 794 31 (31-33) (1.74-1.68) 1.72 64 
ASU 364 24.5 (24-25.5) (1.80-1.74) 1.77 34 
DSRT*† 802 25.5 (25-27.5) (1.95-1.90) 1.95 28 
KITT 1467 27.5 (25.5-28.5) (1.86-1.76) 1.79 49 
LEMN 2489 29 (28.5-30) (1.89-1.84) 1.86 21 
SQRL 3085 29 (28-29.5) (1.87-1.84) 1.84 36 
TUCi 874 30 (29-32) (1.75-1.67) 1.72 270 
TUCii 874 28.5 (28-29) (1.89-1.82) 1.87 117 
* Azimuthal heterogeneity and/or significant noise present. 
† 90% maximum amplitude contour used 
i azimuths (90-300˚) sampling beneath the Tucson Basin 
ii azimuths (300-90˚) sampling beneath the Catalina-Rincon MCC. 

 
Table 1: Elevation, crustal thickness and Vp/Vs (with uncertainty range at 95% of 

maximum stacked amplitude) for Basin and Range stations. Tradeoff between crustal 

thickness and Vp/Vs ratio exhibits that the lowest allowable thickness corresponds to the 

greatest Vp/Vs within the maximum amplitude bounds. Uncertainty range does not 

account for variations in Vp. 

 

Station Elevation (m) Thickness (km) Vp/Vs Events 
KNTH† 2286 41.5 (41-42) (1.78-1.73) 1.76 71 
PFNP 1759 39.5 (38.5-41) (1.79-1.73) 1.76 35 
RENO 1909 36.0 (34.5-36.5) (1.86-1.81) 1.82 36 
WUAZ 1592 43.5 (43-44.5) (1.92-1.88) 1.90 165 
ZIZZ*† 2011 43 (42-43) (1.71-1.67) 1.68 44 
* Azimuthal heterogeneity and/or significant noise present. 
† 90% maximum amplitude contour used 
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Table 2 (previous page): Elevation, crustal thickness and Vp/Vs (with uncertainty range 

at 95% of maximum stacked amplitude) for Colorado Plateau stations. Tradeoff between 

crustal thickness and Vp/Vs ratio exhibits that the lowest allowable thickness corresponds 

to the greatest Vp/Vs within the maximum amplitude bounds. Uncertainty range does not 

account for variations in Vp. 

 

Mineral 
Weight % Yo Kg* Tw Tg*
Quartz 33.0 17.8 28.4 34.5
K-Feldspar 28.0 7.3 29.2 35.3
Anorthite 14.0 17.5 6.5 6.4 
Albite 14.0 27.9 28.1 16.6
Biotite 9.0 18.6 3.3 4.4 
Muscovite 0.0 0.0 2.4 0.6 
Hornblende 0.0 5.2 0.0 0.2 
Other 0.0 4.9 0.9 1.2 
     
ρ (kg/m3) 2664 2738 2650 2644
Vp (km/s) 6.04 6.12 6.06 6.03
Vs (km/s) 3.51 3.45 3.50 3.52
Vp/Vs 1.72 1.77 1.73 1.71
 

Table 3: Average compositions and calculated seismic properties for the Oracle-Ruin 

granite (Yo), Leatherwood suite and equivalent (Kg*), Wilderness suite (Tw), and 

Catalina granite and equivalent (Tg*) intrusions in the Catalina-Rincon metamorphic core 

complex. Compositions from Keith et al. [1980]. 
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Mineral 
Weight % Model 1 Model 2 Model 3
Quartz 20 10 5 
K-Feldspar 5 0 0 
Anorthite 20 30 35 
Albite 30 35 35 
Biotite 20 20 20 
Hornblende 5 5 5 
    
ρ (kg/m3) 2726 2737 2741 
Vp (km/s) 6.05 6.15 6.21 
Vs (km/s) 3.41 3.39 3.37 
Vp/Vs 1.77 1.82 1.84 
 

Table 4: Model compositions and calculated seismic properties for deep intrusions 

beneath the Catalina-Rincon metamorphic core complex. The Vp/Vs ratio chan ges show 

the significant effect of compositional variations on the seismic response of a material. 
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Abstract 

Array studies frequently use stacked receiver functions to map structural changes 

in the crust and upper mantle. Spurious secondary signals produced by the up-going 

teleseismic wave may mask the primary P-to-S conversions generated at subhorizontal 

discontinuities such as the Moho. We use a Hilbert transform to calculate phase-weights, 

which minimize the constructive stacking of erroneous signal in receiver function 

datasets. We demonstrate the application of this procedure with synthetic data, an 
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example of signal-generated-noise from a previous study, and a large volume of data 

from the Sierra Nevada EarthScope Project. Our findings demonstrate that phase-

weighting provides an important tool for reducing the impact of signal-generated-noise 

and improving the overall quality and usefulness of stacked receiver functions. 

 

1. Introduction 

Receiver functions [e.g. Langston, 1979] have become a standard way to measure 

the structure of the crust and upper mantle beneath three-component broadband 

seismometers. Horizontal seismograms are rotated into the R-T coordinate system and 

deconvolved with the Z-component to remove source and instrument effects. This 

preserves P-SV and P-SH conversions generated by an up-going teleseismic P-wave as it 

encounters subhorizontal discontinuities. P-SV conversions from radial receiver functions 

may be back-projected along their incoming ray-paths, migrated to depth, stacked 

geographically, and interpreted as structure. These efforts often utilize common-

conversion-point (CCP) stacking [Dueker and Sheehan, 1997], which averages the 

amplitude of separate traces that sample a similar region of the subsurface. This 

procedure increases the signal-to-noise ratio through linear stacking and highlights 

laterally coherent structures such as the Moho. 

Although receiver functions appear simple in some cases, numerous studies 

document how common structural heterogeneities contaminate individual traces with 

signal that arrives at higher incidence angles than the near-vertically incident conversions 
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generated by subhorizontal structure. Irregular topography along both the free-surface 

and the Moho induces considerable scattering of arrivals and influences the amplitude of 

the conversion from the Moho [Clouser and Langston, 1995]. Both Abers [1998] and 

Morozov [2004] demonstrate the coherency and high amplitude of signal generated by 

dipping, out-of-plane, sedimentary structures. Despite the advent of advanced processing 

methods [e.g. Levander et al., 2005] and because array deployments rarely study 

uncomplicated targets, the effect of “signal-generated-noise” (i.e. scattering, 

reverberations, diffractions, and azimuthally dependent signal) produced by topography, 

faults, sediments, and anisotropy remains a significant concern when imaging with 

receiver functions.  

Properly interpreting the geologic context of receiver function images motivates 

us to adopt the phase-weighted approach developed by Schimmel and Paulssen [1997]. 

Phase-weighting has been used to increase the resolution of weak core-reflected phases 

[e.g. Helffrich and Kaneshima, 2004] and improve single-station, H-K stacks of receiver 

functions [Crotwell and Owens, 2005]. The following study focuses on the use of phase-

weighting in a revised CCP method and its application to both synthetic and observed 

data. We apply phase-weighting to examples from the Geyokcha experiment [Abers, 

1998] in Turkmenistan and the Sierra Nevada EarthScope Project (SNEP), a broadband 

deployment in the Sierra Nevada batholith in western North America [Gilbert et al., 

2007]. 
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2. Phase-Weighted Stacking 

We calculate receiver functions from high-quality teleseismic P and PP arrivals 

using iterative, time-domain deconvolution [Ligorría and Ammon, 1999]. We specify a 

Gaussian spike-width of a=2.5 which serves as a low-pass filter with a corner of ~1.2 Hz. 

Using a ¼-wavelength calculation with a wavespeed of 4 km/s, receiver functions for 

a=2.5 may recover layer thicknesses greater than ~0.8 km. Data may be quality 

controlled based on user-defined criteria which we discuss later, and the remaining traces 

are normalized so that the maximum amplitude of the 0 lag P-wave equals 1. Amplitudes 

of Ps phases are rescaled to account for the wide range of distances for events used. All 

receiver function amplitudes are multiplied by ir/i, where ir is a depth-invariant reference 

angle (20˚) and i is the incidence angle calculated from the slowness of the P-wave for 

each receiver function.  

Frassetto et al. [In Prep.] provides a detailed overview of the stacking procedure, 

which generally follows Gilbert et al. [2003] and Gilbert and Sheehan [2004]. To account 

for the +3 km of relief across SNEP we apply an elevation-static correction to sea level. 

Migration to depth incorporates two-dimensional, laterally varying P-wavespeed and 

Vp/Vs values for the crust from SNEP tomography [Reeg et al., 2008] and receiver 

function analysis. Depth-domain receiver functions are back-projected along their 

incoming ray-paths and distributed into a grid of bins spaced at 15 km x 15 km intervals, 

with each bin having a horizontal radius of 20 km and vertical thickness ½ km. By 
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sharing receiver functions at the borders of bins we close small gaps in data coverage 

caused by non-uniform spacing or data sampling and improve our geologic 

interpretations by enhancing the lateral coherency of observed structures. 

We multiply the mean, linearly stacked receiver function for each bin with the 

sum of its correspondingly stacked instantaneous phases. The ideal result should see the 

reduction of amplitudes associated with portions of the receiver function which contain 

incoherent arrivals (and a correspondingly low phase-weight) and preserve robust energy 

associated with coherent conversions from true structure (which sum to a high phase-

weight). To accomplish this we compute the Hilbert transform of all receiver functions, 

for each stacking point and at each depth, to yield terms for amplitude and instantaneous 

phase using notation modified from Schimmel and Paulssen [1997]:  

ezAzsiHzszS zi )()())(()()( Φ=+= .            (1) 

The term S(z) represents the analytic signal or complex trace representing the depth-

converted receiver function. The terms s(z) and H(s(z)) define the real and imaginary 

components of that signal, where H is its Hilbert transform. The second formulation in 

(1) represents A(z) as the amplitude and Φ(z) as the instantaneous phase. The values of 

the instantaneous phase are summed and averaged to an absolute term:  
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where N is the number of receiver functions, and c(z) represents the mean phase-weight 

for a particular depth. For each trace (j) amplitudes (sj) are linearly weighted (wj) as a 
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function of increasing distance from the bin center, summed, averaged using the standard 

CCP procedure and multiplied by the phase-weighting term c(z): 
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The weighting factor c(z) (2) varies from 0 to 1 and can be applied directly, or modified 

by an exponential term (v) (3) to adjust the sharpness of the filter. A v value of 0 

corresponds to linear stacking. Both the stacked amplitudes and the phase-weights can be 

smoothed using a multiple-point moving average, the vertical width of which may vary 

depending on noisiness of the data, desired resolution for imaging and tolerance for 

waveform distortion. Width of an averaging function greater than a few kilometers tends 

to significantly reduce the maximum amplitude of prominent conversions by smearing 

the amplitudes. 

 

3. Synthetic Tests 

To evaluate the robustness of phase-weighting, we demonstrate the retrieval of 

true signal from synthetic CCP stacks with added noise. For this we generate synthetic 

seismograms across a wide range of ray-parameters and back-azimuths using the ray-

tracing code ray3d [Owens et al., 1984] and calculate receiver functions. Our synthetic 

seismograms comprise a nine-station transect with 20 km spacing, which is used with two 

different models: 1) a two-layer model where an initially flat Moho dips 8.5° from right 
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to left, and 2) model 1 modified with fast lower-crust on the left and slow lower-crust on 

the right. To mimic the appearance of actual data, we add a Gaussian signal created by 

making receiver functions with random records of background noise from SNEP. We 

follow the same steps used for processing teleseismic waveforms; bandpassing the noise 

from 0.15-5 Hz, using a=2.5, and normalizing the maximum amplitude on each trace. A 

noise-based time-series is added to each synthetic receiver function prior to stacking, 

approximating the general frequency and amplitude content of observations. Stacked data 

are then plotted in cross-section [e.g. Figure 1B]. 

 Applying phase-weighting to noiseless stacks preserves nearly all signal for v=1 

[Figures 1A and 2A]. The dipping Moho loses a small amount of amplitude due to its 

migrated arrivals mapping to slightly different depths within the same stacking bin. 

Similarly a lack of coherency in the migrated depth of the reverberations diminishes these 

arrivals by about half. Receiver functions that share adjacent bins at the boundary 

between laterally varying crustal wavespeeds in model 2 are also muted. In this manner, 

phase-weighting helps prevent lateral smearing of structures from sharing between bins. 

Adding random assortment of Gaussian spikes to stacked data creates several 

spurious arrivals which may be interpreted as true structure [Figures 1B and 2B]. Phase-

weighting for v=1 suppresses this noise and recovers nearly all original signal. Despite 

the prevalence of coherent noise in both stacked datasets, the phase-weighting retains the 

true structure. Conversions from complications in structure, such as the dipping Moho 

and lower-crustal fast layer, appear more susceptible to being reduced in the presence of 
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noise. Because phase-weighting influences CCP amplitudes, it is important to compare 

with amplitudes from linearly stacked data. 

 

4. Application to Data 

4.1. Geyokcha Array 

 Deployed to study local seismicity and site-response along the Kopet Dagh 

Mountains in southern Turkmenistan, the Geyokcha array recorded a striking example of 

signal-generated-noise in receiver functions [Abers, 1998]. Instead of detecting a static 

conversion from the Moho produced at its expected depth, 12 stations spaced at ~250 m 

capture the moveout of a high-amplitude (positive-negative-positive) phase arriving 

between 3.5 and 5.5 seconds lag-time and traveling at 2.5-3.0 km/s [Figure 3]. This phase 

remains consistent for multiple events and back-azimuths implying that it emanates from 

a shallow source. Abers [1998] inverted for the location of this phase and concluded that 

a range-bounding fault to the north of the Geyokcha array generates high amplitude, near-

surface scattering that obscures the arrival of the Moho when viewed at a single station. 

To demonstrate the effects of phase-weighted stacking on this established case of 

noisy data, we make receiver functions for the example event and stack traces with and 

without phase-weighting [Figure 4]. Because of the non-uniform spacing between the 

first and last stations relative to the source, we select only the first, middle, and last 

stations that record the scattered arrival and stack them together. This linear stack 

enhances the overall signal-to-noise ratio, but leaves intact a large portion of the 
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negatively polarized, scattered energy between 4 and 5 seconds at both higher and lower 

frequencies. In contrast, phase-weighted stacks eliminate this scattering almost 

completely and preserve both early and late coherent arrivals that presumably relate to 

conversions from true subhorizontal structures in the lithosphere. 

The overall adjustment in amplitudes from phase-weighting can be observed by 

plotting the absolute value of the difference between the linear stack and its phase-

weighted version as a function of time. Peaks of the “residual” highlight the arrivals 

which phase-weighting impacts most significantly [Figure 4]. For both a=2.5 and a=6.7, 

residuals ≥0.1 occur at approximately 2, 3, 4.5, 5.5, and 7 seconds. The largest residual 

occurs at 4.5 seconds at the center of the prominent scattered arrival. The other residuals 

likely correspond to similar, though less energetic occurrences of noise. Phase-weighting 

removes negative arrivals which could be interpreted as lamination above and below the 

Moho arrival, which appears clearly at ~5.5 seconds. On stacks for both a-values, we 

interpret shallow structures at 1 to 3 seconds and a two-stage crust-mantle transition 

represented by a positive coherent arrival at 7.5 seconds with amplitude equal to the 

initial conversion interpreted as Moho. While the effective suppression of noise for a=2.5 

demonstrates the utility of phase-weighting at frequencies used in teleseismic studies, 

even greater improvement using a larger a-value shows the potential robustness of phase-

weighting in higher frequency datasets. 
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4.2. Sierra Nevada EarthScope Project 

We present 15,646 receiver functions generated from 69,520 teleseismic P- and 

PP-arrivals recorded at 166 broadband seismometers across the Sierra Nevada, including 

90 deployed in the central and northern Sierra from May 2005 through September 2007 

as part of SNEP. To assemble this dataset, we use events with a signal-to-noise ratio >2, 

bandpass the waveforms from 0.15-5 Hz to reduce the effect of microseismic and local 

noise sources, and accept receiver functions if they fit at least 80% of the teleseismic 

signal. Additionally we only keep receiver functions that exhibit waveform qualities 

consistent with the expected response for a receiver function: the normalized maximum 

amplitude equals 1 near 0 lag, negative amplitudes do not exceed -1, and the direct P is 

not preceded by a negative trough or significant delay. Additional spurious data were 

removed after visual inspection, and in several cases specific back-azimuths or entire 

stations were removed due to the presence of excessive, harmonic oscillation. The 

average CCP bin at 40 km depth stacks ~106 receiver functions with a mean variance 

reduction of 90.5%. 

Most stations throughout the Sierra Nevada are spaced 20-25 km apart, except for 

wider spacing at the periphery of the dataset and a dense transect at its center. We 

calculate and stack these traces using the steps described earlier in a volume extending 45 

bins in the NNW-SSE and 18 bins in the ENE-WSW directions with the bins spaced 15 

km apart. An appraisal of linearly stacked data illustrates the need to consider noise-

reduction practices even for high-quality, densely sampled datasets [Figures 5 and 6]. 
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While SNEP receiver functions stacked with v=0 produce images with coherent features 

in the crust and upper mantle, they also contain less-coherent secondary arrivals.  

The source of signal-generated-noise here likely results from the complicated 

geologic and tectonic setting. While relatively homogenous granitoid plutons underlie 

much of the southern and central Sierra Nevada, the northern section of the range and its 

boundaries are a combination of Mesozoic-age arc-related plutons, Cenozoic-age 

volcanic cover, extensional grabens and related recent sedimentation along the border 

with the Basin and Range, metamorphosed ophiolites and sediments in the western 

foothills, and the massive Great Valley forearc basin [e.g. Christensen, 1966; Ducea, 

2001]. This diversity of crustal constituents, combined with steeply dipping structures 

observed within the foothills [Miller and Mooney, 1994], the normal faulted escarpment 

of the eastern Sierra, and high relief throughout the range all represent potential scatterers 

for the teleseismic wave-field. 

 We stack and phase-weight SNEP receiver functions for v=1 and use a 7 point (or, 

3.5 km width) moving average to smooth artificial high-frequencies created by the phase-

weighting. Comparing phase-weighted and linear stacks demonstrates that the procedure 

dampens a significant portion of weak arrivals, but keeps coherent features and allows for 

greater confidence while interpreting regional variations in lithospheric structure. The 

Moho remains clearly defined throughout the southern and eastern Sierra, but dims to the 

west [Figure 5]. Initial linear stacks in the western foothills resolved only a weak 

conversion from the Moho, and these amplitudes are reduced further by the phase-

weighting. Additionally, a large change in the distribution of negatively polarized arrivals 
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occurs after phase-weighting. If real, these “bright spots” would represent conversions 

from the top of low wavespeed layers. Applying phase-weighed stacking the extent of 

these features is limited to the eastern half of SNEP near several Quaternary volcanic 

fields [e.g. Manley et al., 2002] [Figure 5]. 

 Despite the overall improvement of the phase-weighted stacks some evidence of 

high amplitude reverberations or scattering remains in the dataset. Receiver functions 

collected near Lake Tahoe contain extremely energetic P-codas which likely result from 

scattering related to local structure. This can be observed near the 480-km marker on the 

along-strike transect [Figure 6]. While increasing the phase-weighting parameter may 

further dampen this energy, the likelihood of removing true signal from the structure 

becomes considerable. Thus, a trade-off exists in phase-weighting between noise-

suppression and loss of signal. Choice of an appropriate phase-weighting value varies 

with the amount and quality of data, choice of the sampling rate, a-value, bin size, and 

sharing parameters, and amount of geologic complexity within the survey region. 

 Although a detailed geologic interpretation is not our objective here, it is 

important to note that the phase-weighting procedure helps us clearly address the main 

motivations of SNEP [Gilbert et al., 2007]; to discern the distribution of ultramafic 

residue formed with Mesozoic-age batholith of the central Sierra and to constrain how its 

potential delamination relates structurally to observed volcanism in eastern California 

[e.g. Zandt et al., 2004]. In regions where the Moho is weak or absent, we infer a 

gradational boundary between crust and mantle caused by the presence of intact 

ultramafic residue. Where the Moho remains sharp, it appears that the batholithic root has 
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foundered and been replaced with hot, buoyant asthenosphere. Partial melting triggered 

by the upwelling asthenosphere may create low wavespeed layers in the crust and upper 

mantle, causing the bright spots observed along the eastern side of the SNEP array and 

potentially sourcing the young magmas erupted in the eastern Sierra [e.g. Manley et al., 

2002]. 

 

5. Conclusions 

A phase-weighting approach reduces occurrences of spurious signal-generated-

noise in CCP stacks of teleseismic receiver functions. The technique retrieves the original 

converted-wave structure in stacks of noisy synthetic data, and significantly reduces 

incoherent arrivals in observed data. For the Geyokcha array, phase-weighting removes 

nearly all evidence of high-amplitude scattering generated by local structure, and 

improves the resolvability of shallow structure and the crust-mantle boundary. In the 

SNEP dataset, phase-weighting clarifies the boundaries of strong vs. weak conversions 

from the Moho, and highlights bright spots in the crust and upper mantle that may result 

from the presence of partial melt. These observations help demarcate the boundary of 

foundered lithosphere beneath the Sierra Nevada. Experimenting with different phase-

weights and comparing to linear stacks provides an excellent framework for 

understanding and significantly reducing the noise content in stacked receiver functions. 
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Figures 

 

Figure 1: Synthetic receiver function stacks for Model 1: Vp/Vs = 6.1/3.58 km/s crust 

over Vp/Vs = 7.7/4.3 km/s mantle. Moho dips westward. All panels include the noiseless 

receiver function stacks (black). Panel A presents noise-less stack with phase-weighting 

(green). Panel B shows linearly stacked, noisy data. Panel C shows the phase-weights 

corresponding to Panel B. Panel D shows the phase-weighted stack (v=1) of Panel B. 

Colors in panels B and D saturate at ±0.15 for red (+) and blue (-) to represent variation 

in amplitude relative to the P-wave. Shading for panel C varies between white (0) and 

black (1). 
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Figure 2: Synthetic receiver function stacks for Model 2. See Figure 1 for description of 

panel layout and colors. 
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Figure 3: Record section showing the moveout of the scattered phase Px across the 

Geyokcha array on a=6.7 receiver functions, redrawn from Abers [1998]. The red 

receiver functions from three stations are stacked with phase-weighting. 
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Figure 4: Phase-weighted stacks for receiver functions using a=2.5 and a=6.7 generated 

from the example in Abers [1998]. The green lines represent the linearly stacked receiver 

function while the black line shows the value of phase-weights at varying depths. 

Corresponding to each stack, the phase-weighting residual represents the absolute value 

of the difference between the linear and phase-weighted amplitudes. Yellow boxes 

highlight the range of arrival-times for the scattered phase between 4 and 6 seconds. 

Arrows identify prominent peaks in the residual, highlighting zones of reduced noise. 
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Figure 5: Linearly stacked receiver functions (top), phase-weights [0-1] (middle), and 

noise-suppressed (v=1) stacks (bottom) for transects 8 and 21 (shown on map) from 

SNEP. Reference maps show location of study area, outline of the Sierra Nevada and 

location of CCP transects for these and Figure 6. 
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Figure 6: Linearly stacked receiver functions (top), phase-weights (middle), and noise-

suppressed (v=1) stack (bottom) in descending order for transect 10 (see Figure 5). 
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Abstract 

We characterize the crust and upper mantle beneath the Sierra Nevada batholith 

and its surroundings with a large dataset of teleseismic receiver functions. We use 

receiver functions, Wadati diagrams from deep local earthquakes, and petrologic 

modeling of lower crustal xenoliths to map variations in Vp/Vs and properly migrate P-

to-S conversions from the Moho. Crustal Vp/Vs values are low in the southern and 
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central Sierra and high in the northern Sierra, eastern Sierra, and adjacent Basin and 

Range. This trend corresponds to decreasing exposures of felsic batholith and increasing 

ultramafic exposures, volcanism, and crustal extension. On receiver function transects the 

Moho changes from high amplitude and shallow (30-35 km depth) along the eastern 

Sierra and Walker Lane to low amplitude and deep (50-55 km) beneath the west-central 

foothills. These observations coincide with other petrologic and geophysical 

observations, which discern a dense mafic-ultramafic residue beneath the west-central 

Sierra. Comparing receiver functions from different parts of the batholith, the Sierra north 

of 39˚ N shows less evidence for developing or retaining a similarly substantial residue. 

The asymmetry in the lithospheric structure beneath the central Sierra, evident in seismic 

observations and modeled with synthetic receiver functions, suggests that foundering of 

this residue proceeds from southeast to northwest. Foundering sharpens the seismically 

resolvable Moho by removing its underlying lithospheric mantle and induces upwelling 

of asthenosphere to replace the delaminating material. Subsequent melting manifests in 

measurements of high crustal Vp/Vs, negatively polarized arrivals in receiver functions, 

and recent volcanism along the eastern Sierra; all of which further demonstrate the 

impact of the lithospheric foundering process. 

 

1. Introduction 

The Sierra Nevada show the aftermath of massive crustal melting and felsic 

plutonism generated within Cordilleran batholiths [e.g. Ducea, 2001]. Xenoliths collected 
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from across the region provide a rare and direct window into the process of lithospheric 

foundering [e.g. Saleeby et al., 2003]. Diverse evidence suggests that, following the 

demise of the subducting Farallon plate and development of a dextral transform which 

persists today [e.g. Dickinson and Snyder, 1979], gravitationally unstable lower crust and 

lithospheric mantle foundered beneath the southern Sierra and were replaced by more 

buoyant asthenosphere [Ducea and Saleeby, 1996; Zandt et al., 2004]. This process may 

explain why the Sierra maintains a high elevation in the absence of tectonic compression 

[e.g. Wernicke et al., 1996]. Development of dense residue beneath continental arcs, the 

eventual foundering of this so-called “arclogite”, and its ramification upon Cordilleran 

evolution has been recognized in the Sierra and elsewhere [e.g. Kay and Kay, 1991, 

Ducea, 2001, Kelemen et al., 2003; DeCelles et al., 2009]. This study uses a large 

teleseismic dataset to provide a detailed analysis into the structure and tectonic evolution 

of the Sierra Nevada and examine evidence for current foundering beneath the central 

Sierra. 

 

1.1. Geologic and Tectonic Overview 

 The Sierra and its immediate surroundings consist of Paleozoic- and Mesozoic-

age metamorphic and plutonic basement that extends eastward from the Great Valley 

across westward sloping topography and terminates along a system of normal faults 

bordering the Basin and Range [Christensen, 1966; Bateman and Eaton, 1967; Bateman, 

1988] [Figure 1]. Its structural framework stems mostly from the amalgamation of 
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terranes and genesis of new continental crust during Mesozoic-age ocean-continent 

subduction. Accreting island arcs welded volcanic and sedimentary rocks onto the 

continental margin, which was subsequently intruded by widespread plutonic bodies 

[Dickinson, 1981; Schweickert, 1981, Dickinson, 2008]. Thrusting, folding, and high 

pressure metamorphism from a Jurassic-age collision developed the extensive Foothills 

Metamorphic Belt in the central and northern Sierra [Schweickert et al., 1984]. Granitoid 

plutons are concentrated in the southern and central batholith and are distributed more 

diffusely across the northern Sierra [Bateman and Eaton, 1967; Bateman, 1988]. The 

exposed section of batholith varies in composition mostly from quartz diorite to 

granodiorite and becomes increasingly mafic moving westward [Bateman and Eaton, 

1967]. The mafic portion of batholith extends at least to the axis of the Great Valley and 

includes a significant amount of mafic cumulates [May and Hewitt, 1948; Saleeby, 

2007]. Significant arc magmatism and development of the large batholith visible today 

appears largely confined to distinct phases from 160-150 and 100-85 Ma [Ducea, 2001]. 

Though flat subduction during the Laramide dismembered the batholith across the 

Mojave and helped exhume the southernmost Sierra; much of the range remained largely 

undisturbed until about 30 Ma [Saleeby, 2003]. The formation and northward migration 

of the Mendocino triple junction and development of the San Andreas Fault opened a slab 

window beneath the region [Dickinson, 1979; Dickinson, 1981]. Tectonic reconstructions 

show that the southern edge of the subducting Juan de Fuca plate passed beneath the 

southern Sierra at 20-15 Ma, cleared the central Sierra by 5 Ma, and is now located north 

of Lake Tahoe [Atwater and Stock, 1998]. A westward sweep of basaltic andesite and 
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dacite magmas into the central and northern Sierra from 20-15 Ma represents the 

emergence of the ancestral Cascade arc north of Yosemite National Park and south of 

Lake Tahoe [Busby et al., 2008; Busby and Putirka, 2009; Cousens et al., 2008]. 

Numerous basaltic magmas began erupting through the southern and central Sierra and 

adjacent Basin and Range beginning in the Miocene [e.g. Manley et al., 2000]. A 

Pliocene-age episode of K-rich volcanism in the central and eastern Sierra indicates 

melting and remobilization of Precambrian mantle lithosphere and was followed by 

basaltic and bimodal eruptions across the eastern Sierra and Walker Lane [Manley et al., 

2000; Farmer et al., 2002]. 

 

1.2. Evidence for Lithospheric Removal 

Thermobarometry of xenoliths erupted via Miocene-age and younger volcanism 

reflects a distinct change in the composition, density, temperature, and vertical extent of 

the lower crust and mantle lithosphere. Volcanism across the central Sierra at ~10-8 Ma 

erupted xenoliths of mostly mafic granulite and garnet-clinopyroxenite and ultramafic 

websterite and garnet peridotite from depths exceeding 100 km [Mukhopadhyay and 

Manton, 1994; Ducea and Saleeby, 1996]. The xenoliths reach eclogite-facies at ~40 km 

depth, sample crustal material to ~65 km, and are comprised from cumulates and residual 

source developed during the production of felsic granitoids [Ducea and Saleeby, 1996; 

Ducea and Saleeby, 1998a]. Xenoliths from the Quaternary-age volcanic centers show no 

evidence of garnet and are dominated by lherzolite and harzburgite from as shallow as 35 

km depth. P-T conditions of 1200 ˚C at 1-1.2 GPa recorded by these samples indicate that 



  
 

97

convective asthenosphere encroaches at shallow depths beneath the eastern Sierra [Ducea 

and Saleeby, 1996]. The garnet-rich residue equilibrated almost entirely during the 

Cretaceous, and due to its extremely high density (~3500 kg/m3) Ducea and Saleeby 

[1996; 1998b] suggest that its foundering triggered the upwelling of asthenosphere and 

corresponding change in the density of the mantle needed to support the currently high 

eastern Sierra. Replacement of dense residue with hot asthenosphere also represents a 

potential trigger for the extension and volcanism occurring since the Pliocene in the 

eastern Sierra and western Basin and Range [Jones et al., 2004]. 

 Geophysical observations across the southern Sierra support this explanation. 

Numerous recent investigations [Jones et al., 1994; Fliedner et al., 1996; Ruppert et al., 

1998; Jones and Phinney, 1998; Zandt et al., 2004] conclude that little to no mantle 

lithosphere remains beneath the southern Sierra, and that its high elevations do not 

coincide with a crustal root. Instead, the predominantly granitoid crust is likely supported 

by a region of seismically slow, conductive, buoyant upper mantle [Fliedner et al., 1996; 

Savage et al., 2003; Park, 2004]. Tomographic and magnetotulleric images [Benz and 

Zandt, 1993; Jones et al., 1994, Boyd et al., 2004; Park, 2004; Yang and Forsyth, 2006]  

of adjacent upper mantle beneath the Great Valley and western foothills reveal a 

cylindrical zone of fast, resistive material ranging from the base of the crust to nearly 250 

km depth. This feature, commonly referred to as the “drip” or “Isabella anomaly” [Figure 

1], is interpreted as downwelling lithospheric mantle delaminated from the southern 

Sierra [Saleeby et al., 2003; Zandt et al., 2004] and linked to observations of subsidence 

beneath the southern Great Valley [Saleeby and Foster, 2004]. 
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Numerous investigators and methods contest the timing and magnitude of major 

elevation changes, if any; throughout the Sierra during the Cenozoic [see Cassel et al., 

2009 for a summary]. Westward tilt observed in strata and preserved in faulting along the 

eastern escarpment suggests that the Sierra gained up to 2 km in elevation over the last 

several million years [Huber, 1981; Unruh, 1991; Wakabayashi and Sawyer, 2001]. 

Evidence for the lithospheric foundering coincides generally with the timing and location 

of this uplift, and has been invoked as a potential trigger [e.g. Jones et al., 2004]. 

 

1.3. Motivation for the Sierra Nevada EarthScope Project 

These findings favor the removal of a garnet-rich residue from beneath southern 

Sierra Nevada since ~10 Ma, producing a corresponding magmatic and potentially 

topographic response. Observed geophysical heterogeneities in the central and northern 

Sierra may relate to the ongoing presence and removal of batholithic residue. Reduced 

heat flow measurements transition from some of the lowest values in North America 

along the foothills (15-20 mW/m2) to substantially higher measurements in the eastern 

Sierra and adjacent Walker Lane (>60 mW/m2) [Lachenbruch and Sass, 1977; Saltus and 

Lachenbruch, 1991; Blackwell and Richards, 2004]. A similar trend manifests in Bouguer 

gravity, which drops ~200 mgal eastward to a regional low centered along the eastern 

Sierra [Oliver, 1977]. Observations from seismic refraction studies demonstrate 

directional dependence, indicating that a complicated Moho underlies the western portion 

of the Sierra [Jones, 1987; Savage et al., 1994]. 
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Structural imaging with teleseismic converted waves provides the opportunity to 

characterize the crust and upper mantle throughout the entire Sierra Nevada. 

Understanding variations in the thickness of the crust, its internal structure, bulk 

composition, and relation to the underlying mantle constrains the presence or absence of 

batholithic residue and features generated by its removal. In addition to using converted 

waves as a structural mapping tool, we place our findings within a more complete context 

by incorporating arrivals from local earthquakes and modal compositions from xenoliths 

which sample the residue. 

 

2. Teleseismic Data and Receiver Function Analysis 

2.1. Station and Event Selection 

The Sierra Nevada EarthScope Project (SNEP) deployed an array of broadband 

seismometers in the central and northern Sierra Nevada from May 2005 through 

September 2007 [Figure 2]. Our dataset encompasses 166 three-component intermediate-

period and broadband instruments, including 90 from SNEP and the remainder associated 

with regional and global seismic monitoring, EarthScope’s USArray, the Sierra Paradox 

Experiment (SPE) [Zandt et al., 2004], and previous other temporary deployments [Jones 

and Phinney, 1998; Wilson et al., 2003]. Aside from a dense line of 14 stations through 

Yosemite National Park, most stations are spaced ~20-25 km apart. 

We consider events from great-circle-path distances of 25-95˚ for direct P-arrivals 

and 95-180˚ for direct PP, occurring from July 1993 through September 2007. The 
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inclusion of PP increases azimuthal distribution of events. In order to ensure a sufficient 

volume of data, we adjust a magnitude cutoff for specific stations; collecting events with 

M >5 for temporary deployments, M >5.6 for USArray sites, and M >6 for permanent 

stations. Our event dataset incorporates events from all back azimuths and a wide range 

of distances, but contains mostly earthquakes occurring in circum-Pacific subduction 

zones [Figure 3]. We calculate the root-mean-squared amplitude for a time-window 35 

seconds prior to the P-wave arrival and 20 seconds following in order to determine the 

signal-to-noise ratio (SNR) of each event. Any events with a SNR <2 are discarded. 

 

2.2. Receiver Function Processing, Attributes, and Stacking 

Receiver functions [e.g. Langston, 1979] have become a standard way to measure 

the structure of the crust and upper mantle. We band-pass seismograms from 0.15-5 Hz to 

isolate interference from the microseism and human-induced noise, rotate into the R-T-Z 

coordinate system, and calculate receiver functions using iterative, time-domain 

deconvolution [Ligorría and Ammon, 1999]. This process constructs a time series of 

Gaussian spikes using a cross-correlation of the vertical and radial component 

seismograms. The deconvolution removes source and instrument effects to preserve P-SV 

conversions (hereafter called Ps) generated by an up-going teleseismic P-wave interacting 

with subhorizontal discontinuities. 

Varying a, the width of the Gaussian used during deconvolution, changes the 

frequency spectra. By serving as a low-pass filter it restricts the minimum wavelength of 
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the signal and thus limits the detail in converted-wave structure recoverable by each 

receiver function. For SNEP we have generated receiver functions using a-values of 1, 

2.5, and 5. These impart widths of 1.67, 1, and 0.5 seconds for each Gaussian and 

correspond to low-pass corner frequencies of 0.5, 1.2, and 2.4 Hz respectively. Using a 

¼-wavelength calculation with a shear-wavespeed of 4 km/s, receiver functions 

corresponding to these a-values only recover layers with thicknesses greater than 2.0, 0.8, 

and 0.4 km.  

The amplitude, timing, and magnitude of Ps and its reverberations depends 

largely on the shear-wavespeed contrast, density contrast, discontinuity thickness, and 

Gaussian [Owens and Zandt, 1985; Juliá, 2007]. A positively polarized Ps (e.g. the 

Moho) represents increasing wavespeed descending across a discontinuity, while 

negative polarization indicates decreasing. To the first order, the sharpness and amplitude 

of Ps relates to the thickness and magnitude of the shear wavespeed and density 

impedance contrast. We normalize receiver functions so that the P-wave has unit 

amplitude equal to 1 near 0 seconds lag-time, generally increasing the absolute 

amplitudes of subsequent Ps conversions. 

We accept receiver functions if they fit 80% of the signal and exhibit waveform 

qualities consistent with the expected response for a normalized radial receiver function: 

the maximum amplitude equals 1 near 0 seconds lag-time, negative amplitudes do not 

exceed -1, and the direct P is not preceded by a negative trough or significant delay. 

Additional spurious data were removed after visual inspection, and in several cases 

specific back-azimuths or entire stations were omitted due to the presence of excessive, 
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harmonic signal. To avoid biasing stacked data, we eliminate receiver functions with 80-

95% variance reduction at several permanent stations with substantially more data than 

neighboring SNEP stations. An initial 69520 qualifying P and PP seismograms represent 

unique event-station pairs before deconvolution, and we produce 44683 radial receiver 

functions covering three a-values (a=1: 13829, a=2.5: 15646, a=5: 15208). 

We utilize common-conversion-point (CCP) stacking [Dueker and Sheehan, 

1997; Gilbert et al., 2003] to migrate receiver functions to depth. The CCP technique 

weights and averages the amplitudes of separate traces that sample a similar region of the 

subsurface. Our approach generally obeys the steps described by Dueker et al. [1998] and 

Gilbert et al. [2003]. Here we rotate the stacking bins to 30˚ counterclockwise from north 

to follow the strike of the Sierra Nevada [Figure 2]. To account for the +3 km of relief 

across SNEP we apply an elevation-static correction to sea level. Migration to depth 

incorporates two-dimensional, laterally varying P-wavespeed and Vp/Vs values for the 

crust. P-wavespeeds are calculated from deviation in percentage from IASP91 [Kennett 

and Engdahl, 1991] for the 20 km depth slice of the SNEP teleseismic P-wave 

tomography [Reeg et al., 2008]. Estimates for crustal Vp/Vs combine elastic parameters 

modeled from xenoliths [Ducea and Saleeby, 1996; Hacker and Abers, 2004], Wadati 

diagrams from local earthquakes [Wadati, 1933, Hurd et al., 2006], and systematic 

variations in the arrival time of the direct Ps conversion and its 2P-multiple from the 

Moho observed in CCP stacks [Zandt et al., 1995]. 

Depth-domain receiver functions are back-projected along their incoming ray-

paths and distributed into a grid of bins spaced at 15 km intervals, with each bin having a 
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horizontal radius of 20 km and vertical thickness of ½ km. By sharing data across bins we 

close gaps in data coverage caused by non-uniform spacing or stations with smaller 

datasets and improve our geologic interpretations by enhancing the lateral coherency of 

observed structures. Bins sampled by less than 10 receiver functions are eliminated. 

Amplitudes of Ps phases are rescaled to account for the wide range of distances for 

events used [Figure 3]. All receiver function amplitudes are multiplied by ir/i, where ir is 

a depth-invariant reference angle (20˚) and i is the incidence angle calculated from the 

slowness of the P-wave for each receiver function. 

To suppress signal-generated-noise found in receiver functions [e.g. Abers, 1998; 

Clouser and Langston; 1995; Morozov, 2004], we adopt the phase-weighted stacking 

approach of Schimmel and Paulssen [1997]. Phase-weighting reduces incoherent noise in 

stacks by multiplying the amplitude at each depth with the sum of the corresponding 

stacked instantaneous phases for the stacked receiver functions. Coherent structures such 

as the Moho are retained and incoherent noise is down-weighted. Frassetto et al. [In 

Prep.] fully discusses this technique and its application to SNEP. 

To map the crust-mantle boundary in the CCP volume we automatically select the 

largest positive conversion from 20-70 km depth at each bin, and then progressively 

refine these picks to their proper depth range using a visual inspection. We use 100 

bootstrap resamplings [Efron and Tibshirani, 1986] to calculate the error of the picked 

depth and amplitude for each bin. To remove outliers, we reject 33% of picks lying 

farthest from the median value for the picked Moho and then calculate the standard 
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deviation (σ) of the remaining values. Depth estimates with significant error (σ >5 km) 

are omitted. 

 

2.3. Crustal Thickness vs. Vp/Vs Trade-Off Analyses 

 There is a trade-off in the relationship between crustal thickness and its Vp/Vs 

ratio [Ammon et al., 1990], and assuming constant Vp/Vs ignores its considerable 

variation due to age, tectonic history, and composition of crustal rocks [Zandt and 

Ammon, 1995; Christensen, 1996]. For example, consider a receiver function with a Ps 

conversion from the Moho arriving at 5 seconds and a ray parameter of 0.06 km/s. 

Migrating this arrival to depth while assuming a standard crustal P-wavespeed (Vp = 6.4 

km/s) and a Vp/Vs of 1.7 yields an estimated crustal thickness of 43.7 km, but increasing 

Vp/Vs to 1.9 decreases crustal thickness to 34.1 km. Furthermore the variability of crustal 

Vp/Vs has been shown to occur over small distances, and may be observed at stations 

which densely sample a wide range of azimuths [Frassetto et al., 2006]. To determine 

Vp/Vs across SNEP we compare the arrivals of the primary conversion and its 

reverberations. The timing of these arrivals when plotted against ray parameter clearly 

differ in slope [Gurrola et al., 1994], and relating travel-times for a direct Ps, its 2P-

multiple (PpPs), and 2S-multiple (PsPs) allows us to determine crustal Vp/Vs [Zandt et 

al., 1995]. 

We examine the trade-off between thickness and Vp/Vs of the crust throughout 

the Sierra, using SNEP to evaluate the usefulness of both single and multiple station 
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methods for obtaining these parameters. For single stations the popular H-K method 

migrates each receiver function to the Ps, 2P, and 2S travel-times for a range of 

thicknesses and Vp/Vs values, weights the amplitude of each arrival, and sums the 

receiver functions [Zhu and Kanamori, 2000]. The maximum value of the stack 

represents the ideal crustal thickness-Vp/Vs solution for that station. We apply phase-

weighting to this technique after Crotwell and Owens [2005], and perform this analysis 

using different weighting schemes (70-20-10, 33-33-33, and 50-50-0 corresponding to the 

Ps, 2P and 2S phases) for a=2.5. A grid-search with 50 bootstrap iterations is performed 

to estimate error, and we reject measurements with standard deviation (σ) >0.05 or 5 km 

for Vp/Vs and crustal thickness, respectively, as well as stations with multiple maxima. 

The density of data associated with SNEP encourages a more detailed approach 

where crossing rays improve the lateral coherency of the Moho and its reverberations. 

Systematic variations in arrival times of Ps and 2P have been used to map variations in 

crustal Vp/Vs for dense transects and regional arrays [Kind et al., 2002; Gilbert and 

Sheehan, 2004, Calkins et al., Submitted]. We migrate the CCP volume to depth for Ps 

and 2P for a=1. The lower frequency increases amplitude, coherency and smoothness of 

the migrated interface. The data are stacked with a variable Vp and constant Vp/Vs of 

1.7, pseudo-depths for the Moho are picked and then converted back to arrival times 

using an average ray parameter for the dataset (0.057 s/km). Each bin thus yields tPs and 

tPpPs, which relate to Vp/Vs. Uncertainties from the initial picks are retained in 

subsequent calculations and mapped into Vp/Vs. 
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Dip of the Moho [Hayes and Furlong, 2007; Lombardi et al., 2008] complicates 

the trade-off by causing an apparent decrease in crustal thickness and increase in Vp/Vs. 

Lombardi et al. [2008] demonstrate that an interface dipping >5˚ perturbs Vp/Vs 

estimated using H-K stacking beyond a reasonable range of error (0.05). Moving east to 

west beneath the central Sierra the migrated Ps image shows a westward dipping Moho 

while its 2P-multiple shallows by ~10 km. Because about one-third of teleseisms 

recorded by SNEP propagate up-dip from southwesterly sources, the corresponding 

trade-offs show Vp/Vs increasing from ~1.8 to 2.0 as the apparent crustal thickness 

rapidly decreases. Modeling results by Lombardi et al., [2008] show that an interface 

dipping >15˚ could produce the extreme trends in Vp/Vs observed here. We remove all 

data associated with this pattern, and reject measurements with the error criteria 

previously established for estimates using H-K stacking. The remaining measurements of 

Vp/Vs, Moho depth, and amplitude of the conversion are inspected visually and 

interpolated into 5 x 5 km grids after Sandwell [1987]. 

 

3. Observations 

The crust and upper mantle beneath SNEP are densely sampled by receiver 

functions. The average CCP bin for a=2.5 at 40 km depth stacks ~106 receiver functions 

with a mean variance reduction of 90.5%. Measurements for Ps amplitude and Vp/Vs 

calculated from receiver functions, local earthquake arrivals, and xenoliths have generally 

small errors [Table 1] and permit thorough and confident interpretation. 
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3.1. Crustal Vp/Vs 

 We compile estimates of crustal Vp/Vs using three different sources: local 

earthquake arrivals, modeling of xenoliths, and receiver functions. These observations 

complement each other, with data from local earthquakes and xenoliths covering the 

western foothills of the Sierra where estimates from receiver functions are generally 

unreliable. We initially consider measurements from H-K stacks. Only 31-37% of 

stations satisfy our criteria for quality of measurement. The three weighting schemes 

produce nearly identical trends, only measuring low Vp/Vs at a few stations in the 

western foothills but finding Vp/Vs >1.8 at a majority of sites across the Sierra and 

Walker Lane [Figure 5A]. Numerous stations deployed along the entire length of the 

batholith produce pervasively high estimates. The prevalence of high Vp/Vs associated 

with crust comprised predominantly of felsic granitoids seems unlikely. Move-out plots 

and CCP stacks show potential biasing from dipping Moho throughout the central Sierra 

and shallow mantle structure, which arrives prior to the 2P-multiple and may stack 

constructively for stations along the eastern half of SNEP. This combination creates a 

broad domain of high apparent Vp/Vs. 

Although single station estimates are useful in many cases, calculating Vp/Vs 

from CCP stacks improves the ability to discriminate between spurious and authentic 

arrivals and ensures accurate picks for Ps and 2P. Estimates from picked arrivals in the 

CCP stacks produce significantly more detail than the single station approach [Figure 

5B]. Complicated structure in the northern foothills and the dipping Moho in the central 
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Sierra preclude complete measurements, but the remainder of the Sierra and western 

Basin and Range are covered. A large portion of the batholith and its surroundings 

produces Vp/Vs between 1.6-1.78. This encompasses the measured average (1.73) for 

Mesozoic and Cenozoic orogens [Zandt and Ammon, 1995], a value (~1.7) expected for 

the prevailing quartz- and feldspar-rich plutons [Christensen, 1996] throughout the 

batholith, and measurements (1.71-1.76) from samples of tonalite collected in the central 

Sierra [Fliedner et al., 2000]. However, several pockets of unusually high Vp/Vs occur 

throughout SNEP’s footprint, including the portions of the northern Sierra and adjacent 

foothills, northern Walker Lane, eastern California shear zone, and near several volcanic 

centers in the eastern Sierra. 

 Unusually deep seismicity occurs beneath the western Sierra and its central 

foothills [e.g. Wong and Savage, 1983; Miller and Mooney, 1994; Pitt et al., 2005]. 

These earthquakes occur throughout the crust to below 40 km depth, vary significantly in 

mechanism, and locate in both a diffuse cluster beneath the foothills north of Fresno and 

a confined zone in the southern portion of Yosemite National Park. SNEP recorded and 

located many of these events [Hurd et al., 2006], and we generate Wadati diagrams 

[Wadati, 1933] for earthquakes from 33.1-46.2 km depth [Figure 4]. We pick tp relative 

to the origin and plot a linear regression versus ts-tp. The slope of the trend line plus one 

integrates the Vp/Vs resolved along the path of the up-going ray. Regression of arrivals 

from 214 event-station pairs yields crustal Vp/Vs of ~1.72 and a corresponding 

R2=0.9778. This result shows that the upper ~30 km of crust in the west-central Sierra is 
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probably a low Vp/Vs granitoid. This value matches closely the previously determined 

Vp/Vs of nearby tonalite [Fliedner et al., 2000]. 

 Characterization of the garnet-rich crustal xenoliths from the west-central Sierra 

[Ducea and Saleeby, 1996] provides the necessary constraints for modeling their seismic 

response. These garnet-clinopyroxenites and feldspathic granulites are chemically 

distinctive with significant amounts of garnet and clinopyroxene and lesser proportions of 

orthopyroxene and plagioclase. We take major element compositions in weight 

percentage for clinopyroxene, orthopyroxene, garnet, and plagioclase for thirteen samples 

[Mihai Ducea, Personal Communication] of the mafic Miocene-age xenoliths and 

calculate the proportional amounts of various mineralogical endmembers using a standard 

procedure [Klein and Hurlbut, 1999] [Table 2]. Additionally, we use a modal calculator 

to provide precise constraints on the distribution of the garnet [Locock, 2008]. Overall 

these results are consistent with the observed mineral chemistry from direct observation 

[Ducea and Saleeby, 1996]: clinopyroxene is primarily diopsidic, orthropyroxene is 

dominated by enstatite, garnet is split between pyrope and almandine with significantly 

less grossular, and anorthite exceeds albite with a small amount of K-feldspar. 

 The elastic responses of single crystals are known for a variety of mineral modes, 

and integrating these with estimated pressure and temperature yields the seismic 

properties of a rock. To determine a realistic distribution of minerals, we use modal 

proportions predicted by thermodynamic modeling for the residue produced by melting 

basalt with 1% water at 1 and 1.5 GPa see Ducea, 2002 and Saleeby et al., 2003 for 

additional description of the modeling process]. We scale the percentages of specific 
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minerals to these proportions and use the analytic spreadsheet of Hacker and Abers 

[2004] to model the predicted density, Vp, and Vs for each rock. We consider three 

theoretical garnet-clinopyroxenites and three felsic granulites generated by melt fractions 

of 0.15, 0.30, and 0.45 [Saleeby et al., 2003] [Table 3]. Both rocks are dominated by at 

least 50% clinopyroxene, with varying amounts of garnet, orthopyroxene, plagioclase and 

a small amount of accessory minerals such as hornblende [Ducea, 2002 and Saleeby et 

al., 2003]. As melting proceeds density increases and Vp/Vs decreases slightly for felsic 

granulites and increases slightly for garnet-clinopyroxenite. For both residual materials 

Vp/Vs ranges between 1.79 and 1.80. As previously recognized [Ducea and Saleeby, 

1996], even the lightest of these rocks are calculated to be extremely dense (3509-3539 

kg/m3). The felsic granulites are also abnormally dense (3421-3432 kg/m3) relative to 

common peridotite mantle (3300 kg/m3). 

 Thoroughly observing Vp/Vs provides several benefits. Quantifying its variability 

across the SNEP footprint enables effective depth migration of the receiver functions, 

particularly in the central Sierra where a dipping and low amplitude Moho prevents direct 

estimate of crustal Vp/Vs from receiver functions. Calculations of Vp/Vs from deep local 

earthquakes and xenoliths in the central Sierra show a distinct increase of Vp/Vs with 

depth, reflecting the increasingly mafic composition of plutons emplaced beneath the 

Sierra [Saleeby et al., 2003]. Having the rare opportunity to directly sample and study 

“current” lithospheric material also provides important constraints when developing 

seismic models, which we later demonstrate. 
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3.2. Moho Depth 

 Depth to the Moho varies considerably across the Sierra Nevada and surroundings 

[Figure 6]. We detect some of the thickest crust in North America beneath the western 

foothills, where a localized crustal welt exceeds 50 km depth. This feature is best 

resolved and most laterally coherent in lower frequency receiver functions calculated 

with a Gaussian of a=1. Although previous studies [Jones and Phinney, 1998; Fliedner et 

al., 2000; Zandt et al., 2004] constrain 40+ km thick crust and imply the presence of a 

deep root [Louie et al., 2004], these results are the first to explicitly define a deep Moho 

here. 

 The Moho shallows considerably away from the welt. Conversions occur at only 

~35 km along the crest of the range, which clearly defines the crustal thickness paradox 

of the High Sierra. The crust thins across the eastern California shear zone and the 

northern Walker Lane to 25-30 km depth. This observation supports an initial 

compilation of crustal thickness estimates from controlled-source experiments 

[Heimgartner et al., 2006]. The Moho shallows above 30 km beneath sections of the 

northern foothills as well, in close proximity to welt of crust beneath the central foothills. 

 

3.3. Moho Amplitude 

 The Moho is clearly defined on low frequency receiver functions, and variations 

in the amplitude of its Ps conversion can be used to evaluate regional changes in the 
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seismic impedance contrast at the crust-mantle boundary [Figure 7]. Small amplitude 

arrivals denote a gradational or minor increase in shear wavespeed and density across the 

Moho, while large amplitudes denote the opposite. The Moho changes systematically 

throughout the Sierra. For all three a-values, it is most sharply defined in the southern 

and eastern Sierra and Walker Lane, exceeding 40% of the normalized P-wave amplitude 

in some areas. Conversely, the Moho dims steadily westward under the deepest sections 

of the foothills, and is <10% of the P-wave amplitude throughout the western foothills of 

the Sierra. 

 

3.4. Structural Transects 

 We interpret along- and across-strike transects from the phase-weighted CCP 

stacks [Figure 2]. On the majority of the images, the Moho appears clearly as a coherent, 

positive arrival. We select transects which portray the representative changes in the 

structure of the lithosphere across the Sierra and discuss receiver functions for a=1 and 

a=2.5. Our descriptions focus generally on the Moho and upper mantle structures in 

along-strike profiles and crustal features in across-strike profiles. 

 

3.4.1 Sierra Nevada, Along-Strike 

The crust and upper mantle beneath the western Sierra adjacent to the Great 

Valley appear seismically homogeneous, with few prominent arrivals [Figure 8 (A-A’)]. 

At the northern and southern ends of the foothills we observe direct arrivals or 2P and 2S 
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reverberations from the Moho in the upper mantle, which become more distinct moving 

eastward. A well-defined Moho extends north from the Garlock Fault, deepening and 

decreasing in amplitude under the west-central foothills. Beneath the northern foothills a 

clearly defined Moho dips northward from 25-35 km depth. These two boundaries are 

separated for ~200 km by very weak or absent conversions from the Moho, the southern 

portion of which Zandt et al. [2004] termed the “Moho Hole”, to describe the region 

bordering the Great Valley which lacked a detectable Moho. 

Despite the low amplitude of conversions from the Moho in the western Sierra, 

dense station and event coverage and lower frequency receiver functions resolve 

incoherent, low amplitude Moho at 50-55 km depth under portions of the west-central 

foothills [Figure 8 (B-B’)]. The structure is likely real. It does not appear to be a 

reverberation from a shallower conversion, and CCP bins containing this interface have 

coherent phase-weighting values in this range. Its proximity to the nearby shallow Moho 

beneath the northern foothills is unusual, since there is no major gravity anomaly which 

accounts for such a rapid shift in crustal thickness [Oliver, 1977].  

 Transects through the High Sierra display coherent and high amplitude arrivals 

from the Moho along the length of the range [Figure 8 (C-C’, D-D’, E-E’)]. There is no 

crustal root corresponding to the high elevation. Instead the crust is thickest in the west-

central Sierra and thins rapidly to the north but gradually to the east and south. The Moho 

shallows from ~45 km to 30-35 km depth laterally along the crest. We observe an abrupt 

offset along the Moho, where in the northern Sierra it appears to change by ~10 km 

across one stacking bin. 
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Conversions from upper mantle structure increase in number and amplitude as 

SNEP extends into the Great Basin. High amplitude, negative receiver function arrival 

“bright spots” are prevalent beneath Owens Valley and the northern Walker Lane. The 

coherency of the negative arrival beneath the Moho [Figure 8 (D-D’, E-E’)] suggests that 

it may be a regional-scale feature. At depths from 90-140 km we observe the 2P-multiple 

from the Moho which migrates as a positive conversion in the upper mantle. Confident 

picks for these arrivals are used in the Vp/Vs calculation. However in several areas a 

weak, positive, direct conversion is visible 90-100 km depth. We observe hints of this 

feature in move-out plots from stations in the eastern Sierra. This direct conversion may 

result from the bottom of the slow layer modeled in regional waveforms [Savage et al., 

2003]. 

 

3.4.2 Sierra Nevada, Across-Strike 

Receiver function transects crossing the southernmost Sierra display an extremely 

high amplitude Moho dipping gently to the west-southwest [Figure 9 (F-F’, G-G’)]. 

Starting at the Garlock Fault, the crust and upper mantle contain several pronounced 

negative conversions across the width of the batholith. Continuing northward, the Moho 

remains flat beneath Owens Valley before dipping 10-15˚ westward beneath the High 

Sierra and dimming gradually. The hinge-line of dip occurs roughly beneath or slightly 

inboard of the eastern escarpment. 

The structural asymmetry beneath the Sierra becomes more pronounced moving 

northward beneath the High Sierra. The amount of conversions generated in the crust 
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reduces noticeably from east to west. Almost no conversions appear on transects in the 

foothills and the western half of the Sierra [Figure 9 (H-H’, I-I’, J-J’, K-K’)]. In contrast, 

“bright spots” concentrate in the eastern Sierra, particularly along Owens Valley. A 

transect across the White Mountains shows a positive arrival overlying the lower crustal 

negative. This feature may relate to the zone of seismic anisotropy previously modeled in 

the lower crust [Zandt et al., 2004]. 

A transect through Long Valley and skirting southern Yosemite National Park 

[Figure 2] relates the change in the character of the crust, Moho, and upper mantle to the 

ongoing pattern of deep seismicity in the area [Figure 9 (K-K’)]. Crustal earthquakes 

segregate into distinct clusters, one within the seismically homogenous crust above 

dimmed Moho, and the other a pipe-like feature overlying where the Moho terminates 

[Hurd et al., 2006]. Furthermore, the second cluster locates above a trend of long-period 

earthquakes observed since 1994 [Pitt et al., 2002]. 

 The overall structure of the crust and upper mantle becomes more complicated to 

the north of Yosemite at lat 38°N. Unusual seismicity beneath the foothills and core of 

the range disappears, but conversions from weak, deep Moho persist beneath the western 

foothills to near the latitude of Lake Tahoe [Figure 9 (L-L’, M-M’, N-N’)]. The Moho 

dips sharply to the west, deepening by about 40 km over 5 bin intervals; which 

approaches a 25˚ dip in some locations [Figure 9 (N-N’)]. This observed topography 

likely relates to the difficulty in obtaining reliable crustal thickness measurements from 

earthquake refraction analyses [Savage et al., 1994]. To the west we observe an increase 

in the number and strength of conversions under the Foothills Metamorphic Belt. At 
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Tahoe the lower crustal earthquake swarm from 2003 [Smith et al., 2004; von Seggern et 

al., 2008] locates above a bright, sharp Moho [Figure 9 (O-O’)]. However, it is likely that 

at least some of this signal relates to residual signal-generated-noise created by the 

graben containing Lake Tahoe. 

 A local welt of crust reaches nearly 50 km depth west-northwest of Lake Tahoe 

and terminates sharply, being offset by ~10 km from the Moho located beneath the 

northern foothills [Figure 9 (O-O’)]. This offset occurs beneath a heavily faulted region 

of the FMB bounding its Paleozoic-age and Mesozoic-age sections [Figure 1]. As the 

SNEP array approaches the southern boundary of the Cascade Arc, a single, consistently 

bright Moho becomes reestablished across the Sierra [Figure 9 (P-P’)].  

 

3.5. Depth Slices 

We map the variation of CCP amplitudes across four different depths to visualize 

rapid changes in the character of the crust and upper mantle across SNEP. Slices from 

within the crust display (15-20 km) prominent “bright spots” above the Moho [Figure 

10A-B]. These are almost completely localized to the east of range’s crest, with several 

locating near volcanic centers. Slices from greater depths (50-55 km) also show the 

widespread distribution of the negative Ps throughout the upper mantle in the eastern 

Sierra [Figure 10C-D]. Unlike the crustal features, these arrivals from sub-Moho depths 

extend across nearly the entire southern and northern ends of the Sierra. Conversely the 

positive arrivals at the same levels in the west-central Sierra show the weak arrivals from 
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the Moho, emphasizing the steep westward dip of the crust-mantle boundary and general 

asymmetry of crustal thickness and structure across the range. 

 

4. Discussion and Modeling 

4.1. Relation to the Surface of the Sierra 

Both Vp/Vs measurements and structural transects link to regional trends in 

aerially distributed rocks and faulting. Along the border of the Sierra and northern 

Walker Lane, the Honey Lake Fault [Parrish, 2006] truncates a shallow, positive 

conversion to the east [Figure 9 (Q-Q’)], emphasizing a sharp boundary between the 

physiographic provinces that is otherwise not clearly defined along the eastern boundary 

of SNEP. In the southern Sierra, a downward projection of the Kern Canyon Fault (KCF) 

[Figure 1] [Parrish, 2006; Nadin and Saleeby, 2008] appears to truncate a negative 

conversion in the lower crust and matches an abrupt step in the Moho of ~15 km over 

~30 km [Figure 9 (H-H’)]. Barometric and structural analyses performed to the south 

indicate that up to 15 km of east-side-up offset occurred along the proto-KCF as it 

accommodated substantial horizontal shortening and dextral shear during the late 

Cretaceous [Nadin and Saleeby, 2008]. However, receiver function collected across that 

section of fault show no substantial change in the depth to the Moho [Figure 7 (G-G’, H-

H’)].  

A synthesis of geologic and geophysical data indicates that the KCF currently 

serves as a step-over boundary for westward tilting of the Sierra, separating increasingly 
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extended crust to the east from unextended crust to the west [Saleeby et al., 2009]. This is 

exemplified by focal mechanisms from a swarm of earthquakes confined to the west of 

the KCF [Jones and Dollar, 1986] which show purely normal faulting. At locations south 

of 36˚ N, where the Rand subduction megathrust previously disrupted overlying crust, 

extension occurs across the fault [Saleeby, 2003; Saleeby et al., 2009]. In the region of 

observed offset along the Moho, crust to the west appears unaffected by extension. The 

offset emphasizes the changing amplitude of the Moho, which transitions from a strong 

conversion occurring beneath the eastern Sierra to relatively weaker conversion to the 

west. Post-delamination magmatism and extension would enhance the Moho by lowering 

the wavespeed of the lower crust but the lack of young faulting or seismicity west of the 

offset demonstrates that extension may have yet to occur to the west of the KCF here 

[Saleeby et al., 2009]. The lack of Miocene-age or younger volcanism in this “avolcanic 

corridor” supports this interpretation as well [Farmer et al., 2002]. 

Structures in the Foothills Metamorphic Belt (FMB) appear to correspond with a 

change in the crust on CCP transects. As surface exposure of the FMB increases [Parrish, 

2006] [Figure 1], crustal Ps conversions increase moving northward [Figure 9 (L-L’, M-

M’, N-N’)] and may relate to the mid-crustal structures seen in controlled-source 

surveying [Miller and Mooney, 1994]. A positive Ps at 20-25 km depth overlies deep 

Moho beneath the FMB [Figure 9 (N-N’)] on several transects before eventually 

transitioning into a single Moho beneath the northern foothills [Figure 9 (O-O’)]. Low 

frequency receiver functions resolve this structure as it dips northward from 20 to 35 km 

[Figure 8 (A-A’)]. Stacks for different Gaussians record the transition between shallow 
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and deep Moho beneath the foothills [Figure 12]. For a=2.5, these features overlap for 

>100 km and the layer between them varies in thickness from 15-30 km. 

The crust-mantle boundary beneath the foothills more closely resembles an abrupt 

step in crustal thickness for a=1 [Figure 8 (B-B’), Figure 12]. However, other 

geophysical studies show little evidence for such an extreme offset in the Moho [Oliver, 

1977; Louie et al., 2004]. The adjacent and overlapping styles of Moho may serve as a 

gradual transition between sections of the Sierra which evolved differently as an arc. The 

crust of the western Sierra becomes increasingly complicated in the central and northern 

foothills, as numerous folds and thrusts bound a collage of serpentinized ultramafic rocks, 

metamorphosed terranes, and batholithic plutons [Schweikert et al., 1984; Parrish, 2006]. 

The amount of exposed Cretaceous-age plutons decreases in the northern Sierra as the 

Mesozoic-age batholith turns eastward into Nevada [Barton and Hanson, 1989] [Figure 

1]. The overlapping structures beneath the foothills of the northern Sierra may represent a 

transition created by a reduction in the amount of batholith produced along its western 

edge. 

Uncertainty remains regarding the development of the batholith in the northern 

Sierra. A lack of xenoliths prevents direct characterization of the lower crust and mantle 

lithosphere and corresponding determination of the presence or absence of a residue. The 

location of the Sr .706 line [e.g. Armstrong et al., 1977] in the central Sierra places the 

melting zone of the northern batholith within oceanic lithosphere, potentially limiting the 

production of garnet-rich phases [e.g. Ducea and Saleeby, 1998a]. Characterization of 

plutons in northwestern Nevada suggests that a significant amount of arc magmatism 
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occurred to the east of the northern Sierra [Barton and Hanson, 1989; Van Buer et al., 

2009]. Estimates of Cenozoic-age extension suggest that the crust within the Mesozoic-

age arc in Nevada has not been significantly stretched, and appears thin (<40 km) at 90 

Ma [Colgan et al., 2006a; 2006b]. 

The deep low amplitude Moho observed beneath the foothills could develop in 

response to the production of residue by crustal melting processes, which overprint a 

relatively shallow Moho during the Nevadan orogeny [Schweickert, 1981]. As 

magmatism diminishes northward beneath the FMB, intrusion of plutons progressively 

disrupt less of the crust and eventually reach a level low enough to not to significantly 

obscure the shallower Moho, and also not establish a seismically discernable deep Moho 

coincident with residue emplacement. Alternatively, the northern Sierra batholith may 

have developed an ecologitic residue, which subsequently foundered and occupies the 

nearby Redding Anomaly [Jones et al., 2004], similar in magnitude to the “Isabella” 

Anomaly. 

A particularly sharp offset in the Moho [Figure 8 (C-C’)’ Figure 9 (P-P’)] at the 

boundary between Paleozoic- and Mesozoic-age FMB occurs in a region with several 

closely spaced thrusts and no significant outcrops of Mesozoic granitoid [Parrish et al., 

2006]. We suggest that the lack of exposed Mesozoic-age arc accounts for structures in 

receiver functions that may relate to the original assemblage of this section of the Sierra, 

having been spared significant overprinting by arc magmatism. 

While high Vp/Vs values in the eastern Sierra are later discussed in the context of 

volcanic features, similar findings within the northern Sierra do not correspond to major 
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Quaternary-age volcanic centers [Figure 5B]. Three distinct zones of Vp/Vs >1.8 may 

link to serpentinized ultramafic rocks which outcrop across the FMB amidst Paleozoic-

age metamorphic rocks to the northwest of Lake Tahoe [Figure 1]. Serpentinite contains 

extremely high Vp/Vs (>2.0 in laboratory measurements) but also a low Vp of ~5.5 km/s 

[Christensen, 1996]. Regional tomography finds small reductions in crustal Vp but no 

large-scale anomalies near the location of these elevated Vp/Vs measurements [Thurber 

et al., 2009]. Results in Christensen [1996] show that the Vp and Vp/Vs of an average 

serpentinite at 200 MPa deviate respectively by ~15% (5.308 km/s vs. 6.246 km/s) and 

~17% (2.051 vs. 1.702) from typical plutonic rock (granite-granodiorite). The observed 

Vp/Vs increases in these regions may reflect a small amount of serpentine, but a large-

scale presence seems unlikely due to the required slowing in P-wavespeed that is not 

observed. Alternatively, the easternmost of these high Vp/Vs zones may instead relate to 

the migration of arc-related volcanism through the northern Sierran within the last 5 Ma 

[Cousens et al., 2008] 

 

4.2. Magma Bodies and Related Earthquakes 

Amplitudes from CCP stacks and measurements of Vp/Vs show considerable 

evidence for high temperatures and potential zones of partial melt in the crust and upper 

mantle along the eastern Sierra and Walker Lane. Temperatures in the lithosphere rapidly 

increase eastward [Blackwell and Richards, 2004], and the boundary between high and 

low heat-flow coincides geographically with the western edge of the “bright spots” 
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[Figure 10C-D]. The lateral coherency and sharp negative amplitude of the deeper 

boundary at 55-60 km likely coincides with the lithosphere-asthenosphere boundary 

(LAB) in this section of western North America [Figure 10C-D]. Other recent 

observations of lithospheric thickness from sparser data place the LAB from 60-70 km 

beneath the eastern Sierra [Li et al., 2007]. However, thermobarometry of nearby 

xenoliths defines an adiabat and temperatures approaching 1250 ˚C at depths of 35-40 

km, coincident with the Moho mapped with receiver functions, beneath Owens Valley 

[Ducea and Saleeby, 1996]. 

“Bright spots” at 15-20 km depth coincide with existing geophysical evidence of 

magma bodies and surface expressions of Quaternary-age volcanism, including the 

“Death Valley Bright Spot” [de Voogd et al., 1986], Long Valley and Mono Craters, and 

the Coso, Big Pine, and Golden Trout volcanic fields near and within Owens Valley [e.g. 

Manley et al., 2000] [Figure 10A-B]. Near Coso we also detect the shallow magma body 

previously imaged by a dense, small-aperture receiver function survey [Wilson et al., 

2003]. Previous observations of inferred mid-crustal magma at Death Valley and 

Socorro, New Mexico occur at similar depths of ~15-20 km [de Voogd et al., 1986] and 

receiver functions from Soccoro [Sheetz and Schlue, 1992] have similar Ps amplitude. 

Additionally, pockets of crustal Vp/Vs >1.8 appear near Long Valley, Big Pine, and 

Golden Trout volcanic fields [Figure 5B] and correlate closely with the negative arrivals 

in CCP transects, providing additional evidence towards interpreting certain prominent 

negatives conversions from as the upper surfaces of partial melt. While conductivity 

observations in the southern Sierra call for high temperatures but not widespread partial 
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melt within the crust and upper mantle, some do corroborate ~3% partial melt beneath 

Miocene-age and younger volcanic centers [Park, 2004]. 

 Earthquakes occurring beneath northern Lake Tahoe [von Seggern et al., 2008] 

and southern Yosemite National Park [Pitt et al., 2002] may result from the intrusion of 

basaltic melt into the lower crust. On CCP transects the sequence of earthquakes near 

Tahoe locates ~5 km above the Moho [Figure 9 (O-O’)], while those in southern 

Yosemite occur directly along the Moho, where it switches sharply from being marked by 

well defined a arrival at 40 km depth to producing more diffuse arrivals at greater depth 

[Figure 9 (K-K’)]. While neither cluster of seismicity locates directly within a negative 

arrival, they may relate to other features resolved in each transect. The seismicity in 

northern Tahoe underlies a small positive Ps, and neighbors a “bright spot” in the mid-

crust which may be the eastward continuation of a significant slow layer resolved by 

regional tomography [Thurber et al., 2009]. The Moho-depth earthquakes below 

Yosemite occur just beyond the western terminus of the regional bright zone in the upper 

mantle. While both clusters of seismicity are recently constrained features which merit 

further study, similar earthquakes in extreme extensional environments such as the 

Ethiopian Rift result from magma injection from zones of mantle rich in partial-melt 

[Keir et al., 2009]. 
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4.3. Moho Sharpness and Sensitivity 

The drastic change in the depth and amplitude of the Moho both along- and 

across-strike stands as one of the most intriguing findings of SNEP. Low-frequency 

receiver functions effectively map the Moho as a deep interface beneath the Sierra 

foothills, where it went undetected in previous receiver function analysis and on active-

source surveys [e.g. Fliedner et al., 1996; Zandt et al., 2004]. In the central Sierra, 

conversions from the Moho detected by SNEP become progressively weaker at high 

frequencies and almost indistinguishable at a=5 [Figure 12]. Previous studies note the 

increased coherence of the continental Moho at lower frequencies [Owens et al., 1985; 

Calkins et al., 2006], but in these cases its conversion remained discernable at higher 

frequencies (e.g. a=5). The relative invisibility of this portion of Moho demonstrates the 

drawback of limiting a receiver function dataset to a single a-value and motivates 

processing and evaluating both higher and lower frequency data. 

To better understand the response of the Moho, we consider three models for the 

increase in P- and S-wavespeed and density across the boundary; a step and constant 

gradients of 10 and 20 km in thickness. Using the ray-tracing code ray3d [Owens et al., 

1984] to generate synthetic seismograms for these models, we calculate the 

corresponding receiver functions for a=1, 2.5, and 5. The subsequent stacks [Figure 13] 

demonstrate the range of responses for different Gaussians for different depth intervals of 

the gradient in wavespeed across the Moho. For gradients different Gaussians resolve the 

same transition with different amplitudes. In the case of a sharp transition, it remains 
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clearly defined across all frequencies [Figure 14]. For the most gradual transition, even 

receiver functions using a=2.5 resolve less than half of the peak amplitude obtained with 

a=1. When a=5, the conversion from the Moho is less than 25% of a=1. The low 

amplitude of these features at high frequencies increases their risk of being unrecognized 

in linearly stacked data or further diminished when using a phase-weighting term to 

suppress noise. 

We apply this assessment to SNEP by comparing different a-values from CCP 

bins sampling inside and outside the region of weak conversions from the Moho. We 

focus on an across-strike transect from the central Sierra, which traverses the rapid 

change between different styles of Moho [Figure 9 (K-K’)]. The response in selected 

stacks from east to west [Figure 14] mirrors that of the synthetic data. While the Moho 

beneath the eastern Sierra and Walker Lane remains resolvable for a=5, only receiver 

functions for a=1 retain the greatest amplitude conversions beneath the foothills. The 

relative difficulty of obtaining the Moho at high frequencies here suggests that the Moho 

under the west-central Sierra represents a gradual transition of at least 20 km thickness 

between the crust and upper mantle that may only be resolved by frequencies low enough 

to detect thick gradients in wavespeed. 

 

4.4. Petrologic Modeling 

The juxtaposition of a deep, gradational Moho underlying seismically 

homogeneous crust and shallower, a sharp Moho bounded by “bright spots” illustrates the 
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drastic change in the structure of the lithosphere and thickness of the crust over relatively 

short distances beneath the central Sierra. Since this transition occurs largely within the 

bounds of the Cretaceous-age batholith, we infer that these observations represent a 

northward progression of the lithospheric foundering process, which has been largely 

completed beneath the southern Sierra [e.g. Zandt et al., 2004]. Body-wave and surface 

wave tomography generated using SNEP [Gilbert et al., 2008; Reeg et al., 2008] resolve 

a region of high wavespeed that almost exactly matches the geographic distribution of 

weak Moho and extends to depths of 70-90 km. In contrast, the same tomographic images 

from the eastern Sierra exhibit a sizeable zone of low wavespeeds beneath the eastern 

Sierra and adjacent Basin and Range. In the context of surface geology, xenoliths, heat 

flow measurements, and other geophysical observations, these features suggest the 

presence of intact “arclogite” beneath the central foothills and a sharp Moho bounded 

with zones of partial melt where lithospheric mantle has previously foundered beneath 

the eastern Sierra. 

Forward-modeling of CCP stacks allows us to test this interpretation. We focus on 

an across-strike transect that borders southern Yosemite National Park and Long Valley 

Caldera [Figure 9 (K-K’)]. We choose this transect because it bisects the region where we 

interpret foundering to be in process, and its major structures are relatively simple to 

model. We use amplitudes from linear CCP stacks as modeling constraints. Our synthetic 

dataset (a=2.5) comprises a nine station transect which uses four different models to 

represent the crust and upper mantle [Figure 15]. The models combine Vp, Vs, and ρ 
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from local xenoliths [Table 2] and parameters from controlled-source surveying and 

laboratory analysis of sampled crust [Fliedner et al., 2000].  

For the western Sierra and foothills we assign a gentle gradient to represent a 

gradual transition from tonalite through mafic granulite to garnet-clinopyroxenite. The P-

wavespeed for the upper crust is close to a previously developed model for the region 

[Miller and Mooney, 1994] though significantly coarser in the upper crust for simplicity. 

The distribution of these compositions represents the depth progression of felsic 

granitoids to increasing mafic residue formed during the final Cordilleran arc flare-up in 

the Sierra [e.g. Saleeby et al., 2003]. For the Walker Lane models, gradients are sharp 

between large-scale discontinuities in order to effectively fit amplitudes for the much 

sharper crust-mantle boundary and prevalent “bright spots”. We model the “bright spots” 

as layers with significantly reduced Vp and elevated Vp/Vs, to represent regions of high 

temperatures and/or partial melt. We stack the synthetic receiver functions using the same 

CCP and phase-weighting parameters as the SNEP dataset. 

The modeled transect matches both the geographic distribution and amplitude of 

prominent conversions [Figure 15] with a caveat. In comparison to the phase-weighted 

stacks, CCP stacks consistently possess slightly higher amplitudes in the model. We do 

not consider this to be a major issue. The primary aim of this exercise is to examine the 

required thicknesses of gradients and magnitude of changes in Vp, Vs, and density 

needed to reproduce the observed reduction of Moho amplitude in the west and 

expansion of sharp negative conversions in the east. 
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The results of modeling reproduce both small and large conversions in receiver 

functions and considering the trade-offs of layer thickness, Vp, Vs, and density represent 

one of several potential solutions. Errors in estimated depths and amplitudes are generally 

small [Figure 6; Figure 7] and unlikely to contribute significant uncertainty to the 

meausrements. In the foothills forward models require a 17% increase in Vs from the 

mid-crust to upper mantle over 27 km. The gradient of wavespeeds used varies slightly to 

address variation in observed receiver functions across the foothills and western Sierra 

along this transect. At the sharp Moho increases of 25-33% reproduce the observed Ps. 

We require sharp reductions (43% and 23%) in the mid-crust and upper mantle to mimic 

the “bright spots” seen near Long Valley Caldera.  In the Walker Lane the model only 

requires a ~18% decrease in the crust. The substantial decrease in wavespeed needed to 

match the crustal negative conversion has no viable petrologic source, but may be 

produced via the presence of melt. The proximity of the Long Valley Caldera and its 

inferred magma chamber make this explanation viable. Conductive crust mapped just 

north of this region supports the inferred presence of crustal magma [Ostos and Park; 

2008]. 

 

4.5. Implications on Post-Subduction Tectonic Scenarios 

Considerable debate centers on the fate of the subducting Farallon slab following 

the initiation of dextral transform motion. The main argument pits a slab-window model 

[Dickinson and Snyder, 1979], where the southern edge of the Farallon plate moves 
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northward and allows asthenosphere to take its place, against a stalled slab model 

[Bohannon and Parsons, 1995] where portions of the Farallon slab stagnate at the base of 

the lithosphere beneath California. The regionally low heat-flow extending across the 

Great Valley and Sierra foothills may be explained by thermal insulation provided by the 

stalled slab [Erkan and Blackwell; 2008] and is used to model the paleo-depth of the 

slab’s surface [Erkan and Blackwell, 2009]. The interpretation of these studies attributes 

the recent volcanism and uplift along the eastern Sierra to lateral heat transfer from the 

Basin and Range to the Great Valley, and places the depth of the slab at 50-70 km 

beneath the Sierra Nevada at 10 Ma. 

We observe no evidence [Figure 8 (A-A’, B-B’)] beneath the western Sierra for 

the presence of a stalled slab at the base of the lithosphere. Tractions from the slab during 

subduction and accretion to the overlying continent should have left a layer of intact 

oceanic crust that remains detectable with receiver functions. More importantly, neither 

the “linear” nor “two-angle” slab proposed by Erkan and Blackwell [2008] account for 

the constrained presence of continental mantle beneath the central Sierra Nevada. 

Thermobarometry of the Miocene-age xenoliths places an extensive suite of batholithic 

residue beneath the central Sierra at ~10 Ma [Ducea and Saleeby 1998a]. This arc-related 

lithospheric mantle must have remained intact beneath the batholith in order to be 

entrained as xenoliths in the Miocene, placing the Farallon plate at least as deep as 100 

km and potentially as deep as 120 km at that time. The geometry of Farallon subduction 

appears complicated during the late Mesozoic, but strongly favors the presence of a deep 

slab beneath the central and northern Sierra Nevada [Saleeby, 2003]. Thus, models by 
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Erkan and Blackwell [2008] differ by at least a factor of two from the location of the 

slab’s surface inferred from calculated depths of intact lithosphere based on xenoliths. 

 As a result, the intact nature of residue beneath the central Sierra forces the 

inferred position of the Farallon plate to a depth where it is less likely to stagnate along at 

least the western edge of the Sierra. The portions of residue which formed during the 

Mesozoic and remained intact during subsequent subduction episodes demonstrate 

temperatures of 550-950 ˚C. While the exact nature of this temperature gradient is 

undetermined [Ducea and Saleeby, 1996], these results coincide with the low heat flow 

beneath the foothills and Great Valley. Thus, an extensive portion of this anomaly may 

result from the thermal insulation provided by a relatively chilled, lingering portion of 

“arclogite”, which remains consistent with the dim Moho observed here and high 

wavespeed region identified in tomographic models. 

 

4.6. Summarized Interpretations 

 The Moho beneath the Sierra Nevada and vicinity divides into four sections based 

on its depth [Figure 6], impedance contrast [Figure 7], relation to surface geology, and 

other geophysical and petrologic constraints [Figure 16]. Much of the east-central and 

southern Sierra features a Moho developed after the removal of its underlying 

lithospheric mantle. Its sharp amplitude denotes a rapid step in wavespeed. Numerous 

“bright spots” in the crust and upper mantle appear in conjunction with this 

“delamination” Moho [Figure 16] and provide further evidence of shallow asthenosphere 
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as a source for the volcanism seen here. The region of delamination encompasses 

Quaternary-age xenoliths recently erupted in the eastern Sierra, and numerous high heat 

flow measurements. 

 To the west only low frequency receiver functions exhibit a phase that can be 

identified as the westward dipping Moho, which occurs over a large depth interval 

beneath the west-central foothills and north-central Sierra. This conversion represents the 

gradual transition from near-surface granitoids through increasingly mafic granulites to 

dense, eclogitized, garnet-rich residue. We view this as a “petrologic” Moho [Figure 16] 

coincident with the location of generally intact residue. Several measurements of low-

heat flow locate above petrologic Moho or along its periphery. The boundary between 

petrologic Moho and delamination Moho lies adjacent to the localities of Miocene-age, 

residue-bearing xenoliths, implying that foundering may have stalled its westward 

movement across this portion of the south-central Sierra [Figure 16]. The southward 

extent of the “petrologic” Moho beneath the foothills forms a salient within delaminated 

crust, and appears to have resisted foundering based on receiver function images [Figure 

9 (I-I’)]. It is difficult to determine the extent of the “petrologic Moho” as its location 

coincides with area of some of the sparsest acceptable coverage from receiver functions. 

 Moving northward along the front of the foothills, receiver functions show 

evidence for intra-crustal structure above the petrologic Moho. These structures gradually 

transition into a discrete, somewhat poorly defined conversion beneath much of the 

northern foothills. We term this small conversion the “Foothills” Moho, because it 

appears in a region likely coincident with structures emplaced during the Mesozoic-age 
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formation of the Foothills Metamorphic Belt. To the east and north, a relatively bright, 

coherent Moho appears initially offset from the “foothills” Moho. This style of crust-

mantle boundary underlies much of the northern Sierra and a portion of the northern and 

southern Walker Lane. Its amplitude remains lower than the “delamination” Moho, but 

substantially higher than the “petrologic” Moho. We infer that its brightness stems not 

from sharpening due to the removal of lithospheric mantle, but sustained tectonic 

reworking due to encroachment of the Basin and Range, magmatic processes such as the 

episode of dike injection manifested in the Tahoe earthquake swarm, or recent interaction 

of the continental lithosphere with the subducting Juan de Fuca slab as it migrated 

northward beneath the Sierra. 

Our overall interpretation for ongoing lithospheric removal focuses on the central 

Sierra. From latitudes 37-38˚ N, gravitationally unstable “arclogite” founders from east-

to-west beneath the main axis of the batholith [Figure 17 (K-K’)]. The Moho throughout 

the eastern Sierra and western Walker Lane has been reworked due to the recent removal 

of its underlying lithospheric mantle and ongoing interaction with upwelling 

asthenosphere. The upwelling produces partial melt which subsequently manifests as 

“bright spots” in receiver functions. Moving westward, the abrupt change in character of 

the Moho over ~15 km points to a rapid transition from relatively little mantle lithosphere 

to batholithic residue in the lower crust and upper mantle beneath the foothills.  

Earthquakes along this transect capture different stages of the foundering process. 

Beneath the foothills, a widely distributed zone of seismicity [Wong and Savage, 1983; 

Miller and Mooney, 1994; Hurd et al., 2006] directly overlies the area where the 
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petrologic Moho appears to occur over a large depth interval, and likely relates to an 

initial stage of detachment. We suggest that along the western perimeter of the 

delamination Moho, long-period earthquakes mark the wedging process where basaltic 

melts intrude into the lower crust. Decompression melting of rising asthenosphere 

provides a potential mechanism for instigating these earthquakes. The overlying swarm 

of crustal seismicity, located as a pipe-like feature [Hurd et al., 2006], indicates the 

crustal response to these intrusions. Further eastward, inflowing asthenosphere provides a 

source of magmas for Long Valley Caldera. While both large-scale volcanism and cryptic 

seismicity exist along this narrow corridor, the petrologic Moho and inferred residue 

persists moving northward [Figure 17 (L-L’, N-N’)]. This zone has yet to be sufficiently 

perturbed to initiate delamination. With the northward migration of the slab edge, 

foundering may proceed roughly from south to north. In the case of the north-central 

batholith, the residue remains relatively undisturbed beneath the central axis of the range. 

 

5. Conclusions 

 The dense dataset assembled for the Sierra Nevada produces new evidence for the 

presence and ongoing removal of gravitationally unstable, mafic-ultramafic residue. 

Phase-weighted, CCP stacks of high-quality teleseismic receiver functions produce an 

extensive set of observations related to the structure and properties of the crust 

throughout this region. Our data demonstrate that Vp/Vs estimates from CCP stacking 

provide more robust and reliable estimates than those produced at individual stations. 
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Vp/Vs observations show generally low Vp/Vs across the Sierra, with pockets of high 

Vp/Vs coinciding with recent volcanic centers in the eastern Sierra and outcrops of 

ultramafic rocks in the northern Sierra. The dense sampling of receiver functions at lower 

crustal depths, particularly beneath the western foothills of the Sierra, allows us to 

observe the frequency dependence of the Ps conversion from a deep Moho. Subsequent 

receiver function modeling demonstrates the importance of considering several frequency 

ranges when analyzing structure. 

 The weak Moho beneath the west-central foothills likely represents a portion of 

intact residue generated in the late Cretaceous that remains intact beneath the central 

Sierra. While a wide variety of evidence shows that the southern Sierra completed its 

delamination since 10 Ma, removal of mantle lithosphere beneath the central Sierra 

appears to be progressing from east to west and south to north, contributing to both deep 

seismicity and large-scale volcanism within and along the boundaries of the central 

Sierra. Observations from the northern Sierra show a different structure from the central 

and southern Sierra and suggest that the Mesozoic-age batholith probably did not produce 

the negatively buoyant, garnet-rich residue observed southward. The continued presence 

of cold, mafic-ultramafic lithosphere beneath the west-central foothills explains observed 

low heat flow throughout the region and provides a viable counter to the claim that 

stalled Farallon slab has attached to the base of the continent in this region. 
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Figure 1 (previous page): Simplified geologic map of the Sierra Nevada and vicinity 

[modified from Parrish, 2006]. Inset map shows the location of the study area and 

highlights (blue) the region of Mesozoic-age batholith (MzB) in the western United 

States. Plutons associated with the emplacement of the Sierra Nevada batholith are 

shaded red. KCF = Kern Canyon Fault, HLF = Honey Lake Fault, FMB = Foothills 

Metamorphic Belt. Outline of “Isabella Anomaly” at 150 km depth from Ruppert et al. 

[1998]. 
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Figure 2 (previous page): Broadband stations analyzed by this study. Dashed rectangle 

encloses the region imaged with receiver functions. Lines and adjoining letters identify 

seismic transects presented in Figures 8, 9, 12, and 17 and discussed in the text. The 

dashed outline of the Sierra Nevada provides a reference boundary in later figures. 

Yosemite National Park is highlighted in blue. The location of station JUN, used in 

Figure 11, is bolded. 
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Figure 3: Event coverage for all stations used (yellow) and only SNEP stations (red). 

Histograms show robust distance coverage for teleseismic events and relatively good 

azimuthal coverage. Green triangle represents the center of the study area. 
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Figure 4: Wadati diagram for 13 local earthquakes recorded by SNEP [Hurd et al., 

2006]. Black line indicates Vp/Vs = 1.76 with a dashed range of error. Error calculated 

from the standard deviation of linearly regressed Wadati diagrams for individual events. 

Arrivals were recorded mostly at stations near Yosemite National Park in the southern 

portion of the SNEP deployment. 
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Figure 5 (previous page): Interpolated and contoured Vp/Vs measurements from (A) H-

K stacking and (B) CCP stacking. Color saturation is scaled by the standard deviation (σ) 

of the estimated Vp/Vs, saturating lightest for σ >0.05 and darkest for σ = 0. The box in 

B represents averaged Vp/Vs (1.76) from a Wadati plots and petrologic modeling. 

Quaternary-age volcanic fields marked in B with triangles. 
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Figure 6 (previous page): Interpolated and contoured depth to the Moho below sea-level 

for a=1 receiver functions. Color saturation is scaled by the standard deviation (σ) of the 

estimated depths, saturating lightest for σ >2 km and darkest for σ <0.5 km. 
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Figure 7 (previous page): Interpolated amplitude of the Ps conversion from the Moho for 

a=1 receiver functions. Color saturation is scaled by the standard deviation (σ) of the 

estimated amplitude, saturating lightest for σ >0.03 (3% of direct P) and darkest for σ 

<0.005 (.5% of direct P). 
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Figure 8 (previous page): Sierra Nevada, along-strike receiver function transects for a=1. 

Surface elevations are plotted with elevations exaggerated 10 times. Positive Ps 

conversions are red, negative Ps are blue, and each color saturates at ±10% of the 

normalized P-arrival. Black (crustal earthquakes) and white (long period earthquakes) 

circles represent seismicity located by SNEP [Hurd et al., 2006]. Stations marked on each 

transect are within the bin sharing radius at the surface during CCP stacking and 

represent the minimum contribution of stations into that transect. 
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Figure 9 (previous page): Sierra Nevada, across-strike receiver function transects for 

a=2.5. KCF = Kern Canyon Fault. HLF = Honey Lake Fault. Arrows mark approximate 

boundary between the Foothills Metamorphic Belt and main Sierra Batholith. 
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Figure 9: CONTINUED 
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Figure 9: CONTINUED 
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Figure 10 (previous page): Receiver function slices by depth for a=2.5 (top) and a=1 

(bottom). Black circles represent seismicity located by SNEP [Hurd et al., 2006] 

occurring within a ±2.5 km of each depth. Notable Quaternary-age volcanic centers are 

marked with triangles and labeled. The black line marks the isocontour for reduced heat 

flow = 60 mW/m2 [Blackwell and Richards, 2004]. Heat flow increases to the east and 

decreases to the west. 
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Figure 11: Unmigrated, azimuthal receiver function stack for 18 receiver functions at 

station JUN, near the Kern Canyon Fault. Moho Ps conversions from the east arrive ~1 

second earlier than conversions from the west, indicating a significant change in the 

depth to the Moho. 

 

 



  
 

168

Figure 12 (previous page): Along-strike receiver function transects through the foothills 

for a=1 (top), a=2.5 (middle), and a=5 (bottom). Note the diminished amplitudes of Ps 

energy at higher frequencies. Three different styles of Ps conversion from the Moho are 

traced and numbered, 1: “foothills”/”tectonic” Moho, 2: “petrologic” Moho, 3: 

“delamination” Moho. 
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Figure 13: The modeled response of receiver functions to varying a-values and gradients 

for the transition from (6.2/3.65 km/s) crust to (8.0/4.44 km/s) mantle. 
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Figure 14: Bins from linear CCP stack along transect K-K’. Varying a-values illustrate 

the increasing width of the wavespeed contrast along the Moho from east to west. 
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Figure 15 (previous page): Results from forward modeling of transect K-K’ for a=2.5 

receiver functions. A=Observed linear, CCP stacks, B=Model used with station number, 

C=Synthetic, phase weighted CCP stacks, D=CCP profile. 
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Figure 16 (previous page): Summary of differing styles of Moho across the Sierra with 

unusual clusters of local seismicity earthquakes [Pitt et al., 2002; Hurd et al., 2006; von 

Seggern et al., 2008], reduced heat flow measurements [Saltus and Lachenbruch, 1991], 

and localities  of xenoliths [Ducea and Saleeby, 1996]. Yosemite National Park is 

outlined. 
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Figure 17 (previous page): Interpretation of a=1 receiver function transects in the central 

Sierra Nevada. (GV=Great Valley, FMB=Foothills Metamorphic Belt, SNB=Sierra 

Nevada Batholith, WL=Walker Lane). Transects marked on Figure 16. 
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Tables 

H-K Stacking 
(with weights) Vp/Vs Crustal Thickness / 

Moho Depth (km) 
Moho Amplitude 

(% of P) 
70-20-10 1.81 ± 0.02 34.6 ± 0.8 N/A 
33-33-33 1.82 ± 0.02 33.3 ± 0.7 N/A 
50-50-00 1.81 ± 0.02 33.9 ± 0.7 N/A 
  
CCP Stacking 1.74 ± 0.01 36.9 ± 0.8 16.4 ± 0.9 

Wadati 
Diagrams 1.72 ± 0.04 N/A N/A 

Xenolith 
Modeling 1.79-1.80 N/A N/A 

 

Table 1: Mean parameters for Vp/Vs, crustal thickness (or Moho depth), and Ps 

amplitude from the Moho. Errors are a single standard deviation. 



  
 

178

 
Garnet Granulite Garnet Cpx. Cpx. Granulite Garnet Cpx. 
SiO2 39.7 40.5 SiO2 50.9 53.7 
Al2O3 22.2 22.1 Al2O3 3.2 4.3 
TiO2 0.1 0.1 TiO2 0.5 0.3 
Cr2O3 0.1 0.0 Cr2O3 0.1 0.1 
FeO 18.0 19.4 FeO 10.9 5.1 
MnO 1.1 0.4 MnO 0.4 0.0 
MgO 10.4 11.4 MgO 11.7 13.8 
CaO 8.7 6.5 CaO 21.1 21.2 
Na2O 0.2 0.0 Na2O 1.1 1.5 

Pyrope 38.5 39.9 Diopside 51.5 57.1 
Almandine 33.7 40.0 Hedenburgite 36.6 28.0 
Grossular 21.9 16.6 Jadeite 10.6 14.3 

Garnet Cpx.Opx. Granulite Plag. Granulite 
SiO2 51.6 55.4 SiO2 56.8 
Al2O3 2.3 1.5 Al2O3 26.4 
TiO2 0.1 0.0 CaO 9.0 
Cr2O3 0.0 0.0 Na2O 5.9 
FeO 20.4 12.5 K2O 1.2 
MnO 0.4 0.2 
MgO 24.3 30.7 
CaO 0.5 0.3 
Na2O 0.0 0.0 

Enstate 67.2 81.0 Albite 35.8 
Ferrosillite 31.7 18.4 Anorthite 47.0 

Orthoclase 17.3 
 

Table 2: Average mineral compositions from Miocene-age xenoliths collected from the 

central and southern Sierra Nevada. Initial elemental abundances are in weight percent. 
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Volume % A  (.15) B (.30) C  (.45) D  (.15) E  (.30) F (.45) 

Albite 5.0 4.6 3.2 1.1 
Anorthite 6.6 6.1 4.2 1.4 
Orthoclase 2.4 2.2 1.6 0.5 
Almandine 11.1 10.1 8.4 14.8 15.6 15.2 
Grossular 7.2 6.6 5.5 6.1 6.5 6.3 
Pyrope 12.7 11.5 9.6 14.8 15.6 15.2 
Enstatite 0.7 4.7 6.7 4.9 3.2 0.0 
Ferrosilite 0.3 2.2 3.2 1.1 0.7 0.0 
Diopside 25.7 25.7 28.8 30.9 32.6 35.4 
Hedenbergite 18.3 18.3 20.5 15.1 16.0 17.4 
Jadeite 5.3 5.3 5.9 7.7 8.1 8.8 
Hornblende 2.0 
Sum 97.4 97.5 97.7 98.4 98.3 98.3 

P (GPa) 1 1 1 1.5 1.5 1.5 
T (°C) 600 600 600 800 800 800 

Physical properties calculated with Hashin-Shtrikman average 
Vp (km/s) 7.70 7.68 7.67 7.88 7.96 7.96 
Vs (km/s) 4.29 4.28 4.29 4.39 4.44 4.43 
Vp/Vs 1.80 1.79 1.79 1.79 1.79 1.80 
ρ (kg/m3) 3421 3422 3432 3509 3539 3535 

 

Table 3: Elastic properties of modeled mafic-granulites (A,B,C) and garnet-

clinopyroxenites (D,E,F) for melt fractions of 0.15, 0.3, 0.45. Mineral percentages are 

partitioned using modal distribution, pressures consistent with are from Saleeby et al. 

[2003] and temperatures are estimated from thermobarometry of xenoliths [Ducea and 

Saleeby, 1996]. 
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Foothills and Western 
Sierra - West 

Foothills and Western 
Sierra - East 

Vp Vs ρ depth Vp Vs ρ depth
6.30 3.66 2700 0 6.30 3.71 2650 0 
6.50 3.76 2790 20 6.50 3.80 2700 20 
6.70 3.85 2880 36 6.57 3.83 2750 22 
6.90 3.94 2970 39 6.64 3.86 2800 24 
7.10 4.03 3060 42 6.71 3.89 2850 26 
7.30 4.12 3150 45 6.78 3.92 2900 28 
7.50 4.21 3240 48 6.85 3.95 2950 30 
7.70 4.30 3330 51 6.92 3.98 3000 33 
7.90 4.39 3420 54 6.99 4.01 3050 36 
8.10 4.48 3510 57 7.06 4.03 3100 39 

7.13 4.06 3150 41 
7.20 4.09 3200 43 
7.40 4.18 3300 45 
7.60 4.27 3400 48 
7.80 4.36 3500 51 
8.00 4.44 3500 54 
8.20 4.53 3500 57 

Eastern Sierra Walker Lane 
Vp Vs ρ depth Vp Vs ρ depth
6.00 3.53 2650 0 6.00 3.53 2650 0 
4.70 2.47 2650 16 5.70 3.00 2650 15 
5.20 2.89 2650 26 6.00 3.33 2650 25 
7.80 4.33 3250 38 8.00 4.44 3250 40 
6.70 3.53 3250 54 6.70 3.53 3250 50 
6.90 3.63 3250 58 6.90 3.63 3250 54 
7.10 3.74 3250 62 7.10 3.74 3250 58 
7.30 3.84 3250 66 7.30 3.84 3250 62 
7.50 3.95 3250 70 7.50 3.95 3250 66 
7.70 4.05 3250 74 7.70 4.05 3250 70 
7.90 4.16 3250 78 7.90 4.16 3250 74 
8.10 4.26 3250 82 8.10 4.26 3250 78 

 

Table 4: One-dimensional seismic models for transect K-K’. Units: Vp and Vs (km/s), 

depth (km), density (kg/m3). 
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Abstract 

 The Canadian Cordillera overlies a slab window developed after the cessation of 

ocean-continent subduction during the mid-Cenozoic. Widespread basaltic volcanism 

occurring over the last 20 million years throughout the Cordillera appears geochemically 

depleted when compared to magmas generated within continental lithosphere. 

Characterizing seismic anisotropy constrains ongoing deformation in the upper mantle 

beneath the Cordillera and provides an opportunity to investigate the potential source of 

these magmas. We use the rotation correlation, eigenvalue minimization, and energy 
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minimization methods through the Splitlab software package to analyze teleseismic shear 

waves recorded by a regional dataset of seismometers. Splitting measurements collected 

across central British Columbia, southeastern Alaska, and the southern Yukon reveal 

regional patterns in seismic anisotropy. Stations near the coast show generally Null 

patterns. Stations closest to the southern Denali and Queen Charlotte faults show large 

splitting times (1.5-2.0 s) along orientations consistent with the dextral transform 

between the North American and Pacific plates. A robust pattern of east-west oriented 

splitting across the central Coast Mountains Batholith and Interior Plateau cannot be 

easily explained in terms of lithospheric structural fabric, and its regional coherency and 

magnitude (up to 1.5 s) indicates that a significant amount of anisotropy occurs within 

asthenospheric mantle. When combined with other geophysical and geochemical 

constraints, the pattern of anisotropy suggests upwelling and lateral flow of 

asthenosphere around the northern edge of the subducting Juan de Fuca slab. 

Asthenospheric flow into a complex slab window would explain the lack of splitting seen 

in certain regions of the Cordillera and provide a mechanism for fueling the post-

subduction volcanism observed across western Canada. 

 

1. Introduction  

The Canadian portion of the American Cordillera encompasses a complicated 

amalgamation of exotic terranes and plutonic rocks emplaced during mid-Paleozoic to 

mid-Tertiary ocean-continent subduction [Monger, 1993; Colpron et al., 2007] and 
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represents one of the largest continental growth episodes in the Phanerozoic [Samson et 

al., 1989]. Much of this new lithosphere developed within the Coast Mountains batholith 

(CMB) [e.g. Hollister and Andronicos, 2006], the now exhumed root of the former 

continental arc and the largest aerially exposed mass of granitoid rocks in North America. 

As with the orogen to the south, a shift in the tectonic regime during the Cenozoic 

imparted substantial topographic and magmatic changes across this region [e.g. 

Dickinson, 1979]. The subduction and capture of the Farallon and Kula plates and 

development of dextral transforms created slab windows beneath northern and southern 

portions of the Cordillera by at least 20 Ma [Atwater, 1970; Dickinson and Snyder, 1979; 

Thorkelson and Taylor, 1989] and as much as 50-40 Ma beneath the northern Cordillera 

[Haeussler et al.,  2003; Madsen et al., 2006]. The opening of a slab window beneath 

what is now central British Columbia presumably allowed an influx of asthenosphere to 

invade the subcontinental mantle [Thorkelson and Taylor, 1989]. The thermal effects of 

this event explain elevated heat flow values [Hyndman and Lewis, 1999; Lewis et al., 

2003], reduced elastic thickness of the lithosphere [Fluck and Hydnman, 2003] and 

spatio-temporal and geochemical trends in post-subduction volcanism [Edwards and 

Russell, 1999, 2000; Madsen et al., 2006] across the Cordillera. 

Likewise, the cessation of subduction and opening of a slab window has been 

linked to changing styles of deformation and magmatism seen throughout the 

southwestern United States [Dickinson, 1979; Thorkelson, 1996]. Evidence of the 

window appears in geographically dense measurements of shear-wave anisotropy for the 

Basin and Range, which demonstrate that the inferred strike of anisotropic fabric deviates 
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from motion of the North American plate across a broad region [Zandt and Humphreys, 

2008]. This circular pattern of anisotropy is interpreted to represent counter-clockwise, 

toroidal flow around the southern edge of the Juan de Fuca slab as it rolls back, inducing 

flow of asthenosphere within the opening slab window. The center of the flow exhibits 

reduced anisotropy. Such behavior is predicted by both numerical and laboratory 

experiments [see Zandt and Humphreys, 2008 for a summary] and observed seismically 

at peripheries of the Kamchatkan, Calabrian and Helenic subduction zones [Levin et al., 

2002; Civello and Margheriti, 2004; Faccenna et al., 2006]. 

The northern slab window began opening subsequent to a massive pulse of 

magmatism from 55-48 Ma which signified the final activity of the arc across much of 

the Canadian Cordillera [Armstrong, 1988; Gehrels et al., 2009]. This flare-up created a 

large portion of the currently exposed CMB, which raises fundamental questions about 

the role of Cordilleran arcs in the creation and stabilization of continental crust over time 

[e.g. DeCelles et al., 2009]. Both the former arc represented by the Sierra Nevada 

batholith and current Andean arc show evidence in chemistry of magmas and petrology 

of xenoliths for the production and removal of garnet- and clinopyroxene-rich lower crust 

and upper mantle, leaving behind a felsic upper crust [Kay and Kay, 1991; Ducea, 2001]. 

The foundering of this mafic-ultramafic and negatively buoyant residue physically 

separates arc-produced continental crust from its basaltic origin, and has been 

characterized seismically beneath the southern Sierra Nevada and central Andes [Beck 

and Zandt, 2002; Zandt et al., 2004]. The current presence or absence of residual 
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lithosphere has major implications for the timing and magnitude of homogenizing 

continental crust within the Canadian Cordillera. 

In this study we evaluate seismic data from western Canada and southern Alaska 

with enough coverage to clarify regional variations in the anisotropy of the upper mantle. 

Constraining seismic anisotropy helps elucidate the strain field which deforms the plates 

and underlying asthenosphere. Such information can be obtained by measuring the 

splitting of teleseismic shear-waves into fast and slow travelling waves. Shear-wave 

splitting measurements are generally thought to represent the pervasive deformation of an 

olivine-rich aggregate through dislocation creep in the upper mantle, forming a 

seismically anisotropic medium via uniform lattice preferred orientation (LPO) with 

ongoing or fossilized strain [Karato, 1987; Zhang and Karato, 1995; Kaminski and Ribe, 

2002]. Splitting observations have been interpreted to result from a variety of different 

tectonic processes and fabric styles [see Silver, 1995; Savage, 1999; Fouch and 

Rondenay, 2006; Karato et al., 2007, Long and Silver, 2009 for examples] but are most 

commonly related to mantle deformation caused by active tectonic forces (e.g. 

compressional or extensional strain or mantle flow) which deform the lithosphere or 

asthenosphere beneath a seismometer. 

While significant, horizontally oriented anisotropy may be expected to produce a 

simple pattern of shear-wave splitting which varies azimuthally; stations may show no 

coherent splitting despite good directional sampling [Wüstefeld and Bokelmann, 2007]. 

In these cases different techniques for calculating splitting deviate towards their 

respective analytical biases and yield “Null” measurements which appear inconsistent 
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with a coherent fabric. This behavior frequently causes splitting results for an individual 

station to appear orthogonal or randomly variable. Explaining Nulls either invokes an 

isotropic environment, complex anisotropy, or vertically aligned fabric [Wüstefeld and 

Bokelmann, 2007]. Understanding the prevalence and significance of Null measurements 

and establishing a first-order characterization of the horizontal orientation, depth 

distribution, and magnitude of significant anisotropy across the Canadian Cordillera can 

test the applicability of the toroidal flow model for the northern slab window, help 

discern the presence or absence of residual mafic-ultramafic lithosphere, and improve the 

overall understanding of mantle strain and its relation to ongoing deformation and 

magmatism within the Canadian Cordillera. 

 

2. Data and Method 

This dataset includes measurements from 59 broadband seismometers; 42 

deployed from June 2005 through September 2006 as part of the National Science 

Foundation sponsored Batholiths Continental Dynamics Experiment, 7 deployed for the 

Portable Observatories for Lithospheric Analysis and Research Investigating Seismicity 

(POLARIS) Nechako Experiment from August 2006 through September 2007, and 10 

from permanent installations by the Advanced National Seismic System, Alaska Tsunami 

Warning System, Alaska Regional Network, and Canadian National Seismograph 

Network. Seismometers deployed as part of Batholiths are spaced uniformly at 10-15 km 

across the central Coast Mountains, while other sites throughout western Canada and 
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coastal Alaska are distributed more sparsely. We consider prominent teleseismic events 

(M >5.8) occurring at 80-140˚ distance from January 2004 through March 2009 and use 

phases with known polarization (SKS, SKKS, sSKS, pSKS) as well as several S- and 

ScS-arrivals from deep (>300 km) events occurring from 30-80˚ distance. All events 

suitable for splitting analysis occur in circum-Pacific subduction zones [Figure 2], with 

no coverage from northerly and easterly directions due to the sparseness of useful events.  

We solve for the fast-polarization direction (φ) and time of delay between fast and 

slow shear waves (dt) using Splitlab [Wüstefeld et al., 2008], which combines the 

standardized rotation-correlation (RC) [Bowman and Ando, 1987], energy minimization 

(SC) and eigenvalue minimization (EV) methods [Silver and Chan, 1991]. Because of 

uncertainty regarding source-side anisotropy and initial polarization, we use RC and EV 

solutions for S and ScS only as a comparison and isolate them from averaging with the 

main body of results. Due to seismic noise produced in the Pacific Ocean, many 

potentially suitable events are rendered unusable by interference from microseismic 

noise. Qualifying events display a visible teleseismic shear wave in-line with its 

propagation path prior to filtering and produce a signal-to-noise ratio ≥5. Most 

waveforms are filtered from 0.01-0.4 Hz but commonly we use narrower band-passes 

(0.03-0.4, 0.1-0.4 Hz) in an effort to boost the quality of candidate arrivals without 

diminishing the observed waveform. All measurements are conducted by hand and 

inspected to ensure that the width of filter and corresponding result are appropriate. 

Errors for individual measurements are calculated within Splitlab, and averaged for all 

used events. To supplement our findings we incorporate previously published results 
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[Silver and Chan, 1991; Vinnik et al., 1992; Bostock and Cassidy, 1995; Bank et al., 

2000; Currie et al., 2004; Evans et al., 2006] and measurements from the nearby CANOE 

broadband deployment [Courtier et al., 2007]. 

 

3. Observations 

We present fair to good solutions of shear-wave splitting and Null measurements 

collected across the northern and central portions of the Canadian Cordillera [Table 1] 

[Figure 3]. In general we classify certain azimuths or entire stations as Nulls if lacking a 

coherent pattern of splitting. One particularly robust SKS-arrival from a large (M=7.4), 

intermediate depth (152 km), subduction zone earthquake (referred to as Event A) 

produces large splits across central British Columbia. Despite the large magnitude of 

Event A, the source-time function of its SKS is relatively simple and its appearance at the 

majority of stations throughout the region allows us to discuss it with and without being 

averaged with other measurements [Tables 2 and 3]. 

The overall distribution of splitting varies considerably across the Northern 

Cordillera [Figure 3]. Previous splitting results for northern Cascadia and the Cordillera 

[Bostock and Cassidy, 1995; Currie et al., 2004, Evans et al., 2006] align well with the 

absolute motion of North America [Kreemer et al., 2003] and subduction of the Juan de 

Fuca plate. This is particularly visible in a dense set of measurements collected in 

southern British Columbia and Washington State. Values of dt vary from ~1 s in the 

Cascadia forearc to over 1.5 s at several locations in the backarc, implying the presence 
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of anisotropy within the asthenosphere [e.g. Currie et al., 2004]. Measurements of 

splitting from the interior show a complicated trend of anisotropy [Courtier et al., 2007]. 

Our findings vary considerably from these previous studies, and comprise some of the 

largest measurements of dt yet observed in this region. Stations deployed for Batholiths 

measure a prominent east-west orientation of splitting across the central Coast 

Mountains, with dt values approaching 1.5 s at several locations. This direction of 

splitting is rotated nearly 45˚ counterclockwise to the motion of North America. Stations 

located in the northernmost and southwesternmost portions of the Batholiths deployment 

also show additional complexities in the measured splitting. We also observe fault-

parallel splitting near the dextral transform boundary separating the North American and 

Pacific plates. In this section we describe in detail the most compelling and robust 

observations from this study. 

 

3.1. Coastal Alaska, Southern Yukon, and Northern British Columbia 

Only two stations (WHY, DLBC) in this region have previous measurements of 

splitting. Bostock and Cassidy [1995] interpret their observed NNW-SSE orientation at 

WHY as being roughly aligned with dextral strike-slip faults to the west [e.g. Plafker et 

al., 1978]. Comparing our analyses with other measurements [Evans et al., 2006; 

Courtier et al., 2007], it becomes clear that WHY exhibits a wide spread of φ and dt for 

different methods and datasets [Figure 4]. Because φ varies so greatly, we conclude that 

either the anisotropy at WHY orients vertically, or is so complex that it cannot be 
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characterized clearly. Within interior British Columbia, station DLBC is analyzed for 

Event A and yields a Null. Based on the other observations at DLBC [Fouch, 2003; 

Evans et al., 2006], the SKS-phase from Event A may be sampling at an angle 

approaching the roughly north-south fast-axis of symmetry inferred for this location. 

 Stations situated on the southernmost portion of the Yakutat block (DCPH, PNL) 

exhibit noisy waveforms and Null solutions [Figure 4]. Geologic, kinematic and 

seismotectonic indicators suggest that the Yakutat is a heavily faulted, exotic terrane 

which is actively accreting to and subducting beneath southern Alaska [Bruns, 1983; 

Doser and Lomas, 2000; Bruhn et al., 2004]. As a result of this ongoing collision, the 

crust and underlying mantle lithosphere are likely to be extremely complicated and may 

scatter otherwise usable waveforms and produce the prevailing Nulls observed here. 

Other stations near the coast to the south (CRAG, SIT, and WRAK) also produce noisy 

arrivals and exhibit mostly Null solutions. All stations in this region produce a clear Null 

for Event A. 

The southern extension of the Denali Fault system [e.g. Bruns, 1983] 

accommodates northward motion of the Yakutat block and Pacific plate, and two stations 

situated near the fault (BESE, SKAG) show robust splitting orientated NW-SE with dt-

values of 1.3-1.5 s [Figure 4]. These directions are consistent with the overall motion of 

the Pacific plate and the strike of the faults, but are orthogonal to the slip-vectors of large 

reverse faulting earthquakes in the region [Doser and Lomas, 2000]. This discrepancy 

suggests that, adjacent to the Yakutat collision and transition from strike-slip faulting to 

subduction, potential decoupling between the crust and upper mantle allows mantle strain 
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to orient obliquely to crustal convergence. This decoupling is envisioned by recent 

mechanical models using deformation rates from satellite geodesy and earthquakes 

[Mazzotti and Hyndman, 2002]. 

 

3.2. Queen Charlotte Islands, Coast Mountains Batholith and Interior Plateau 

 Stations in the Queen Charlotte Islands (DIB, VIB) show large splits oriented 

parallel to the Queen Charlotte Fault, a dextral transform which initiated around 35 Ma 

[Hyndman and Hamilton, 1993; Madsen et al., 2006]. Both stations are <30 km from the 

fault and produce an averaged dt of ~2 s [Figure 5]. DIB and nearby station MOBC yield 

Null solutions for Event A, and Nulls for DIB and VIB cluster along westerly azimuths 

which may lie orthogonal to the fast-axis of symmetry. Although the fault has alternated 

between periods of transpression and transtension during the late Cenozoic [Madsen et 

al., 2006] and the currently underthrusting Pacific plate may complicate local structure 

[Bustin et al., 2007], the long-term net transform motion seems likely to dominate the 

overall signature of anisotropy. 

Across the central CMB and accreted terranes to the east [e.g. Gehrels et al., 

2009], we find the most consistent measurements of shear-wave anisotropy throughout 

the entire Canadian Cordillera. Here dense measurements produced by two seismic 

transects associated with the Batholiths experiment show φ oriented in a predominantly 

east-west pattern [Figures 6 and 7]. On the northern transect this direction deviates 

obliquely (~45˚ clockwise) from the southwestward motion of North America predicted 
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by the GRSM model [Kreemer et al., 2003] and also does not align with the trend of 

splitting associated with subducting Juan de Fuca plate just to the south [e.g. Currie et al., 

2004] or the φ-values associated with the Queen Charlotte fault. These transects appear 

similar in overall trend and magnitude of anisotropy as they cross the Coast Mountains, 

though measurements from the southern transect (φ=78±11˚, dt=1.3±0.2 s) [Figure 7] 

deviate slightly in a clockwise direction from the nearly east-west trend (φ=89±9˚, 

dt=1.2±0.3 s) seen to the north [Figure 6]. The overall orientation along the southern line 

only deviates by ~15˚ from the plate motion resolved in GRSM. 

Seismometers installed across the Interior Plateau as part of the Nechako 

Experiment show an eastward continuation of the trend observed along the southern 

transect. The average split for these sites rotates slightly clockwise to align east-west with 

a similar delay time (φ=89±19˚, dt=1.2±0.2 s) [Figure 7]. This trend seems particularly 

robust considering that several stations between the two deployments sample a similar 

region of the mantle at depth but with an entirely different set of events. Of these 

measurements the easternmost station CLSB exhibits a continued clockwise rotation to a 

WNW-ESE orientation. 

Rotated waveforms for Event A highlight the presence of coherent anisotropy 

across the central Coast Mountains [Figure 8]. Captured by nearly all the seismometers 

deployed as part of Batholiths, it shows a substantial amount of energy transposed onto 

the tangential component, and the arrival and moveout of the SKS-phase can be clearly 

observed on both rotated horizontal channels. In other regions of the Cordillera which 

exhibit different orientations of splitting from other events, Event A appears as a clear 
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Null measurement. Corresponding elliptical particle motion on the horizontal channels 

along both Batholiths transects shows the robust nature of the anisotropy. Measurements 

using all three methods have excellent agreement for various bandwidths along the 

northern transect, but only fair agreement along the southern transect, particularly at 

lower frequencies such as 0.01-0.1 Hz where the source-time function of the large quake 

dominates the waveform. Although we ultimately obtain fair to good measurements 

across portions of the southern transect for Event A, the increasing divergence of the RC, 

SC, and EV methods coincides with gradual linearization of particle motion in the rotated 

waveforms and an overall trend towards Null solutions. 

Within the regionally consistent splitting across the Coast Mountains, noticeable 

variations exist along each transect and can be clarified by migrating φ and dt to piercing 

points at depth (e.g. 200 km) and analyzing stations individually to inspect azimuthal 

variations in splitting solutions and Nulls [Figures 9 and 10]. Splitting results along the 

eastern portion of the southern Batholiths transect are far more robust than those further 

westward. Null measurements increase towards BBB, which has a history of Null 

behavior in its solutions [Bostock and Cassidy, 1995; Currie et al., 2004] and shows a 

similar spread of incoherent measurements in the events analyzed here. Across the 

northern transect, migrating the splitting results to specific depths reveals a northward 90 

degree CCW rotation of φ when sampled from southeasterly azimuths. The placement of 

this rotation coincides with the transition across the eastern boundary detachment which 

accommodated exhumation of this portion of the Coast Mountains during the Eocene 

[Rusmore et al., 2005] and likely indicates a region of dipping or multi-layered 
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anisotropy within the interior Cordillera. Unfortunately, the limited distribution of 

measurements prevents detailed modeling of this structure. West of the northern 

Batholiths transect, station RUBB yields a Null measurement for Event A. 

 

3.3. Results from S-Splitting 

 A handful of good solutions from viable teleseismic S- and ScS-phases were 

obtained as well [Figure 2]. Stations DIB, VIB, BESE, and SKAG all exhibit φ and dt 

consistent with the nearby right-lateral transform and are similar to splitting parameters 

determined from SKS-phases. Only a handful of stations deployed for Batholiths yield 

usable direct S-waves and show increased WNW-ESE orientations. The uncertain nature 

of anisotropy observed in direct S-waves and the relative sparseness of high-quality data 

makes further interpretation of these events a subject of later research. 

 

4. Significance of Results 

4.1. Source of Anisotropy beneath the Coast Mountains 

The overarching goal of the Batholiths Experiment is to investigate the production 

and foundering of mafic-ultramafic residue beneath the CMB. The Sierra Nevada 

batholith is viewed as analogous to the plutons of Coast Mountains, and shear-wave 

splitting performed over a seismic anomaly associated with downwelling residue there 

showed locally reduced dt values [Boyd et al., 2004; Bastow et al., In Prep.]. This 
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reduction may result from LPO oriented in the direction of downwelling [West et al., 

2009] or the increased presence of isotropic minerals (e.g. garnet) in the residue. We 

observe small inter-station variations but no coherent reduction in splitting magnitude 

across the voluminous Eocene-age granitoids of the eastern Coast Mountains. These 

plutons comprise the heightened final activity of the arc [Girardi et al., 2007; Gehrels et 

al., 2009] and thus are candidates to potentially produce a large residue. When taken with 

results from tomography of the upper mantle [Mercier et al., 2009] and receiver functions 

[Calkins et al., Submitted] we conclude that any residue which developed beneath the 

Coast Mountains has likely foundered and no longer manifests in splitting measurements. 

The consistency of the splitting observations across the CMB and associated 

terranes seems surprising, considering the complex assemblage of accreted crustal blocks 

[Colpron et al., 2007], significant left-lateral shearing and transpression recorded by 

granitoids emplaced within the batholith during the late Cretaceous [Chardon et al., 

1999], and hundreds if not thousands of kilometers of right-lateral transport required to 

properly orient the westernmost Cordilleran terranes to the continental margin by the 

early Tertiary [Cowan et al., 1997; Butler et al., 2001]. Teleseismic receiver functions 

obtain crustal thickness estimates of ~35 km beneath the northern and southern transects 

and discern a diffuse lithosphere-asthenosphere boundary at ~70 km depth [Calkins et al., 

Submitted]. Xenoliths with ultramafic compositions collected at locality produced ~20 

Ma between the seismic transects show temperatures up to 975 ˚C, which suggest that 

mantle lithosphere only extends to a depth of 58±5 km in the eastern Coast Mountains 

[Peterson and Russell, 2007]. We can use these constraints on depth, upper limits for 
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crustal contributions to SKS splitting from modeling (0.1-0.2 s per 10 km) [Barroul and 

Mainprice, 1993], measured anisotropy (ΔVs = 4.8%) from mantle xenoliths collected in 

the southern Canadian Cordillera [Saruwatari et al., 2001], and Vs from surface wave 

tomography [Calkins et al., In Prep.] to calculate the maximum amount of splitting 

possible assuming all of it occurs in the lithosphere. Assuming 35 km of crust, 30 km of 

mantle, Vs = 4.2 km/s and horizontally oriented anisotropy for maximum possible 

splitting we produce only 1.06 s of splitting which represents only two-thirds of the 

largest splitting measurements across Batholiths stations. The complicated assemblage of 

lithotectonic units here likely precludes such a coherent, well-defined fabric which 

orients neither with major structures such as the Coast Shear Zone [e.g. Rusmore et al., 

2001] nor in the direction of convergence calculated from recent plate reconstructions 

[Madsen et al., 1996]. 

 Because no viable explanation links the source of shear-wave splitting to the crust 

or mantle lithosphere, we suggest that the observed splitting measurements result from a 

pervasive, regionally dominating anisotropy in the asthenosphere. Earlier studies of 

splitting in Cascadia and its backarc interpret observations of large dt and φ oriented NE-

SW to anisotropy within mantle asthenosphere deformed via flow induced by subduction 

[Bostock and Cassidy, 1995; Currie et al., 2004]. Using the constraint on anisotropy from 

xenoliths, the observed splits require up to 140 km of 4.8% fabric to produce dt values 

consistent with the highest average results across the region. Inferring the development of 

fabric due to LPO appears valid throughout this section of the Cordillera and depth 

interval. Although temperatures are likely to exceed 1000 ˚C at the Moho based on heat 
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flow measurements [Hyndman and Lewis, 1999], subduction has ceased throughout the 

central Coast Mountains since at least the mid-Tertiary [Madsen et al., 2006; Gehrels et 

al., 2009] and thus removed the main source of hydration for the upper mantle. If the 

mantle is dry, then standard models for developing olivine fabric can be applied, and 

dislocation creep should remain the primary mechanism for forming a LPO over at least 

the upper 200 km [Karato, 1992; Karato et al., 2008] despite the high temperatures.  

The predominant east-west orientation of splitting allows us to discount the 

possibility that deformation beneath the Canadian Cordillera aligns with the movement of 

North America or retains a residual signature from subduction. Instead, we offer that 

mantle asthenosphere beneath the Coast Mountains actively moves around the northern 

edge of the Juan de Fuca slab as it migrates to the southwest with North America. Zandt 

and Humphreys [2008] discuss the validity of this proposed coupling of plate motions 

with respect to absolute plate movement [e.g. Kreemer et al., 2003]. This process would 

orient seismic anisotropy in the direction we currently observe and complements the 

well-resolved toroidal flow beneath the southern slab window [Zandt and Humphreys, 

2008]. Stations deployed for Batholiths and Nechako are located fortuitously to capture 

mantle deformation within the western portion of this feature. Additional station coverage 

within the backarc is unfortunately much sparser, impeding the ability to resolve the 

eastward extent of a toroid. However, the southern line of Batholiths, Nechako and 

previous splitting results do show hints of the changing pattern expected for circular flow 

moving east. A gradual clockwise rotation from WSW-ENE to WNW-ESE occurs along 

the southern transect of observations. This rotation may continue ~500 km to the east at 
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station SLEB, which varies between both Null solutions [Currie et al., 2004] and north-

south oriented splitting [Evans et al., 2006]. Centered within the backarc, station LLLB 

also shows a clear Null [Currie et al., 2004] which stands consistent with reduced 

rotational strain at the center of the toroid [e.g. Zandt and Humphreys, 2008] and was 

previously interpreted to result from an edge effect of the slab [Currie et al., 2004]. 

 

4.2. Null Measurements, Upwelling, and Post-Subduction Volcanism 

 Excluding observations nearest the Queen Charlotte and Denali faults, stations 

situated in southeast Alaska show Null splitting. Although we only analyze one event at 

stations MOBC and RUBB in western British Columbia, separate work at these locations 

also suggests inconsistent splitting patterns and possibly Nulls as well [Evans et al., 2006, 

Claire Currie, Personal Communication]. We observe that these Nulls generally coincide 

with a broad region of slow anomalies (~2%) resolved by regional P- and S-wave 

tomography [Mercier et al., 2009] across the Cordillera [Figure 10]. Surface wave 

tomography maps these slow zones beneath the southern Coast Mountains at a higher 

resolution [Figure 11]. Particularly along the southern transect of Batholiths stations and 

station BBB, the most prominent region of slow upper mantle coincides with an increase 

in Null measurements and proximity to the northern edge of the subducted slab [Audet et 

al., 2008] [Figures 10, 11, and 12]. Because SKS is not vertically incident, its sensitivity 

to anisotropy displaces laterally from a station with increasing depth. When the piercing 

points for prominent Nulls are considered, many intersect a broad, slow feature in the 

upper mantle beneath the western edge of the southern transect. The LPO of olivine may 
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orient vertically in the direction of upwelling, and measurements collected over the 

Icelandic Plume show Nulls concentrated at its center [Xue and Allen, 2005]. Thus Null 

measurements across portions of the Cordillera, particularly near station BBB, may 

highlight regions of focused upwelling. 

 Although volcanism is distributed diffusely across the northern Canadian 

Cordillera [e.g. Edwards and Russell, 2000], more focused volcanic features such as the 

Anahim volcanic belt, Chilcotin Plateau basalts, and Wells-Gray Clearwater volcanic 

field occur across its southern half [Bevier et al., 1979; Souther, 1986; Madsen et al., 

2006] [Figure 7]. The westernmost Anahim magmas appear as dike swarms in the deeply 

exhumed western Coast Mountains but are preserved at the surface farther east as shield 

volcanoes and basaltic cinder cones [Souther, 1986]. These features show an eastward 

younging of magmas since 15-14 Ma [Bevier et al., 1979], and situate just north of 

Batholiths and Nechako stations. The magmas are generally alkaline basalts and originate 

from depleted mantle, similar in isotopic signature to mantle beneath the northeast Pacific 

Ocean [Bevier, 1989]. The source of Anahim magmas has been variously interpreted to 

result from an edge effect of the subducting slab [Stacey, 1974] or a mantle plume 

[Bevier et al., 1979]. Analysis of trace elements constrains a pronounced regional change 

in mantle chemistry sometime after 10 Ma [Manthei et al., In Press]. At that time basalts 

with hornblende, reduced Nb-Ta, relatively high 87Sr/86Sr and low εNd became more 

anhydrous, enriched in Nb-Ta, have a lower Sr-ratio and higher εNd. These magmas 

strongly advocate a subcontinental mantle which no longer retains any evidence of 

enrichment from subduction. These results fit with the isotopic findings of Bevier [1989] 
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and favor depleted mantle asthenosphere currently present as the source of melting 

beneath the Cordillera. Several post-glacial and mostly unstudied basaltic cones and 

flows (http://gsc.nrcan.gc.ca/volcanoes/cat/feature_milbanke_e.php) occur around 

Milbanke Sound just to the west of station BBB and the southern transect of Batholiths 

[Figures 11 and 12]. The recent melting needed to produce these observed features casts 

doubt on their direct linkage to a potential Anahim hotspot which demonstrates a clear 

trend of eastward younging, though they do appear in close proximity to the exhumed 

westernmost Anahim chain [Souther, 1986]. Preliminary geochemical analyses indicate 

that the basalts here contain some of the most primitive compositions found anywhere in 

the Canadian Cordillera [Mihai Ducea, Personal Communication]. These features occur 

past the perimeter of reliable surface-wave tomography, but lie directly above a well-

resolved slow region of both P- and S-waves [Mercier et al., 2009] and Null splitting at 

station BBB. 

 The combination of Null splitting, magmas indicative of a currently depleted 

mantle source, and widespread and pronounced slow mantle from two separate 

tomography studies supports the current emplacement of upwelled, hot, oceanic mantle 

beneath most of the Canadian Cordillera [Figure 13]. Furthermore an increase of Null 

splitting measurements and recent volcanism occurs in close proximity to the northern 

edge of the Juan de Fuca slab nearest the trench. These coinciding features may define 

where the upwelling focuses at the edge of the slab window. The growing body of 

geochemical evidence favors the large-scale emplacement of depleted, asthenospheric 

mantle beneath the Canadian Cordillera. This process would explain many aspects of this 
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growing geophysical and geochemical picture. Circulation of asthenosphere would 

provide the necessary mechanism to clear the chemical signature of subduction, and 

import hot, depleted, sub-oceanic mantle beneath the Cordillera. Null measurements in 

shear-wave splitting potentially define regions where vertically oriented LPO defines 

active upwelling. 

 

5. Conclusions 

 A collection of new and existing measurements for shear-wave splitting across the 

Canadian Cordillera provides evidence for fabric developed by active deformation of the 

lithosphere and dynamic flow of the asthenosphere. Local fabric coincident with 

transform motion between the Pacific and North American plates appears clearly in 

shear-wave splitting measurements from southern Alaska and the Queen Charlotte islands 

and reflects the general trend of dextral strike-slip faulting along the western continental 

margin north of Cascadia and south of the Aleutian subduction zone. Inboard of the 

transform boundary, a pronounced trend of east-west splitting is most likely contained 

within the asthenosphere, and represents eastward flow within the slab window beneath 

the Canadian Cordillera. We see no evidence of an isotropic or vertically oriented 

downwelling residue beneath the Coast Mountains in splitting measurements or 

tomography, which indicates that any mafic-ultramafic residue generated beneath the 

CMB has long since foundered into the deep mantle. Although more measurements will 

help define the pattern of strain within the mantle beneath the backarc, initial trends from 
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splitting show a rotation consistent with toroidal flow seen within the southern slab 

window and at other subduction zones. Actively flowing mantle beneath the Canadian 

Cordillera would provide a mechanism for emplacing geochemically distinctive 

asthenosphere beneath the region, and seems supported by high heat flow measurements 

and the presence of broad, slow anomalies resolved by seismic tomography. 
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Figure 1 (previous page): Major tectonic, geologic, and volcanic features throughout the 

Canadian Cordillera. CMB = Coast Mountains Batholith, EBD = eastern boundary 

detachment, CSZ = Coast Shear Zone, NCVP = Northern Cordillera volcanic province, 

AVB = Anahim volcanic belt, CB = Chilcotin Plateau basalts, WG-C = Wells Gray-

Clearwater volcanic field. The CMB is shaded bright magenta. The blue line crossing 

Vancouver Island marks the approximate northern limit of the subducted Juan de Fuca 

slab at 200 km depth from P-wave tomography [Mercier et al., 2009]. 

 

 

Figure 2: Teleseismic earthquakes used for shear-wave splitting analysis. 
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Figure 3: Summary of SKS splitting results across the Canadian Cordillera and northern 

Cascadia with plate motion vectors from the GRSM model [Kreemer et al., 2003]. 

Arrows denote splitting measurements from published sources (white), the CANOE 

experiment (blue) [Courtier et al., 2007], and data analyzed in this study (red). Stations 

without arrows represent Null measurements. Boxes A-D signify the more detailed maps 

shown in Figures 4, 5, 6, and 7 respectively. 
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Figure 4: Splitting measurements for stations in southern Alaska and the Yukon. Arrows 

indicate the orientation of φ. Error wedge lengths and lengths of arrows are respectively 

scaled to the minimum and maximum dt from error analysis. Different colors represent 

results from separate methods (cyan = Silver and Chan energy minimization, yellow = 

rotation correlation, magenta = eigenvalue minimization). Stations without measurements 

represent Nulls. FF = Fairweather Fault, DFS = Denali Fault system. 
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Figure 5: Splitting measurements for the Queen Charlotte Islands. QCF = Queen 

Charlotte Fault. 
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Figure 6: Splitting measurements for the northern transect of Batholiths. 
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Figure 7: Splitting measurements for the southern transect of Batholiths and Nechako 

stations. 
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Figure 8 (previous page): Record-sections for rotated horizontal channels show the 

moveout of SKS (band-passed from 0.1-0.4 Hz) across seismic transects of the Batholiths 

deployment for Event A (05/16/2006, -31.18˚ N, -179.31˚ E). Particle motion from 

horizontal channels for selected stations demonstrates the elliptical pattern expected for 

anisotropy. 
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Figure 9 (previous page): Lower hemisphere, polar coordinate projections of splitting 

measurements at 24 stations across the Canadian Cordillera. Bars denote solutions and 

circles represent Nulls. Blue represents “good” measurements and black represents “fair” 

measurements. Orientations are CCW from vertical/north (0˚). Radial tick marks are at 5˚ 

increments. 
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Figure 10: Splits and Nulls migrated to 200 km depth overlaid on Vs perturbations at 200 

km depth from regional S-wave tomography [Mercier et al., 2009]. Splits sampling 

southeasterly azimuths show a distinct rotation of φ across the northern transect of 

Batholiths. Nulls occur at several stations but also cluster in the western half of the 

southern transect of Batholiths. 
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Figure 11 (previous page): Splits and Nulls migrated to 100 km depth overlaid on 

perturbations in Vs at 110 km from Batholiths surface wave tomography [Calkins et al., 

In Prep.]. Quaternary-age volcanic features are marked with red triangles. Green triangle 

indicates xenoliths site showing ~58 km thick lithosphere [Peterson and Russell, 2007]. 
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Figure 12 (previous page): Splits and Nulls migrated to 200 km depth overlaid on 

perturbations in Vs at 200 km from regional S-wave tomography [Mercier et al., 2009]. 

 

 

Figure 13: Interpreted flow of mantle asthenosphere around the northern edge of the 

subducted Juan de Fuca slab. Dashed black line encompasses zone of increased null 

splitting measurements. Red triangles mark Holocene-age volcanism in Milbanke 

Channel and at Nazko Cone. Dashed red line corresponds with general distribution of 

volcanism associated with the Chilcotin Plateau basalts and Wells-Gray Clearwater 

volcanic field. 
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Tables 

Station Solns. Nulls Station Solns. Nulls Station Solns. Nulls
BS01 1 4 BN01 1 1 ALBR 3 5 
BS02 1 2 BN02 0 1 BBB 1 20 
BS03 1 7 BN04 2 1 BESE 8 5 
BS04M 1 4 BN07 3 1 CLSB 5 5 
BS05 1 5 BN08 2 2 CRAG 0 10 
BS06 0 2 BN09 4 3 DCPH 0 4 
BS07 1 5 BN10 1 1 DIB 2 5 
BS09 0 5 BN11 2 2 FLLB 7 6 
BS10 0 2 BN13 3 2 PNL 0 16 
BS11 1 6 BN13A 3 3 RAMB 0 2 
BS12M 0 6 BN14 5 2 SIT 0 3 
BS13 1 2 BN15 3 3 SKAG 8 8 
BS14 2 5 BN16 5 3 SULB 1 15 
BS15A 3 4 BN17 3 3 TALB 5 2 
BS15B 3 6 BN18 3 4 THMB 5 7 
BS16 1 2 BN19 2 4 VIB 2 3 
BS17 2 4 BN20 4 3 WHY 5 17 
BS18 4 3 BN21 2 8 WRAK 1 6 
BS19 4 4 BN22 3 8 DLBC* 0 1 
BS21 4 6 BN23 8 4 MOBC* 0 1 
BS22 2 1 RUBB* 0 1 PLBC* 0 1 

 

Table 1: Solutions and Nulls analyzed for all stations and events. Stations recording only 

Event A receive a (*). 
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Station Lat. Lon. φ (°) dt (s) Station Lat. Lon. φ (°) dt (s)
BN01 53.43 -129.26 79 1.8 DIB 53.20 -132.48 135 2.3 
BN04 53.67 -129.06 87 1.1 VIB 53.25 -132.54 140 1.6 
BN07 53.90 -128.68 83 1.2 Average 138 2.0 
BN08 54.04 -128.63 91 1.2 Std. Dev. 4 0.5 
BN09 54.09 -128.62 90 1.1 
BN10 54.17 -128.58 93 0.5 BESE 58.58 -134.85 130 1.5 
BN11 54.26 -128.52 91 0.9 SKAG 59.46 -135.33 139 1.3 
BN13A 54.47 -128.58 92 1.2 Average 135 1.4 
BN13B 54.50 -128.57 89 1.2 Std. Dev. 6 0.1 
BN14 54.54 -128.46 88 1.4 
BN15 54.64 -128.40 98 1.4 ABLR 52.51 -125.08 70 1.1 
BN16 54.72 -128.32 84 1.1 CLSB 52.76 -122.56 124 1.1 
BN17 54.80 -128.30 78 1.3 FLLB 51.74 -123.11 88 1.1 
BN18 54.85 -128.34 92 1.5 SULB 53.28 -124.36 82 1.5 
BN19 55.02 -128.32 118 1.2 TALB 52.01 -124.25 76 1.3 
BN20 55.08 -128.15 81 1.5 THMB 52.55 -124.13 91 1.2 
BN21 55.18 -127.73 84 0.7 Average 89 1.2 
BN22 55.27 -127.62 92 1.2 Std. Dev. 19 0.2 
BN23 55.41 -127.64 76 1.2 

Average 89 1.2 NULLS
Std. Dev. 9 0.3 BS01 52.16 -127.58 40 0.6 

BBB 52.18 -128.11 109 1.2 
BS02 52.19 -127.47 85 1.2 WHY 60.66 -134.88 89 0.8 
BS03 52.26 -127.36 71 1.5 WRAK 56.42 -132.35 176 1.2 
BS04M 52.29 -127.26 81 1.1 
BS05 52.32 -127.15 80 1.3 
BS07 52.39 -126.84 49 0.9 
BS11 52.43 -126.42 76 1.5 
BS13 52.44 -126.22 72 1.4 
BS14 52.41 -126.13 75 1.6 
BS15A 52.37 -126.07 81 1.4 
BS15B 52.40 -125.97 72 1.3 
BS16 52.40 -125.85 82 1.4 
BS17 52.36 -125.78 79 1.7 
BS18 52.41 -125.63 75 1.4 
BS19 52.38 -125.51 84 1.3 
BS21 52.38 -125.26 86 1.5 
BS22 52.38 -125.08 102 0.8 

Average 78 1.3 
Std. Dev. 11 0.2 
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Table 2 (previous page): Average φ and dt analyzed using all methods, stations, and 

events. 

Station Lat. Lon. φ (°) dt (s) Station Lat. Lon. φ (°) dt (s)
BN01 53.43 -129.26 79 1.8 BS02 52.19 -127.47 82 1.2 
BN04 53.67 -129.06 82 1.4 BS03 52.26 -127.36 71 1.5 
BN07 53.90 -128.68 95 1.4 BS04M 52.29 -127.26 81 1 
BN08 54.04 -128.63 96 1.1 BS05 52.32 -127.15 80 1.4 
BN09 54.09 -128.62 93 1.2 BS11 52.43 -126.42 76 1.2 
BN11 54.26 -128.52 89 0.9 BS13 52.44 -126.22 72 1.4 
BN13 54.47 -128.58 97 1.4 BS14 52.41 -126.13 83 1.8 
BN13A 54.50 -128.57 99 1.4 BS15 52.37 -126.07 79 1.5 
BN14 54.54 -128.46 94 1.4 BS15A 52.40 -125.97 69 1.8 
BN15 54.64 -128.40 98 1.6 BS16 52.40 -125.85 82 1.3 
BN16 54.72 -128.32 94 1.5 BS17 52.36 -125.78 80 1.9 
BN17 54.80 -128.30 94 1.5 BS18 52.41 -125.63 83 1.8 
BN18 54.85 -128.34 94 1.8 BS21 52.38 -125.26 89 1.5 
BN19 55.02 -128.32 86 1.5 BS22 52.38 -125.08 88 0.7 
BN20 55.08 -128.15 87 1.9 
BN22 55.27 -127.62 82 1.4 

Average 91 1.5 Average 80 1.4 
Std. Dev. 6 0.3 Std. Dev. 6 0.3 

 
Table 3: Average φ and dt analyzed using all methods for Batholiths stations for Event 

A. 


