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To explore how lithospheric structure varies between tectonic and magmatic terranes of the western
United States, we use observations of shear-to-compressional wave conversions across lithospheric
velocity interfaces. With a newly developed automatic method designed to take advantage of the
EarthScope Transportable Array and other broadband seismic arrays deployed across the region, and an
optimized deconvolution technique based on the extended-time multi-taper method, we map variations
in the depth to the seismic Moho, lithosphere-asthenosphere boundary (LAB) and mid-lithospheric
discontinuities (MLDs). Beneath areas that have undergone substantial extension in the Neogene—
including the eastern Great Basin, the southern Basin and Range, and the southern Rio Grande Rift—
we detect strong Sp conversions across a relatively shallow (60-80 km) seismically-defined LAB. We
detect Sp conversions across an 80-90 km depth discontinuity beneath the High Rockies, which we
interpret as the seismically-defined LAB. Beneath areas that have remained relatively undeformed—
including the Wyoming craton and the Great Plains craton—we detect Sp conversions in the 90-140 km
depth range that are substantially weaker and more distributed in depth than those beneath less stable
regions. Beneath the Colorado Plateau, Sp CCP stacks show that lithospheric thinning has accompanied
magmatic encroachment and the LAB beneath the margins of the Plateau is indistinguishable from
the LAB of the surrounding extensional provinces. In contrast, beneath central and northern Colorado
Plateau, weaker Sp conversions are observed in the 90-140 km depth range. The observed variations in
lithospheric structure across structural blocks with different magmatic and deformational histories imply
that: (1) both mechanical thinning and magmatic and thermal erosion have likely contributed to the thin
lithosphere observed in the Basin and Range and southern Rio Grande Rift; (2) at the margins of the
Colorado Plateau and beneath the High Rockies, where extension has been relatively minor, strong and
shallow seismic LABs indicate magmatic alteration of the lithosphere; (3) MLDs seen in comparatively
thick, stable lithosphere produce weaker Sp conversions and are often more distributed in depth than
seismically-observed LABs in regions of thin lithosphere; (4) MLDs and weak, deep phases consistent
with a seismic LAB are sometimes observed together.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

narrow depth range to produce detectable conversions of shear-
to-compressional (Sp) and compressional-to-shear (Ps) waves (e.g.

Variations in thickness of the continental lithosphere are genet-
ically related to deformation and magmatic history. Global tomo-
graphic models show that elevated shear wavespeeds associated
with the continental lithosphere extend to about ~200 km depth
beneath stable cratonic regions, and to much shallower depths
beneath regions that have experienced deformation and magma-
tism (e.g. Romanowicz, 2009). In many locations, shear wave speed
reductions across the base of the lithosphere (i.e. the lithosphere-
asthenosphere boundary, henceforth LAB), occur over a sufficiently
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Rychert et al., 2007; Li et al., 2007; Ford et al., 2010).

Ps and Sp conversions can be analyzed using the receiver-
function method (for a recent summary, see Kind et al., 2012), to
determine the depth to the seismically-defined LAB globally (e.g.
Rychert and Shearer, 2009), as well as to estimate the velocity
drop across it. While in tectonically and magmatically active re-
gions, these depths and velocity drops tend to agree very well
with the base of the lithosphere as determined from global seis-
mic tomography, the depths are often incompatible with shear
wave speed profiles beneath stable cratons and platforms (Lekic
and Romanowicz, 2011). In these regions, the velocity gradients
producing the strongest Ps and Sp conversions are typically as-
sociated with a mid-lithospheric discontinuity (henceforth, MLD),
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whose physical cause and nature remains elusive (Fischer et al.,
2010), but which may be related to a low-velocity zone within the
lithosphere (e.g. Thybo and Perchu¢, 1997; Lekic and Romanowicz,
2011) or a change in anisotropy (Yuan and Romanowicz, 2010).

Does this correspondence between thicker lithosphere and
intra-lithospheric layering on one hand, and thinner lithosphere,
deformation and magmatism on the other, persist down to the
scale of physiographic units? The varied history of deformation
and magmatism across the western United States makes it an ideal
setting for studying this question. The compressional regime asso-
ciated with, most recently, the Laramide orogeny during 75-35 Ma,
was followed in the Neogene by extension and widespread mag-
matism (e.g. Bird, 1998; McQuarrie and Wernicke, 2005). This
extension took on a wide mode in the Basin and Range, and nar-
rower modes beneath the Rio Grande Rift to the east and the
Salton Trough to the west (e.g. Buck, 1991). Yet, at the same
time, the Colorado Plateau and the Wyoming craton underwent
little internal deformation (e.g. Bird, 1979). Instead, the Col-
orado Plateau has uplifted by ~2 km (Pederson et al., 2002), and
been subjected to magmatic encroachment (Wenrich et al., 1995;
Roy et al., 2009).

As the site of dense seismic station coverage provided by sev-
eral temporary PASSCAL seismic experiments and the EarthScope
Transportable Array, the western United States is also an ideal set-
ting for seismic imaging of lithospheric structure variations on the
scale of physiographic units. In this study, we employ Sp con-
versions to map variations in the depth to the seismic LAB and
characterize the geographic distribution, strength, and depth-range
of MLDs. The large quantity of available data makes possible the
construction of common conversion-point stacks, which have pre-
viously been applied to image lithospheric thickness variations
across the region (Levander and Miller, 2012) as well as focused
lithospheric thinning beneath the Salton Trough (Lekic et al., 2011).

2. Data and method

We identify three-component seismic stations that operated in
the study area with data available through the IRIS Data Manage-
ment Center. These stations belong to 28 different permanent and
temporary networks. Nevertheless, the vast majority of the usable
records come from a handful of networks: the EarthScope USAr-
ray Transportable Array (TA) accounts for nearly 59% of the data,
the United States National Seismic Network (US), Caltech Regional
Seismic Network (CI), and the Rio Grande Seismic Transect (with
extension, XM + XK) each contribute ~8% of the data, the Inter-
mountain West network 3.6%, and the Gobal Seismograph Network
(GSN-IRIS/USGS: IU) and the Colorado BB-Array Lodore (XT) pro-
vide 2% each. In the Supplement, we discuss the relative contri-
butions of the TA and other temporary networks in constraining
variations in lithospheric structure across the region. For each sta-
tion, we search the USGS NEIC global event catalog for events
with Mw > 5.8, epicentral distances between 55° and 75°, and
hypocenter depths <300 km. These selection parameters are cho-
sen to minimize contamination of Sp receiver functions by interfer-
ence with pPPP, pPPPP, sPPPP, SKS, and SKSp (Wilson et al., 2006),
and to avoid effects of post-criticality of S waves at distances <55°.
In total, our dataset includes 737 seismic stations contributing a
total of 28,236 Sp receiver functions. The locations of the stations
are denoted by triangles in Fig. 1, and they are colored according
to the number of receiver functions obtained at the station. The
waveforms are bandpass filtered between 0.03 and 0.25 Hz using a
fourth order Butterworth filter, in which frequency range the S-to-
P signal-to-noise ratio appears to be largest. We find that the use
of a slightly smaller upper corner frequency (0.25 Hz) relative to
that used by Abt et al. (2010) (0.50 Hz) yields somewhat cleaner
images without adversely affecting accurate estimation of depths
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Fig. 1. Topographic map of study region showing the locations of stations used in
the study (triangles), colored according to the base ten logarithm of the number of
Sp receiver functions obtained at each station. Red lines are state boundaries, blue
lines outline physiographic provinces of Fenneman and Johnson (1946), the dashed
line traces the boundary of the Wyoming craton (Whitmeyer and Karlstrom, 2007).
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

of lithospheric discontinuities. However, upper corners as small as
0.125 Hz often create interference between the Moho and shallow
(<100 km) mantle phases (e.g. Hopper et al., submitted for publi-
cation).

Shear waves that traverse the outer core as compressional
waves (SKS) and convert from shear to compressional waves in the
mantle (SKS-to-P) are sometimes combined with Sp to map upper
mantle discontinuities (e.g. Kind et al., 2012; Hansen et al., 2013).
However, we found that including SKSp phases did not in general
improve the clarity of phases observed in the common conversion
point (CCP) stacks, and the results shown in this study are based
on Sp phases alone.

In order to calculate Sp receiver functions, we use the semi-
automatic data-processing technique developed by Abt et al.
(2010) with two major improvements: (1) a new, array-based pick-
ing algorithm for the automatic identification of P and S arrivals
necessary for accurate windowing of the parent and daughter
waveforms prior to deconvolution; (2) implementation of deconvo-
lution based on the extended time multi-taper correlation method.
In the Supplement, we describe the array-picking algorithm, and
compare its performance to the automatic algorithm of Abt et
al. (2010), which has been broadly applied (e.g. Abt et al., 2010;
Ford et al., 2010; Lekic et al, 2011). We demonstrate that the
array-based picking algorithm more accurately identifies both P
and S arrival times and is able to determine an arrival time for
~30% more waveforms.

Once Sp receiver functions are obtained, they are combined into
a 3D crust and mantle discontinuity model by common conver-
sion point (CCP) stacking. First, receiver function amplitudes are
migrated into a physical volume defined by depth, latitude and
longitude (r, 8, ¢), using 1D ray tracing along the backazimuth and
ray parameter of the parent S phase and a velocity model for each
station that is based on crustal Vp and V/Vs from the model of
Lowry and Pérez-Gussinyé (2011, henceforth LPG) mantle Vs from
the surface-wave and teleseismic body-wave travel-time model of

Planet. Sci. Lett. (2013), http://dx.doi.org/10.1016/j.epsl.2013.11.026

Please cite this article in press as: V. Leki¢, K.M. Fischer, Contrasting lithospheric signatures across the western United States revealed by Sp receiver functions, Earth




EPSL:12320

V. Leki¢, K.M. Fischer / Earth and Planetary Science Letters eee (esee) soo—ooe 3

—_— Colorado Plateau
o o o

e | Ri0 Grande Rift —_— E
o 0 o — Q 0, o,

A 1 =
ATHpE ) Gy G o) E
Pl I3
(b) > £
42°N O‘ 8 160~ - b
D M— i i i i i i i i j i i i i ==
. - 0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500
= H] Distance Along Profile (km) H
S.Basin and Range ~——]|= Rio Grande Rift=—{
39°N. ;
(@)
0.2
(e)
o 0.1
aen (d) 200
» 9 109 209 309 409 509 609 709 809 909 1009 1109
Distance Along Profile (km) 0
\ ] ——__Wyoming Craton High Rockies |__ Great Plains
0 " iy ot — O TR -0.1
3N E] £ 40 ] = A T e .
< 50 IR o, — — oz
5 120 " ; — ’
l & 160 g
A B C D E 200 . :
108 208 308 408 508 608 708 808 908 1008

14w 11°W 108°W 105°W

Distance Along Profile (km)

Fig. 2. (left) Map showing the surface traces of the vertical sections plotted in this figure and Fig. 3, as well as geographic extents of provinces used in Fig 4. (right) Vertical
sections through Sp CCP stacks obtained using the new array-based picking algorithm presented in this paper (see Supplement). Warm (cool) colors indicate velocity increase
(decrease) with depth and topography (black line) is exaggerated 10-fold. The dashed line traces the Moho from Lowry and Pérez-Gussinyé (2011). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

Obrebski et al. (2011), and mantle V,, from relative travel-times
of teleseismic body waves model of Obrebski et al. (2010). The
volume beneath the study region was discretized every 1 km in
depth, and 0.1° in latitude and longitude. At each discrete loca-
tion, the CCP stack was calculated by a weighted average of all
receiver functions at that depth, where the weights are a function
of the zero-offset Fresnel zone half-width for the depth of interest.
In order to avoid poorly-constrained regions, we only calculate the
weighted average when there are more than 35 receiver functions
contributing to it. The definitions of weighting factors and stacking
procedure are identical to that of Lekic et al. (2011).

3. Results

Vertical slices through the 3D crust and mantle discontinuity
model are shown in Figs. 2 and 3. Warm (cool) colors correspond
to areas where velocity increases (decreases) with depth suffi-
ciently rapidly to produce an Sp conversion. In the Supplement,
we compare the Sp CCP stacks obtained using the new array-
based picking algorithm to those from the algorithm of Abt et al.
(2010), and show that the array-based algorithm’s increased ac-
curacy results in more coherent images of lithospheric structure.
By constructing CCP stacks using different subsets of data, we also
show that Sp CCP stacks obtained using all available data and those
obtained using data from only the Transportable Array (TA) yield
similar constraints on lithospheric structure, indicating that the de-
ployment and interstation spacing of the TA are sufficient for high
quality imaging of the mantle lithosphere.

Fig. 3 shows that in nearly all locations, the largest-amplitude
feature of the Sp CCP stacks, indicating a velocity increase with
depth, corresponds to Mohorovi€i¢ discontinuity. Its depth is gen-
erally consistent with the depths inferred by Lowry and Pérez-
Gussinyé (2011) using H-k stacking of Ps receiver functions com-
bined with gravity and surface heat-flow measurements. We stress
that even though crustal thicknesses and Vp/V; ratios from the
LPG model are used to migrate to depth our Sp receiver functions,
the agreement is meaningful because: (1) Sp receiver functions
are constructed from different portions of the seismic waveforms;

(2) P waves converted from S waves traverse very different paths
in the crust and upper mantle than S waves converted from P
waves; (3) Sp conversions do not suffer from complications aris-
ing from arrivals that are multiply-reflected in shallow layers, such
as the sediment or crust; (4) Sp receiver functions are dominated
by longer period energy, with different lateral and depth sensitivi-
ties.

Beneath the strong positive Moho-related arrival in the CCP
stacks, we observe a more distributed negative arrival that is asso-
ciated with a negative velocity gradient (NVG) with depth. Forward
modeling studies indicate that a velocity decrease of ~5-10% over
<30 km vertical distance is necessary to produce the Sp phases
seen beneath much of the study area (e.g. Rychert et al., 2010;
Fischer et al.,, 2010). The vertical sections in Figs. 2 and 3 show that
both the depth and character of the NVG-related phase in the CCP
stacks vary across the region of study. In particular, we observe:

e A prominent NVG at ~70 km depth beneath the northern

Great Basin (profile A, Fig. 3) and southern Basin and Range

(profile H, Fig. 2), with hints of a rapid transition to depths of

40-50 km beneath the Salton Trough at the ends of the pro-

files;

Gradual shallowing of the NVG going from the southern Basin

and Range northward into the Great Basin (profile B, Fig. 3),

consistent with the Sp results of Levander and Miller (2012);

e The NVG is weaker, deeper, and more distributed in depth be-
neath the central and northern Colorado Plateau, but is strong
and shallow along its southern and western margins (profiles
B-D, Fig. 3 and G, Fig. 2);

o The NVG is very weak and distributed to a depth of ~150 km

Wyoming craton (profiles C, D, E, Fig. 3 and ], Fig. 2);

No obvious signs of localized lithospheric thinning beneath the

northern segments of the Rio Grande Rift, where lithospheric

thickness is similar to that beneath the Basin and Range (pro-

file E, Fig. 3);

e The NVG is of intermediate strength and depth (80-90 km)
beneath the High Rockies (profile E, Fig. 3);
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Fig. 3. Vertical sections through Sp CCP stacks, showing the variations in crustal and lithospheric thickness throughout the study region. Sections run south (left) to north
(right) and move progressively eastward from top to bottom. Approximate surface extents of major physiographic provinces are denoted with green lines. Warm (cool) colors
indicate velocity increase (decrease) with depth. For the surface trace of the sections, explanation of other markings, and the color scale, consult Fig. 2. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

e Significant NVG phases exist beneath the eastern margin of The systematic differences in the character of NVG-related
our study (the Great Plains craton), characterized by multiple phases seen across different physiographic provinces are particu-
NVGs distributed down to ~150 km depth (profile F, Fig. 3), larly apparent in Fig. 4, where we plot the average receiver func-
although a single phase at 80-100 km depth is observed in tions for each of nine different regions, alongside absolute shear
certain areas. velocity profiles from two recent tomographic models (Obrebski
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Fig. 4. Average Sp receiver functions for the main physiographic provinces (colored to match map of provinces in Fig. 2) plotted against the average absolute Vs profiles
from two recent tomographic models of the western U.S. (Obrebski et al., 2011; Shen et al., 2013). Viewed in the context of absolute Vg profiles, the positive phase (red) in
the Sp RFs can be associated with the Moho. The negative phase (blue) is less straightforward to interpret; beneath the Great Basin, Southern Basin and Range, the Snake
River Plain, the High Rockies and the western and southern margins of the Colorado Plateau, is consistent with a seismically-defined lithosphere-asthenosphere boundary;
beneath the Wyoming Basin (which corresponds to much of the Wyoming craton), the central and northern Colorado Plateau, and the Great Plains craton it likely represents
mid-lithospheric discontinuity/ies. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. (top) Map showing the depth of the negative velocity gradient phase, corre-
sponding either to a seismically-defined lithosphere-asthenosphere boundary (LAB),
or mid-lithospheric discontinuity (MLD). (bottom) Map of the amplitude of the Sp
conversion produced across the MLD/LAB. Depths and amplitudes are automatically
calculated from the Sp CCP stacks as the mean of the 20 most negative points in
the 35-200 km depth range. Large amplitudes correspond to large velocity gradi-
ents across the LAB. Uncertainties associated with these maps are discussed in the
Supplement.

et al., 2011; Shen et al., 2013). As with the CCP stacks, red indi-
cates a velocity increase with depth (such as that across the Moho)
and blue indicates a velocity decrease with depth (an NVG). How-
ever, we only color where the absolute amplitude of the receiver
function is more than one standard deviation greater than zero;
this way, two-thirds of intra-region variability in receiver functions
is represented by the white area between the mean receiver func-
tion and the colored portion.

In Fig. 5, we plot the depth to and amplitude of the largest neg-
ative velocity gradients (NVG) from the Sp CCP stacks constructed
using array-picked data. In order to avoid subjectivity in interpre-
tating the CCP stacks, we use an automatic algorithm that defines
the NVG amplitude as the mean amplitude and NVG depth as the

mean depth of the 20 most negative points in the 35-200 km
depth range of the CCP profile beneath each point on the sur-
face. When CCP values are unavailable on more than 10 km of the
CCP profile or when no negative phase is observed, picks are not
made. Fig. 5 shows that individual physiographic provinces can be
identified with shallow (<75 km), intermediate-depth (80-90 km),
or deep (>100 km) NVGs. Furthermore, provinces with greater
LAB depths, which are primarily found within stable blocks such
as the central Colorado Plateau, the Great Basin craton, and the
Wyoming craton, tend to contain NVGs that are 2-3 times weaker
than those beneath provinces with shallow LAB depths. In the Sup-
plement, we describe a bootstrap analysis of the LAB depth and
strength maps constructed using different random subsets of the
complete dataset, and show that the differences in LAB depth and
strength between individual physiographic provinces are robustly
constrained.

4. Discussion

As the focus of this paper is variations in lithospheric thick-
ness rather than crustal structure, we restrict our discussion of
crustal features to a few brief points. Interestingly, we observe
crustal thickening along the margins of the Wyoming craton (pro-
file ], Fig. 2) that is not present in the LPG model. We interpret
this as an indication of whole-crustal deformation that is local-
ized at the margins of the thick and rigid lithosphere of the
Wyoming craton, as previously reported by Levander and Miller
(2012) and Hansen et al. (2013). We find that the Moho pro-
duces weak Sp conversions beneath parts of the Wyoming craton
(profile J, Fig. 2), suggesting a reduced velocity contrast across
the base of the crust, consistent with the results of Shen et al.
(2013). We confirm that the Moho produces weak Sp conver-
sions beneath central parts of the Colorado Plateau (profiles C
and D, Fig. 3; Gilbert et al., 2007; Gilbert, 2012), and image com-
plex lower-crustal arrivals (profile G, Fig. 2) previously noted by
Levander et al. (2011) and Gilbert (2012), though discerning the
likely Moho-related signals remains possible in our Sp CCP stacks.
Beneath the Colorado Plateau, crustal thickness exceeds 40 km,
with the Moho reaching depths of 50 km in places, in agreement
with the previous Ps results (Lowry and Pérez-Gussinyé, 2011;
Levander and Miller, 2012; Gilbert, 2012). Similar Moho depths are
observed beneath the High Rockies, with a northward deepening of
the Moho from ~40 km to nearly 50 km (profile E, Fig. 3), consis-
tent with previous Ps and Sp studies (Levander and Miller, 2012;
Lowry and Pérez-Gussinyé, 2011); the northward deepening is par-
ticularly visible in the Ps results of Gilbert (2012). Because of their
longer dominant periods, S-to-P conversions are unable to sepa-
rate out signals arising from multiple, nearby, strong impedance
contrasts. We see this beneath much of the Great Basin and the
southern Basin and Range, where signal associated with the base
of the crystalline basement interferes with that produced across
the Moho, resulting in a merged positive phase in the CCP stacks
that corresponds to neither the Moho nor the base of the crys-
talline basement.

The broad pattern of NVG depth variations obtained in this
study (Fig. 5) agree with those from other recent Sp common con-
version point investigations (Levander et al., 2011; Levander and
Miller, 2012; Kumar et al., 2012; Hansen et al., 2013), but some
features differ. Relatively shallow NVG depths beneath the Basin
and Range and High Rockies and a deeper NVG beneath the cen-
tral Colorado Plateau are common to Sp studies. However, while
this study, Levander et al. (2011) and Kumar et al. (2012) all show
the continuation of a relatively deep (100-120 km) NVG to the
north of the Colorado Plateau (~41°-42°N), this feature is not
prominent in Levander and Miller (2012). Since this region tends to
show multiple NVGs that are distributed in depth both in our (see
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700-1100 km range of profile D, Fig. 3) and Levander and Miller
(2012) Sp CCP stacks, discrepancies may result from picking dif-
ferent arrivals. NVG depths from Kumar et al. (2012) are smoother
laterally than those in this study, and the depths they find in the
Basin and Range are typically greater (ranging between 70 and 90
km). Hansen et al. (2013) image a NVG beneath the High Rockies
at depths comparable to ours (~80 km), but also report a deeper
and weaker NVG at 150-170 km; we discuss this in more detail
further in the subsection on the High Rockies.

4.1. Basin and Range, Great Basin, and the southern Rio Grande Rift

Shallow NVGs are observed beneath the southern Basin and
Range, the Great Basin, and the southern portion of the Rio Grande
Rift. The negative velocity gradients implied by these phases fall
within the transition from higher velocity lithospheric lid to as-
thenospheric low velocity zone in the shear velocity models from
combined surface and body wave tomography of Obrebski et al.
(2011) (Fig. 4) and are thus interpretable as the seismically-defined
LAB. The amplitudes of these phases are larger than elsewhere in
our study region, indicating larger LAB velocity gradients, similar
in magnitude to the ~8% drop in V inferred from Sp RFs beneath
Southern California by Lekic et al. (2011); the Vs drop would have
to be larger by about 50% if it were to be distributed across 20 km
in depth (see Fig. 4 of Rychert et al., 2010, for more detail). The
large LAB velocity gradients suggested by large-amplitude phases
in our CCP stacks, coupled with low asthenospheric shear veloc-
ities (e.g. Schmandt and Humphreys, 2010; Obrebski et al., 2011;
Rau and Forsyth, 2011; Gao et al., 2004), are consistent with the
presence of partial melt in the asthenosphere.

Given the substantial extension and magmatic activity that the
Basin and Range and southern Rio Grande Rift experienced since
the Miocene (e.g. Chapin and Cather, 1994; McQuarrie and Wer-
nicke, 2005), their shallow LAB is consistent with lithospheric thin-
ning due to stretching and magmatic erosion. We find that average
lithospheric thickness beneath the Northern Basin and Range is
~10 km less than the 70 km average thickness detected beneath
the Southern Basin and Range; this is consistent with the elevation
and Bouger gravity anomaly differences between the two provinces
(e.g. Parsons et al, 1994). Lithospheric thicknesses beneath the
southern Rio Grande Rift are similar to those found beneath the
southern Basin and Range, consistent with distributed extension,
but markedly different from the highly localized lithospheric thin-
ning reported beneath the Salton Trough and Inner Continental
Borderland (Lekic et al., 2011). The lack of laterally abrupt litho-
spheric thinning beneath the Rio Grande Rift agrees with both the
distributed crustal deformation inferred from Ps receiver function
images of the Moho (Wilson et al.,, 2005), and the diffuse nature
of geodetically-measured present-day extension across the region
(Berglund et al, 2012). In the southern Rio Grande Rift, where
~50% extension has occurred (Chapin and Cather, 1994) some
xenoliths from depths of ~45 km have compositions indicative of
depleted Proterozoic mantle while others suggest the presence of
young, convecting asthenospheric mantle, implying that a portion
of the original mantle lithosphere has been removed (Byerly and
Lassiter, 2012). Indeed, below this area (~850 km on profile H,
Fig. 2), the LAB-related NVG is locally disrupted and low ampli-
tude, a result that is consistent with lithospheric removal to depths
just below the Moho.

4.2. Colorado Plateau, Wyoming Craton, and the Great Plains Craton

Beneath the central and northern Colorado Plateau, Wyoming
craton, and the Great Plains craton along the eastern margin of
our study region, regional body- and surface-wave tomography
(e.g. Obrebski et al., 2011; Liu et al., 2011; Yuan et al, 2011;

Bailey et al., 2012) suggests that relatively fast velocities extend
to depths greater than most of the NVG phase(s) (see Fig. 4).
Therefore, in these regions we interpret most of the NVGs seen
in our CCP stacks to be mid-lithospheric discontinuities, similar
to those observed using Ps and Sp receiver functions beneath
other stable continental regions (e.g. Rychert and Shearer, 2009;
Abt et al., 2010; Ford et al., 2010). However, in some cases an NVG
lies at a depth great enough to be consistent with the seismically-
defined LAB, similar to the conclusions of Hansen et al. (2013)
for the Great Plains. The NVGs beneath the central/north Colorado
Plateau, Wyoming craton, and Great Plains are typically weaker
than the NVGs in the Basin and Range and southern Rio Grande
Rift, and NVGs at multiple depths are often observed, although
examples of single mid-lithospheric NVGs also occur. While the
complexity of mid-lithospheric NVG-related phases makes direct
inference of velocity drops difficult, the fact that average ampli-
tudes of NVG phases are a factor of 2-3 weaker than those we
detect beneath actively extending regions implies a ~3% Vs drop
across a given mid-lithospheric discontinuity. Alternatively, velocity
drops beneath the central/north Colorado Plateau, Wyoming cra-
ton, and Great Plains could be distributed over larger depth ranges
than beneath neighboring extended lithosphere.

The lithosphere of the Colorado Plateau is thickest near its cen-
ter and in its north (Uinta Basin), where NVGs interpretable as the
LAB are observed in the 110-130 km range (see Fig. 4). This depth
for the LAB is comparable to the depth extent of cool, depleted
lithosphere inferred from xenoliths sampling the central Colorado
Plateau (Riter and Smith, 1996; Lee et al., 2001) that were erupted
toward the end of the ignimbrite flare-up, thought to be asso-
ciated with the removal of the Farallon slab. Furthermore, it is
broadly consistent with the Sp images of both Levander and Miller
(2012) and Kumar et al. (2012) and the joint receiver function
and surface-wave inversions of Bailey et al. (2012). The depth of
the NVG shallows beneath the western, southern, and southeast-
ern regions of the Colorado Plateau (Fig. 3, profiles B, C and D, and
Fig. 5). The shallow (70-80 km) NVGs observed beneath the entire
south/southwestern portion of the Plateau is in agreement both
with melt equilibration pressures of ~100 km from the southwest-
ern Plateau (Lee et al., 2009), and with recent isotopic analysis that
attributes recent volcanism to decompression melting to depths of
<75 km (Reid et al., 2012).

The fact that NVG depths beneath the western, southern, and
southeastern margins of the Colorado Plateau are indistinguish-
able from those in the nearby Basin and Range could be inter-
preted to suggest that these regions have experienced substan-
tial lithospheric thinning. However, while the margins of the Col-
orado Plateau have experienced minor deformation (e.g. Kreemer
et al., 2010; Berglund et al., 2012), this tectonic block has been
largely undeformed throughout the first compressional and then
extensional deformational history of the broader western U.S. (e.g.
Bird, 1979). Therefore, the thinner lithosphere at the margins of
the Plateau is more consistent with thermal and magmatic ero-
sion of the lithosphere during the Cenozoic (Roy et al., 2009;
Crow et al., 2011), rather than mechanical stretching. While we
do not see a clear expression in the Sp CCP images of proposed
ongoing lithospheric downwelling beneath the Colorado Plateau
(Levander et al., 2011), our images cannot by themselves rule out
such a possibility. Interestingly, the thinning of the southeastern
portion of the Colorado Plateau lithosphere matches the spatial
extent of the density deficit determined from joint modeling of
gravity and topography data (Roy et al., 2005).

4.3. High Rockies

Intermediate depth (80-90 km) NVGs are observed beneath
the High Rockies. Should this NVG phase be interpreted as the
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seismically-defined LAB, or an especially coherent and high-
amplitude MLD? To answer this question, we compare the velocity
structure beneath the High Rockies to that of surrounding regions.
Without exception, high resolution tomographic studies find that
at mantle lithospheric depths (50-150 km) both Vg (e.g. Schmandt
and Humphreys, 2010; Liu et al., 2011; Obrebski et al., 2011;
Hansen et al, 2013; Shen et al, 2013) and V, (e.g. Schmandt
and Humphreys, 2010; Burdick et al., 2010) are slower beneath
the High Rockies than beneath the central Colorado Plateau, the
Wyoming craton, or the Great Plains craton; indeed, the Vs and
V, anomaly beneath the southern High Rockies is similar to that
observed beneath the margins of the Colorado Plateau, where
the NVG can be unambiguously associated with the seismically-
defined LAB. Furthermore, Pn phases, which are sensitive to mantle
velocities directly beneath the Moho, Buehler and Shearer (2012)
find that the shallow mantle lithosphere beneath the High Rockies
is significantly slower than the lithospheres of the central Colorado
Plateau, Wyoming craton, and Great Plains craton, and is compara-
ble to the shallow mantle found beneath the northern Rio Grande
Rift. Based on these independent lines of evidence, we interpret
the NVG phase beneath the High Rockies as the seismically-defined
LAB. This interpretation is also consistent with reduced elastic
thickness inferred from correlation of gravity and topography data
and very high surface heatflow (Blackwell and Richards, 2004;
Reiter, 2008).

Other converted phase studies of the region have inferred in-
termediate thickness (80-100 km) lithosphere beneath the High
Rockies (Liu et al., 2011; Levander and Miller, 2012; Kumar et al.,
2012; Bailey et al., 2012). An exception is the work of Hansen et al.
(2013), who detect a large negative Sp phase at depths of 70-100,
but interpret a second, weaker negative Sp phase at 150-170 km
as the LAB. It is important to note that our interpretation of the
clear NVG at ~80-90 km depth as the seismically-defined LAB, im-
plies only that it is the top of a relatively low velocity layer consist-
ing of weak mantle material; the origin of this material cannot be
determined from seismology alone. In this region, the weak sub-
LAB material could either be original continental lithosphere that
has now been altered, or modern, convecting asthenosphere. In
either case, the absence of significant extension in the High Rock-
ies (Chapin and Cather, 1994) again implies that magmatic and
thermal erosion, as opposed to mechanical extension, must have
played a key role in attaining the relatively shallow lithospheric
thickness. Interestingly, the NVG appears to be absent beneath the
southernmost Rockies (500-700 km on profile E of Fig. 3) where
some tomography models (Li et al., 2005; Obrebski et al., 2011;
Shen et al., 2013) found anomalously low shear wave speeds in the
60-100 km depth range. The zone of missing NVG is approximately
spatially correlated with the intersection between the Rockies and
the Jemez Lineament, a band of mid-Miocene to recent magma-
tism, and may also relate to the overlap between the southern
Rockies and the northern end of the Rio Grande Rift.

5. Conclusions

The varied deformation history of the Western United States
provides an ideal setting in which to study the relationship be-
tween lithospheric structure and deformation. In order to take full
advantage of deployments of dense seismic arrays in the region,
we develop, validate, and apply a new array-based picking algo-
rithm to generate over 28,000 Sp receiver functions. When mapped
into the three-dimensional volume beneath the region via common
conversion point (CCP) stacking, the Sp receiver functions yield
an image of velocity interfaces associated with the lithosphere-
asthenosphere boundary (LAB) as well as mid-lithospheric discon-
tinuities (MLDs).

We show that the more reliable S arrival picks obtained with
the array-based picker result in more coherent CCP stacks. By com-
paring Sp CCP stacks obtained using all available data with those
obtained using data from the Transportable Array (TA) alone, we
demonstrate that the length of deployment, noise levels, and inter-
station spacing is sufficient to yield clear and interpretable images
of lithospheric structure.

We find that the Western United States is characterized by a
wide range of lithospheric structures, with differences in litho-
spheric thickness and the strength of the seismic expression of the
lithosphere-asthenosphere boundary persisting down to the scale
of single physiographic units. The main conclusions are schemati-
cally shown in the graphical abstract:

e Beneath areas that have undergone substantial extension in
the Neogene—including the eastern Great Basin, the southern
Basin and Range, and the southern Rio Grande Rift—we detect
strong Sp conversions across a relatively shallow (60-80 km)
seismically-defined LAB.

e We detect Sp conversions across a discontinuity at depths of
80-90 km beneath the High Rockies, which we interpret as the
seismically-defined LAB.

e Beneath areas that have remained relatively undeformed—
including the Wyoming craton and the Great Plains craton—we
detect Sp conversions in the 90-140 km depth range that are
substantially weaker and more distributed in depth than those
beneath less stable regions.

e Beneath the Colorado Plateau, Sp CCP stacks show that litho-
spheric thinning has accompanied magmatic encroachment,
so that the lithosphere beneath the margins of the Plateau
produces Sp conversions indistinguishable from those beneath
surrounding extensional provinces. The central and northern
portions of the Plateau, on the other hand, produce weak Sp
conversions in the 90-140 km depth range.

The clear association between lithospheric thickness, magmatic
encroachment, and deformation history provides a self-consistent
framework to explain the observed variations in Sp phase depths
and character; therefore, we do not find it necessary to invoke
the fragmentation and preferential preservation of the Farallon
slab beneath the Colorado Plateau, the Wyoming craton and the
Great Plains craton, as has previously been suggested (Kumar et
al,, 2012).

The observed variations in lithospheric structure across struc-
tural blocks with different magmatic and deformational histories
imply that:

1. Both mechanical thinning and magmatic and thermal erosion
have likely contributed to the thin lithosphere observed in the
Basin and Range and southern Rio Grande Rift.

2. At the margins of the Colorado Plateau and beneath the High
Rockies, where extension has been relatively minor, strong and
shallow seismic LABs indicate magmatic alteration of the litho-
sphere.

3. Mid-lithospheric discontinuities seen in comparatively thick,
stable lithosphere produce weaker Sp conversions and are of-
ten more distributed in depth than seismically-observed LABs
in regions of thin lithosphere.

4. Mid-lithospheric discontinuities and weak, deep phases con-
sistent with a seismic LAB are sometimes observed together.
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