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[1] The Mojave Neovolcanic Province (MNVP), located in
the Mojave block of southern California, comprises late
Miocene to Quaternary small-volume basaltic centers.
Geochemistry indicates an asthenospheric source for the
MNVP beginning in the late Miocene, but no physical
evidence of missing mantle lithosphere has been presented.
We utilize receiver functions and ambient noise tomography to image the lithosphere beneath the Mojave block.
Regionally, we ﬁnd thin crust that thickens distal to sites
of MNVP volcanism. Shear wave velocities between 40
and 75 km depth are consistent with the presence of mantle
lithosphere in the southern Mojave block and very thin
or missing mantle lithosphere to the north. With one
exception, MNVP volcanoes lie along this sharp boundary.
Our observations, together with the established geologic
history and geochemistry of the MNVP, can be explained
by small-scale edge-driven convection producing ongoing
lithospheric removal within the Mojave block. Our results
provide another example of lithospheric instability that
occurs in response to rapid changes in mantle dynamics
induced by major changes in tectonic plate geometry.
Citation: Allison, C. M., R. C. Porter, M. J. Fouch, and
S. Semken (2013), Seismic evidence for lithospheric modiﬁcation
beneath the Mojave Neovolcanic Province, Southern California,
Geophys. Res. Lett., 40, 5119–5124, doi:10.1002/grl.50993.

1. Introduction
[2] The Mojave block lies within the southern Basin and
Range and has a complex tectonic and magmatic history
(Figure 1) related to Farallon plate subduction beneath
North America. In the latest Paleogene, the Farallon spreading
center was subducted and the margin evolved from a convergent margin to the present-day transform San Andreas Fault
system [Atwater, 1970]. Regional calc-alkalic (arc-related)
volcanism in the early Miocene (~25 Ma to 10 Ma) has been
attributed to northward migration of the Mendocino triple
junction [e.g., Snyder et al., 1976]. As subduction ceased,
volcanism across southern California transitioned to small
basaltic ﬁelds in the late Miocene. This more recent (late
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Miocene to Quaternary) small-volume alkali basaltic volcanism, termed the Mojave Neovolcanic Province (MNVP) by
Glazner et al. [1991], is geochemically associated with an
asthenospheric mantle source [e.g., Glazner et al., 1991;
Farmer et al., 1995]. The MNVP trends NW-SE and includes
the Cima Volcanic Field (CVF) as well as Amboy and Pisgah
craters [e.g., Wise, 1969]. Age estimates of the most recent
ﬂows of the CVF are as young as 10 ka [Dohrenwend et al.,
1984], while Amboy and Pisgah Craters are variously inferred
to be Quaternary or Holocene based on morphology [Glazner
et al., 1991, and references within]. Petrological evidence
suggests that younger (<5 Ma) MNVP basalts were not derived from lithospheric mantle sources and that they exhibit
some contamination of maﬁc crust [e.g., Glazner et al.,
1991; Farmer et al., 1995]. Many studies [e.g., Glazner
et al., 1991; Farmer et al., 1995; Leventhal et al., 1995] attribute the mantle source to inﬂow of asthenosphere through the
slab window that opened as the Farallon spreading center
subducted beneath North America.
[3] While detailed petrological and geochemical studies
have provided signiﬁcant constraints on the origin of the
MNVP, early natural source seismic images of the lithosphere and asthenosphere [e.g., Humphreys and Clayton,
1990; Humphreys and Dueker, 1994] had resolution too
coarse to provide detailed connections between MVNP
volcanism and local structure, primarily due to limited station
coverage within the Mojave Block. Previous work has also
considered linkages between xenolith petrology and seismic
reﬂection and refraction data collected in the 1960s and
1980s [e.g., Wilshire et al., 1991]. In the past two decades,
however, many new broadband seismic stations from permanent, regional, and transportable networks have been
installed in the greater Mojave region. A number of recent
studies have generated new images of the western U.S. crust
and uppermost mantle using many of these data [e.g., Yang
and Ritzwoller, 2008; Bensen et al., 2009; Lin et al., 2010;
Lekic et al., 2011; Rau and Forsyth, 2011; Gilbert, 2012;
Levander and Miller, 2012], but a focused seismic study of
the crust and mantle in this region is necessary to tie the
chemical nature of past MNVP eruptions with the presentday physical setting.
[4] In this study, we used receiver function imaging techniques (H-κ and Common Conversion Point (CCP) stacking)
and ambient noise tomography to image the crust and uppermost mantle beneath the MNVP. Our results demonstrate
that intracrustal low-velocity zones exist in most of the study
area, that the mantle lithosphere is missing beneath much of
the Mojave Block, and that an isolated remnant lithospheric
fragment remains beneath the southern MNVP. Placed in context with known geologic history and petrologic constraints,
we suggest that small-scale convection along the edge of
mantle lithosphere is a viable conceptual model that links the
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Figure 1. Study area. Red triangles denote volcanism with eruptive ages of 3 Ma and less from North American Volcanic
and Intrusive Rock Database (NAVDAT) (http://www.navdat.org/; downloaded 06/2012); gray areas are volcanic rock from
Schruben et al. [1994]. (a) Regional study area. Symbols show all regional broadband station locations. (b) Focused study
area. Symbols show RF station locations.
petrologic and geophysical constraints for the MNVP, and
can be extended to many regions of the western U.S. where
recently destabilized lithosphere abounds.

2. Data and Methods
[5] We used receiver function (RF) analysis to image
intracrustal interfaces, crustal thickness, and Vp/Vs across the
region. Here we summarize our data and methods; see the
supporting information for further details. We estimated radial
and transverse RFs for each source-receiver pair using the
iterative time domain deconvolution method of Ligorria and
Ammon [1999]. We used a Gaussian width parameter of 2.5,
which results in a pulse width of ~1 s (~2 s dominant period)
yielding a depth resolution of ~3.5 km [e.g., Eagar et al.,
2011]. We trace edited and postprocessed the RFs using the
MATLAB-based toolbox FuncLab [Eagar and Fouch, 2012].
[6] We used high quality RFs in single station (H-κ) and
Common Conversion Point (CCP) stacking. We estimate
the depth to Moho (H) and Vp/Vs ratio (κ) beneath each seismic station in the H-κ stacking method [Zhu and Kanamori,
2000] using the best-ﬁtting values in the tradeoff between H
and κ. This method does not perform well for some stations,
mainly due to reverberations from deep basins. In those
cases (eight stations), we evaluated the best-ﬁtting Moho
depth corresponding to the Ps arrival and crustal reverberations. To compute CCP stacks for regional correlations
in structure, we back projected RF amplitudes along each
source-receiver ray path using the Tectonic North America
1-D velocity model [Grand and Helmberger, 1984] as modiﬁed
by Eagar et al. [2011].
[7] We used ambient noise tomography (ANT) to calculate
shear velocities for the crust and upper mantle of the Mojave
and surrounding region. ANT is based on the principle that
the cross correlation of seismic noise recorded concurrently
at two stations approximates the Green’s function between
the two stations. We used 1 Hz continuous vertical component
data from all broadband stations archived at the Incorporated
Research Institutions for Seismology Data Management
Center (IRIS DMC) from 2005 through 2008 to coincide with
the deployment of the EarthScope USArray Transportable
Array in the region. We determined interstation phase velocities

from the interstation cross correlations at periods from 8 to
40 s using the method described by Bensen et al. [2007].
We calculated 2-D phase velocity grids at different periods
using the method of Barmin et al. [2001] with grid points
located every 0.1°. We inverted these phase velocities, calculated at each grid point, for shear velocity using the code
surf [Herrmann, 1987], with a constant-velocity starting
model to produce a 3-D shear velocity model for the region.

3. Results
[8] We present the results of the RF and ANT analyses in
Figures 2 and 3, and in Figures S3–S5 in the supporting
information. We note that results from stations used in the
RF analysis can be divided into three groups based upon
features identiﬁed in radial RFs (Figure S3) detailed in the
supporting information. Based on sensitivity kernels calculated for the starting model, we interpret shear velocities
down to 80 km depth.
[9] We present map views of RF single station analysis and
ANT results in Figures 2 and S4. These results show that the
Moho is shallow (23–32 km) throughout this region and
shallowest (≤25 km) in a zone near the CVF and Pisgah
Crater (Figure 2a). For stations where H-κ analysis could
be performed, Vp/Vs values are elevated (~1.8–2.0) for stations with thinner crust (i.e., near the CVF and Pisgah
Crater) or near the San Andreas Fault, but normal (~1.75)
for remaining stations, including those near Amboy Crater.
In the uppermost crust (0–6 km), the ANT models show
a zone of locally reduced velocities (<3.2 km/s) beneath
Amboy Crater (Figure 2b). The region of thinned crust is also
evident in ANT depth slices ranging from 22 km to 34 km,
where locally increased velocities (>4.1 km/s) near the
CVF and Pisgah Crater denote a shallower Moho. In the
uppermost mantle (~40–75 km), both the CVF and Pisgah
Crater lie along the SW-NE transition between lower shear
wave velocities (4.2–4.4 km/s) to the NW and higher velocities (4.6–4.7 km/s) to the SE, while Amboy Crater is situated
within the higher velocity region.
[10] In Figure 3, we display cross-sectional views of our RF
CCP and ANT results. The CCP sections (Figures 3b–3d)
show a clear and well-deﬁned Moho with depths consistent
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with H-κ results across the MNVP, with the shallowest
(~25 km) Moho closest to the CVF and no deeper than 30 km
depth. Some of the step-like changes over short (<10 km) lateral scales may be due to spatial smoothing artifacts, but these
do not modify the overall observations or interpretations. The
CCP images also show strong intracrustal negative amplitude
arrival at 10–15 km depth that is pervasive throughout much
of the region except beneath MNVP volcanic centers. The
ANT results (Figures 3e–3g) show similar Moho depth variations and intracrustal features as the CCP model, although the
inherent depth resolution of is less than that for CCP imaging.
Beneath the crust, the ANT results show clear variations in
mantle lithospheric structure. We ﬁnd a distinct high velocity
(4.6–4.7 km/s) region to the SE of the MNVP from 30 to
75 km depth (Figures 3e–3g), while to the northwest, we
observe lower velocities (4.2–4.4 km/s; Figure 3f). The CVF
and Pisgah Crater are located at the transition between these
higher and lower velocity regions (Figure 3e), where the base
of the higher velocity region sits at ~50 km depth (Figure 3g),
increasing to ~75 km depth to the southeast (Figure 3f).

[11] The results of this study enable a holistic examination
of the present-day seismic velocity character of the broader
MNVP region and its relationship with the regional geologic
history. The intracrustal negative amplitude arrival (see
Figures 3b–3d) is strong and sharp, consistent with the presence of a low-velocity zone (LVZ). This LVZ is pervasive
throughout much of the area, including Amboy Crater, but
is noticeably weak or absent beneath the CVF and Pisgah
Crater. Our favored explanation of this structure and the
surrounding LVZ is that melt has drained in areas of the
crust without the LVZ as a result of recent volcanism.
Implicit in this hypothesis is the presence of small volumes
of intracrustal partial melt beneath other parts of the greater
MNVP region. The notion of a melt drainage zone, similar
to the scenario proposed by Eagar et al. [2011] for the
High Lava Plains of Oregon, can be supported by observations of a locally shallower Moho with elevated Vp/Vs values,
as expected for a crust that has been magmatically modiﬁed.
In our study area, most areas with an intracrustal LVZ exhibit
nominal crustal Vp/Vs values, suggesting that if the LVZ is
due to partial melt, it must be focused in a very thin and sharp
layer that does not substantially increase bulk Vp/Vs as
expected for large volumes of partial melt. Forward modeling
shows that a 5 km-thick low-velocity, high Vp/Vs layer can
Figure 2. Map (plan) views of results. AC = Amboy Crater,
CVF = Cima Volcanic Field, PC = Pisgah Crater. (a) Ps
radial receiver function (RF) results. Colors denote crustal
thickness inferred from H-κ analysis or moveout plot, while
symbols denote quality of RFs (see supporting information
for details). Numbers indicate Vp/Vs values for those stations
with robust H-κ stacks. (b–d) Ambient noise tomography
(ANT) results for various depth slices with depth range
shown in lower left corner of map. Colors represent % perturbation from average layer model; contours annotate Vs in
0.1 km/s intervals. White triangles denote volcanism with
eruptive ages of 3 Ma and less from NAVDAT (http://
www.navdat.org/; downloaded 06/2012).
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Figure 3. Cross-sectional views of results; vertical exaggeration on top topography panels only. AC = Amboy Crater, CVF =
Cima Volcanic Field, PC = Pisgah Crater. Key RF stations labeled on Common Conversion Point (CCP) cross sections near
topography. (a) Locations of cross sections are shown. (b–d) RF CCP stacking results. Colors denote relative amplitudes; blue
is positive, and red is negative. Dashed lines represent interpreted Moho. (e–g) ANT results. Colors denote Vs in km/s. Dashed
lines represent interpreted base of mantle lithosphere.
produce both the negative Ps conversion and an average
whole-crust Vp/Vs ratio observed in receiver functions (see
supporting information). A model including small volumes
of partial melt in the crust is also consistent with elevated
heat ﬂow values, which are ~75–100 mW/m2 nearest the
study region [Sass et al., 1994; U.S. Geological Survey
heat ﬂow database (http://earthquake.usgs.gov/research/
borehole/heatﬂow/map.php, accessed 07/2013)]. Finally,
we note that the crust beneath Amboy Crater contains a zone
of reduced velocities in the uppermost crust (Figure 2b),
is slightly thicker (~26 km), and exhibits a typical Vp/Vs
crustal value of 1.74 (Figure 2a), denoting differences
between the crust beneath Amboy Crater compared to the
CVF and Pisgah Crater.
[12] In the uppermost mantle, differences among these
eruptive centers also exist. Shear wave velocities throughout
the entire study region are relatively low (4.2–4.7 km/s)
but are consistent with a transition from uppermost mantle

lithosphere to asthenosphere [e.g., James et al., 2004]. A
clear reduction in mantle velocities to asthenospheric values
occurs at depths ranging from ~50 km to ~80 km across
the region, suggesting that a laterally varying lithosphereasthenosphere boundary exists. Lekic et al. [2011], Rau and
Forsyth [2011], and Levander and Miller [2012] support this
variation with evidence independent of our study. We can
therefore infer that the CVF and Pisgah Crater lie directly
on the boundary (most clearly observed in Figure 2d)
between lithosphere to the SE and asthenosphere to the
NW. Amboy Crater, however, is situated atop a parcel of
thin, but distinct, mantle lithosphere in the southern portion
of the southern Mojave block.
[13] Two plausible mechanisms may explain the observed
differences in lithospheric structure beneath the Mojave block:
preferential lithospheric thinning and lithospheric delamination. In general, both processes may result from relatively
recent extension, hydration of the overriding plate during
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subduction, inherent differences in lithospheric strength or
thickness, or a response to rapid asthenospheric inﬂow as
regional subduction terminated. While it remains a challenge
to fully distinguish between these processes, we can use
known geological constraints from the Cenozoic evolution
of the Mojave block to work toward a viable model.
[14] Widespread extension in the Mojave Block during the
early Miocene, which ceased at ~18 Ma [e.g., Glazner et al.,
2002], may have led to thinned lithosphere. The ﬁrst silicic
eruptive centers in the region appeared at this time, while
the basaltic MNVP centers emerged later. Although the
timing of these events is consistent with extension that produces a suite of volcanism in the Mojave block, an additional
inﬂuence, such as signiﬁcant differences in inherent lithospheric strength or thickness during the middle Miocene or
preferential hydration of focused lithospheric zones, is necessary to reconcile the present-day existence of the southern
lithospheric fragment. We note that the lithospheric boundary closely follows the Mojave block miogeoclinal-cratonal
hinge line (MCH) [e.g., Martin and Walker, 1992; Glazner
et al., 2002], which represents a Proterozoic lithospheric
boundary [Miller et al., 2000]. In a preferential lithospheric
thinning scenario, extensional stresses could focus on the
younger lithosphere to the west while leaving the older lithospheric package relatively intact.
[15] Alternatively, lithospheric delamination could remove
mantle lithosphere and perhaps the lowermost crust throughout the MNVP. As the lithosphere peels away, small-scale
edge-driven convection would continue to erode the mantle
lithosphere from the northwest. This process has been proposed for other regions underlain by a signiﬁcant step in lithospheric thickness, such as the Sierra Nevada range to the
west of the MNVP [e.g., Manley et al., 2000], the Big Pine
Volcanic Field to the north [Gazel et al., 2012], and the
Colorado Plateau to the east [e.g., van Wijk et al., 2010;
Levander et al., 2011; Reid et al., 2012]. In this conceptual
model, delamination is initiated during the opening of the
Farallon slab window [e.g., Farmer et al., 1995], perhaps
instigated by a shift in the stress regime with the cessation
of widespread extension at 18 Ma [Glazner et al., 2002],
the sharp difference in lithospheric character near the MCH
[e.g., Miller et al., 2000; Levander and Miller, 2012], or a
combination of these processes.
[16] Lithospheric removal linked to the opening of the
Farallon slab window is therefore a straightforward model
to explain the recent tectonics and volcanism within the
MNVP and in surrounding regions [e.g., Gazel et al., 2012].
Volcanoes in the CVF are characterized by entrained mantle
xenoliths, larger eruptive volumes, and less crustal contamination, compared to Pisgah and Amboy Craters, which perhaps had midcrustal melts pooled for a period of time prior
to eruption [e.g., Glazner et al., 1991; Farmer et al., 1995].
Our results, along with this evidence, suggest that the CVF
represents a more evolved zone in the lithospheric destruction process, whereas Pisgah continues to evolve at the
lithospheric boundary, and the lithosphere around Amboy
is still being modiﬁed. Amboy may therefore be one of multiple small basaltic centers that should appear locally as the
Amboy lithospheric block continues to erode.
[17] In conclusion, while lithospheric modiﬁcation and
removal have been proposed as the cause of widespread
Cordilleran tectonomagmatism in the middle Cenozoic [e.g.,
Humphreys, 1995], it is also an important factor in subsequent

neotectonic and neomagmatic episodes [e.g., Zandt et al.,
2004; Hales et al., 2005; West et al., 2009; Levander et al.,
2011; Gazel et al., 2012; Levander and Miller, 2012]. It may
prove to be the rule rather than the exception during ongoing
tectonic evolution of the western U.S., and more broadly,
regions where rapid changes in mantle dynamics occur.
Further multidisciplinary and coordinated study is necessary to examine the timing of such events in the volcanic
record and carefully examine their links to geochemical,
petrological, and seismological constraints on broader, continental-wide, scales.
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