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Short Note
Determining Moho Depth beneath Sedimentary
Basins Using Regional Pn Multiples

by Chunquan Yu,” Zhongwen Zhan, Egill Hauksson, Elizabeth S. Cochran,
and Donald V. Helmberger

Abstract The study of the Moho beneath thick sedimentary basins involving
natural earthquakes is challenging, as low-velocity materials often cause strong rever-
berations that mask Moho signals. Here, we develop a method to determine the depth
of the Moho by taking advantage of the presence of the sediments. The method utilizes
the first Pn crustal multiple from regional earthquakes PnPn and its differential travel
time with respect to Pn. PnPn is usually weak in amplitude; thus, it is difficult to
identify in regions without a sedimentary cover. However, PnPn is significantly ampli-
fied in the presence of low-velocity sediments because of an increase in the near-
surface P-to-P reflection coefficient. The arrival time, amplitude, and wave shape
of PnPn, if normalized by the reference Pn, are insensitive to earthquake source
parameters, such as focal mechanism and focal depth. We demonstrate the potential
of this method using both 1D and 2D waveform simulations. Synthetic waveforms
suggest that PmpPn and PnPmp (one Pn leg merges to PmP near the source or
the receiver) largely contribute to the PnPn amplitudes, which depend on the
near-surface structure at their free-surface P-to-P reflection points. We further validate
the method with two field examples in the Imperial Valley; one is near the United
States—Mexico border, and the other is in Oklahoma in the central United States.
Both examples suggest that the method can be used to study the Moho either near
the source or the receiver.

Introduction

The Mohorovi¢i¢ discontinuity (or Moho) represents a
transition from felsic or mafic rocks in the crust to ultramafic
assemblages in the upper mantle (Brown and Mussett, 1993;
Christensen and Mooney, 1995). Understanding the structure
and nature of the Moho has important implications for the
origin and evolution of the continents, crustal isostasy, and
mantle dynamics (Watts, 2001; Eaton, 2006; Anderson,
2007; Yu et al., 2016).

Since its discovery, the Moho has been the target of
many seismological investigations (Thybo et al, 2013).
Controlled-source seismology has been one of the principal
approaches to imaging of the Moho since the mid-twentieth
century (Prodehl and Mooney, 2012). Both seismic refrac-
tion and reflection studies were conducted worldwide to
study the detailed Moho transition and crustal structure.
Since the late 1970s, passive-source seismology that used
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converted seismic phase arrivals and phase multiples, also
known as receiver function analysis, has become an impor-
tant technique in the study of crustal structure (e.g., Bath and
Stefansson, 1966; Jordan and Frazer, 1975; Vinnik, 1977;
Langston, 1979). Detailed regional waveform modeling has
also been conducted to provide constraints on fine structure
of the crust and upper mantle (e.g., Helmberger and Engen,
1980; Nyblade et al., 1996; Langston et al., 2002).

It is not always an easy task to image the Moho
explicitly, and a detailed understanding of the crust-mantle
boundary can still be elusive (Eaton, 2006). There are several
problems that are encountered when using these traditional
techniques to image the Moho. For example, the crust-man-
tle boundary may correspond to a gradual transition from
mafic rocks to ultramafic assemblages (O’Reilly and Griffin,
2013). Conventional seismic imaging methods, such as
receiver functions, generally do not easily detect weak sig-
nals from a crust-mantle boundary that is transitional over a
large depth range or with small impedance contrast. One
example is the difficulty detecting these signals beneath
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the Colorado plateau (Gilbert ef al., 2007). It is also ques-
tionable whether the seismically defined Moho, either by
near-vertical seismic reflection or wide-angle seismic refrac-
tion, is indeed coincident with the crust-mantle boundary
(Mooney and Brocher, 1987; O’Reilly and Griffin, 2013).
Another complication is caused by thick unconsolidated
sediments. In conventional P-wave receiver functions, multi-
ples from unconsolidated sediments can arrive nearly coinci-
dent with the Moho P-to-S conversion, with the amplitude of
the former larger than that of the latter. Although a few
advances have been made to mitigate the effect of sediments
on P-wave receiver functions, such as removing sedimentary
response through wavefield downward continuation
(Langston, 2011; Tao et al., 2014), designing a resonance
removal filter (Yu et al., 2015) or using free-surface multiples
for imaging (e.g., Chen et al., 2006; Schmandt et al., 2015),
their applicability is still limited. S-wave receiver functions
have the advantage of being free from S-wave multiples;
however, the relative weak and low-frequency S-to-P conver-
sion from the Moho can still be contaminated by noise of
various origins, such as strong P-wave coda in sedimentary
basins (e.g., Farra and Vinnik, 2000).

Recently, the virtual deep seismic sounding (VDSS)
method was developed to image the Moho in regions with
dense seismic arrays (Tseng et al., 2009; Yu et al., 2012,
2016). VDSS relies on the SsPmp phase—a wide-angle PmP
reflection from the Moho, following the teleseismic S-wave
incidence and an S-to-P conversion at the free surface (Zandt
and Randall, 1985). The postcritical nature of the SsPmp
phase makes it less sensitive to the detailed structure of the
crust. Previous studies, including both synthetic waveforms
and field observations, demonstrate the effectiveness of
VDSS in the presence of either shallow sediments or a transi-
tional crust-mantle boundary (Yu et al., 2012; Kang et al.,
2016; Parker et al., 2016; Liu et al., 2018). To achieve the
postcritical reflection from the Moho and to avoid waveform
complexity due to a triplication, VDSS requires that the
source—receiver distance is between about 30° and 50°.
This constraint limits the application of VDSS to events hav-
ing relatively large magnitudes, for example, M,, > 5.5.

In this study, we introduce a method that can determine
the depth of the Moho using regional earthquakes. The
method relies on Pn and its first crustal multiples PnPn. The
difference between PnPn and Pn is essentially a critical PmP
reflection from the bottom of the crust. The method is espe-
cially suitable for studying the Moho beneath sedimentary
basins. Low-velocity sediments can significantly increase
the P-to-P reflection coefficient near the surface. As a result,
PnPn is strongly amplified, making it clearly visible even on
a single record. In the following, we first introduce the meth-
odology with synthetic examples. Then, we demonstrate its
usefulness with data from two regional earthquakes. One of
these occurred in the Imperial Valley near the United States—
Mexico border, and the other occurred in Oklahoma in the
central United States.
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Methodology

Depending on the crustal thickness, Pn is the first arrival
beyond distances of about 100-200 km for regional crustal
earthquakes. For a flat-layered crustal model, its first crustal
multiple, PnPn, arrives at a constant delay time after Pn. This
is the case, regardless of the source—receiver distance. PnPn
can travel along many different ray paths from the source to
the receiver, but its energy mainly consists of PmpPn and
PnPmp phases (one Pn leg merges to a PmP critical reflec-
tion near the source or the receiver; Fig. 1a,b). The delay time
of PnPn with respect to Pn can be expressed as follows:

TPnPn—Pn =2H V VEZ - p2,

in which Vp is the average crustal P-wavespeed, H is the
crustal thickness, and p is the horizontal slowness of Pn (or
the inverse of uppermost mantle P-wavespeed). At small epi-
central distances, PnPn is masked by other strong crustal
phases, such as direct P, PmP, and their depth phases. At
larger regional distances, PnPn becomes well separated from
other crustal phases (Fig. 1¢,d). PnPn has been observed ear-
lier in regional waveform modeling studies (e.g., Langston
and Helmberger, 1974; Langston et al., 2002), but it was
not specifically used to study the Moho.

(1)

Verification with 1D Synthetics

For a continental crust without sedimentary basins,
PnPn is small in amplitude (Fig. 1c). However, it is signifi-
cantly amplified in the presence of shallow sediments
(Fig. 1d). Low-velocity sediments cause the rays to steepen
near the free surface; thus, they greatly increase the P-to-P
reflection coefficient. Our 1D synthetic waveform modeling
suggests that the amplitude of PnPn is even stronger than that
of the Pn for a model with shallow sediments (2 km in thick-
ness, 3 km/s in P-wavespeed; Fig. 1d). Because PnPn shares
the same ray path as Pn near the source, its amplitude, arrival
time, and wave shape, once normalized by the latter, are
independent of earthquake source parameters such as focal
mechanism and focal depth (Fig. 2). As a result, waveforms
from nearby events or stations can be directly compared and/
or stacked. Furthermore, the relative amplitude between
PnPn and Pn is insensitive to the width of the crust-mantle
transition (compared with Fig. 2a,b). Such properties of
PnPn make it well suited for the study of the Moho beneath
sedimentary basins, even if the Moho is a gradual boundary.
We note that knowledge of earthquake source parameters and
careful waveform analysis are still needed as other phases,
such as depth phases, can potentially contaminate the PnPn
phase (Fig. 2). Higher-order Pn multiples, such as PnPnPn,
or Sn multiples (Chu and Helmberger, 2014) can also be used
to study the Moho. For the purpose of this study, however,
we will focus on PnPn only.
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Figure 1.  Schematic diagram showing ray paths of Pn and its crustal multiple PnPn, including PmpPn and PnPmp, for a 1D crust model
(a) without and (b) with a sedimentary layer. The crust is 30 km thick, with a P-wavespeed of 6.3 km/s. The sediment is 2 km thick, with a
constant P-wavespeed of 3 km/s. S-wavespeeds and densities are derived from the empirical relationship of Brocher (2005). (c,d) Vertical-
component synthetic waveforms from model (a,b), respectively. Traces are normalized and aligned by the peak of Pn. A source at the free
surface with a strike-slip focal mechanism is assumed. The arrival at around 10 s in (c) is a combination of multiples of Pn with three P legs
and one S leg in the crust. The strong arrivals after about 8 s with slower propagation velocity are the direct P and PmP. The color version of
this figure is available only in the electronic edition.
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Figure 2.  Synthetic Pn waveforms as a function of earthquake depth for (a) a sharp Moho and (b) a 10 km thick gradual Moho. The insets
in each panel show the velocity model. Source focal mechanisms are the same as those used to calculate Figure 1c¢,d. The source-receiver
distance is 700 km. The strong arrivals at about 18 s are the direct P and PmP. xPn represents the depth phases of Pn, which first travel
upward to the free surface as a P or S wave and then reflect and propagate as Pn to the station (here, pPn is stronger than sPn). xPnPn
represents the depth phases of PnPn. The color version of this figure is available only in the electronic edition.
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2D synthetic waveform modeling with lateral variations in near-surface structure. (a) Three models (I, II, III) with different

basin locations. Panels (b), (c), and (d) are synthetic waveforms generated from models I, II, and III, respectively. A reduction velocity of
8 km/s (same as uppermost mantle P-wavespeed) and a constant time shift are used to align waveforms (peak of Pn at zero time for stations
at ~3°). The color version of this figure is available only in the electronic edition.

Sensitivity to 2D Shallow Structures

We further investigate the effect of lateral variations in
near-surface structure on PnPn. Synthetic waveforms are
computed using the GPU-based 2D finite-difference simula-
tion method of Li et al. (2014). We consider three simple
models (I, II, IIT) with sedimentary basins near the source,
near the receiver, and in between, respectively (Fig. 3a). We
use relatively large basins in I and II, mainly to make the
effects more apparent and to minimize interference from
other crustal phases. The sedimentary basins are 2 km deep,
with a constant P-wavespeed of 3 km/s. The crust is 30 km
thick, with a P-wavespeed of 6.3 km/s. Upper mantle
P-wavespeed is 8 km/s. S-wavespeeds and densities are
derived from the empirical relationship of Brocher (2005).
For simplicity, because earthquake source parameters do not
affect the relative behavior of Pn and its multiples, we
assume a strike-slip earthquake focal mechanism with a
hypocenter at the free surface.

Our synthetic waveforms demonstrate that PmpPn and
PnPmp behave differently in the presence of lateral variation
in the near-surface structure. In model I, the sedimentary
basin is located near the source. For nearby (< 4.5°) stations,
PmpPn and PnPmp contribute equally and their summed
amplitude is large, similar to those in Figure 1d. For stations
at greater distances, however, the major contribution to the
amplitude comes from PmpPn. PnPmp is weak because the
free-surface P-to-P reflection is outside the sedimentary
basin. In contrast, in model II, PmpPn is not well-developed
because there is no sediment near the source, but PnPmp is
strong at large distance in which stations are located in the
sedimentary basin. In model III, PnPmp is strong only when
its free-surface P-to-P reflection point is in the sedimentary
basin. The synthetic models suggest that PnPn (including
PmpPn and PnPmp) is most sensitive to the Moho depth
beneath the sedimentary basin, whether it is present near the
source or the receiver.

Downloaded from https://pubs.geoscienceworld.org/ssa/bssalarticle-pdf/109/3/1171/4710634/bssa-2018325.1.pdf
bv California Inst of Technoloav user



Short Note 1175

| |
\Pn \PnPn

(a) (b) — syn. ‘ anPnPn
— stack
31— VA"
35 | A , '
‘H M \'
2.6 - I
%1 T 241 \ v
g g \1 H i
3 S 22 (A i} ’
5 7 2 \ “\ \
| 2 0 ]
33 é 2 I sL
N
m 1.8
8
5 1.6
4
32 5
2 1.4
A Prwavespeed (ame)
1-2 I I I I I I . u I
-119 -118 -117 -116 -115 _10 5 0 5 10 15 20
Longitude (°) Time (s)

Figure 4.  Observations and modeling of PnPn from an M, 4.3 event in the Imperial Valley, California. (a) Map showing mean shear-
wavespeed in the top 2 km from the Southern California Earthquake Center (SCEC) community velocity model CVM-S4.26 (Lee et al.,
2014). The event used in the study (black star) is an aftershock in the 2010 El Mayor—Cucapah earthquake sequence (gray pluses). Gray open
triangles show the distribution of the Southern California Seismic Network (SCSN). Stations selected along a northwest—southeast profile
(AA’), as indicated by the black solid triangles. (b) Seismic waveforms along profile AA’, normalized and manually aligned by Pn. A zero-
phase, Butterworth band-pass filter between 0.5 and 1.5 Hz is applied. The stacked waveform (blue trace) and its synthetic fit (red trace) are
shown at the top. (Inset) The best-fitting P-wave velocity model derived from waveform modeling. The color version of this figure is available

only in the electronic edition.

Application to the Imperial Valley and Oklahoma

We validate our method using seismic data from two
moderate-sized regional earthquakes in the Imperial Valley
near the United States—Mexico border and in Oklahoma in
the central United States.

Imperial Valley Event

The Imperial Valley in northern Baja California and
southern California is covered by thick sediments. Recent
high-resolution active-source studies near the Salton Sea
suggest that the sedimentary layer extends to about 7 km
depth near the center of the Imperial Valley (Han, Hole,
Stock, Fuis, Williams, et al., 2016; Persaud et al., 2016). The
sediment gradually shoals toward both the northeastern and
southwestern edges of the valley. P-wavespeed increases
continuously from ~2 km/s at the surface to ~6 km/s in the
crystalline basement (Han, Hole, Stock, Fuis, Williams, ez al.,
2016; Persaud et al., 2016).

We examine an M,, 4.3 regional earthquake that was
recorded along a northwest—southeast-trending profile,
roughly parallel to the strike of the Imperial Valley, as shown
in Figure 4a. The earthquake is an aftershock of the 2010
M., 7.2 El Mayor—Cucapah earthquake and is located near
the western flank of the Imperial Valley (Fig. 4a). The
Southern California Seismic Network (SCSN) receivers that
we use are located northwest of the earthquake (Fig. 4a). A
zero-phase, Butterworth band-pass filter between 0.5 and
1.5 Hz is applied to the data. Figure 4b displays vertical-
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component Pn waveforms from the event. We identify
PnPn, including PmpPn and PnPmp, as a strong, coherent
phase that arrives at about 4-5 s after Pn with the same slow-
ness but much larger amplitude (Fig. 4b). The seismicity in
this region is limited to a depth that is less than about 10 km
(Yu et al., unpublished manuscript; see Data and Resources),
so this strong phase cannot be a Pn depth phase. At epicentral
distances less than about 1.9°, both PmpPn and PnPmp have
their P-to-P reflection point in the sedimentary basin of the
Imperial Valley. They merge to PmP? at a critical distance of
about 1°. At epicentral distance larger than 1.9°, PnPmp
plays a less important role than PmpPn because the sediment
is much thinner near the receivers (Fig. 4a). As such, the
observed PnPn is most sensitive to the crustal structure in
the southwestern part of the Imperial Valley.

We perform 1D synthetic waveform modeling to
estimate crustal thickness where the free-surface P-to-P
reflection of the PmpPn phase occurs (inverted triangle in
Fig. 4a). We assume a sedimentary thickness of 3 km with
a linearly increasing P-wavespeed from 2 km/s at the free
surface to 6.4 km/s at the basement (Persaud et al., 2016).
Below the sedimentary layer, the P-wavespeed is constant at
6.4 km/s in the crust and 8 km/s in the mantle. We search
over crustal thicknesses from 15 to 30 km. The best-fitting
crustal thickness determined by visual comparison is
19.5 £ 1.5 km (assuming a 3% uncertainty of crustal
P-wavespeed; Fig. 4b), consistent with thin crust (~20 km)
beneath the Imperial Valley, imaged with recent wide-angle
seismic reflection and refraction profiles (Han, Hole, Stock,
Fuis, Kell, et al., 2016) or other datasets (Tape et al., 2012).
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Figure 5.  Observations and modeling of PnPn from the 2011 M, 5.7 Oklahoma earthquake. (a) Map showing mean shear-wavespeed in
the top 2 km from the model of Shen and Ritzwoller (2016). The event is well recorded by the USArray (triangles). The focal mechanism is
from the U.S. Geological Survey National Earthquake Information Center. Panels (b) and (c) show azimuthal variations in Pn waveforms in
the northeast and southeast clusters, respectively. Selected stations are marked as black solid triangles in (a). The source—receiver distance
ranges in (b) and (c) are 4.6°-8.1° and 3.6°-8.3°, respectively. A zero-phase, Butterworth band-pass filter between 0.05 and 0.5 Hz is applied.
xPn is the depth phase of Pn. (d) Comparison of synthetic Pn waveforms (red traces) with selected observations in the southeast cluster (black
traces). Theoretical PnPn arrival times are indicated as short vertical bars. (Inset) P-wave velocity models used for synthetics. The best-fitting
earthquake depth is 3 km. Note that the true earthquake depth may be slightly deeper because the near-surface velocity is higher in the source
region. The color version of this figure is available only in the electronic edition.

2011 My, 5.7 Prague, Oklahoma, Earthquake negative for the northeast cluster and southeast cluster,
respectively; this is consistent with the reported earthquake
focal mechanism (U.S. Geological Survey National
Earthquake Information Center; Fig. 5a). However, PnPn
shows strong lateral variations in amplitude in the northeast
cluster (Fig. 5b) and in arrival time in the southeast cluster
(Fig. 5¢). We interpret the former as a result of differences in
the near-surface velocity structure near receivers and the lat-
ter as a result of differences in crustal thickness. Amplitudes
of PnPn are large in the southeast cluster, in which most sta-

Our second example uses data from the 2011 M,, 5.7
Prague earthquake in Oklahoma, recorded by USArray sta-
tions across the central United States. This earthquake was
likely induced by wastewater injection as a result of disposal
of wastewater, a byproduct of energy production (Keranen
et al., 2013). The event was well recorded by the USArray
(Fig. 5a) and provides a rare opportunity to constrain litho-
spheric structures beneath the central United States (Chu and

Helmberger, 2014). tions are underlain by thick, unconsolidated sediments in the
We show two azimuthal profiles of seismic waveforms  Mississippi embayment (Fig. 5a).

recorded to the northeast and southeast of the event (Fig. 5b, We proceed to estimate crustal thickness for the south-

¢). In both profiles, Pn and its depth phases (xPn; x repre-  east cluster, using a similar procedure as in the first example.

sents p or s) are observed. The polarity of Pn is positive and ~ The crustal velocity model is simplified from Shen and
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Ritzwoller (2016), in which the sediment is 4 km in thickness
with a linear increase of P-wavespeed from 2 km/s at the
free surface to 5.3 km/s at the basement. Below the sedi-
mentary layer, P-wavespeed increases linearly from 5.3 to
7.2 km/s. We search over crustal thicknesses from 30 to
50 km. By means of visual comparison of the synthetic
waveforms with observations, we find that crustal thickness
decreases southwestward from ~45 to ~33 km near the
Mississippi embayment (Fig. 5d). The result is consistent
with that determined from joint inversion of surface wave
and receiver functions (Schmandt et al., 2015; Shen and
Ritzwoller, 2016). For the northeast cluster, PnPn is most
clear within the azimuth range of 0°-15° (Fig. 5b). The esti-
mated crustal thickness is ~40 km. Assuming a 3% pertur-
bation of crustal P-wavespeed, uncertainties of above crustal
thickness are ~8% of their absolute values.

Discussion

The method developed in this study can be considered as
a vertically flipped analog of the conventional wide-angle
seismic reflection method, in that both the source and the
receiver are placed on the Moho and the reflection point at
the free surface (Fig. la,b). Shallow sediments greatly
increase the P-to-P reflection coefficient (in absolute sense)
near the free surface, making it comparable to the critical
PmP reflection coefficient (~1) from the Moho. On the other
hand, PnPn undergoes a phase shift, which depends on the
structure of the sedimentary layer. Although this study
focuses on sedimentary effect on Pn waveforms, the relative
amplitude between PnPn and Pn also depends on some other
factors. These include geometrical spreading, velocity gra-
dients in the uppermost mantle, and lateral structural varia-
tions (e.g., Kennett, 2001; Langston et al., 2002). In our
synthetic waveform modeling, we show that for a sedimen-
tary layer with constant wavespeeds, the phase shift of PnPn
is 180° with respect to Pn (Figs. 1 and 2). However, the phase
shift is about 90° if the wavespeed increases linearly in the
sedimentary layer (Fig. 5d). If the velocity structure of the
sedimentary layer is unknown, the phase shift of PnPn can
result in an additional uncertainty of about 1 km in Moho
depth, assuming a phase uncertainty of 90° and a central
frequency of 1 Hz.

The method is also similar to the VDSS method, which
relies on the postcritical reflection, SsPmp, following the
teleseismic S-wave incidence. Both methods measure the
two-way vertical travel time in the crust via equation (1). In
areas of gradual crust-mantle transition, both methods work
well because the amplitudes of PnPn and SsPmp are insen-
sitive to the width of the crust-mantle transition over the
frequencies of interest (Fig. 2; Yu et al., 2013).

There is an inherent trade-off between crustal thickness
and crustal P-wavespeed in our method and all other reflec-
tion-based methods. For a constant delay time of PnPn with
respect to Pn, estimated crustal thickness is anticorrelated
with average crustal P-wavespeed (equation 1). For example,
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if the sedimentary layer in the Mississippi embayment is
locally thicker or thinner than that used in the waveform sim-
ulation (Fig. 5d), we will likely overestimate or under-
estimate the crustal thickness. The observed azimuthal
variation in PnPn arrival time, however, cannot be explained
by the sedimentary effect because sedimentary thickness
generally increases southwestward in the CC’ profile, not
vice versa (Shen and Ritzwoller, 2016). On the other hand,
the trade-off between crustal thickness and crustal
P-wavespeed can be useful for tighter constraints of crustal
buoyancy (Yu et al., 2016).

The fact that our method works well for regions covered
by thick sediments is both a strength and a weakness. On one
hand, it can overcome difficulties in conventional seismic
imaging methods (e.g., receiver functions), in which Moho
signals are often strongly contaminated by sedimentary
reverberations. On the other hand, our method is generally
too weak to detect the Moho for regions that have no or very
thin sedimentary basins (Figs. 1c and 5b). In addition, it may
not work well if the sedimentary basin is very limited in hori-
zontal extent. Nevertheless, we expect that our method can
be widely applied to determine the depth of the Moho
beneath large thick sedimentary basins, in the presence of
moderate-sized seismicity and regional seismic recordings.
It can complement other seismic methods in terms of provid-
ing a better understanding of both the global configuration
and local features of the Moho.

Conclusions

We introduce a method to determine the depth of the
Moho, utilizing the Pn crustal multiple PnPn. The differen-
tial travel time between PnPn and Pn is most sensitive to the
crustal thickness as well as the average crustal P-wavespeed.
A great advantage of the method is that it works especially
well for regions covered by thick sediments, in which using
conventional methods can be challenging. Low-velocity
sediments can significantly amplify PnPn, making it clearly
visible even on a single-seismic record. We verify the method
with a series of 1D and 2D synthetic modeling, and we fur-
ther validate it with two field examples; these took place in
the Imperial Valley near the United States—Mexico border
and in Oklahoma in the central United States. We suggest
that the method can be applied to other regions covered
by sedimentary basins.

Data and Resources

Broadband waveforms of southern California seismic sta-
tions were retrieved from the Southern California Seismic
Network (SCSN), and USArray stations were retrieved from
the Incorporated Research Institutions for Seismology (IRIS)
Data Management Center (https://ds.iris.edu/ds/nodes/dmc/,
last accessed March 2019). The focal mechanism of the 2011
M, 5.7 Oklahoma earthquake is from the U.S. Geological
Survey National Earthquake Information Center (https://


https://ds.iris.edu/ds/nodes/dmc/
https://ds.iris.edu/ds/nodes/dmc/
https://ds.iris.edu/ds/nodes/dmc/
https://earthquake.usgs.gov/
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earthquake.usgs.gov/, last accessed March 2019). Depth of the
2010 El Mayor—Cucapah earthquake sequence is determined
in the unpublished manuscript: C. Yu, E. Hauksson, Z. Zhan,
E. S. Cochran, and D. V. Helmberger, “Depth Determination
of the 2010 El Mayor—Cucapah Earthquake Sequence
(M4.0),” J. Geophys. Res. (in revision).
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