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Abstract—We investigate the geometry of the Moho interface

in the southern California region including the San Andreas fault

(SAF), San Jacinto fault zone (SJFZ), Elsinore fault (EF) and

Eastern California Shear Zone with systematic analysis of receiver

functions. The data set consists of 145 teleseismic events recorded

at 188 broadband stations throughout the region. The analysis

utilizes a 3D velocity model associated with detailed double-dif-

ference tomographic results for the seismogenic depth section

around the SAF, SJFZ, and EF combined with a larger scale

community model. A 3D ray tracing algorithm is used to produce

effective 1D velocity models along each source-receiver teleseis-

mic ray. Common Conversion Point (CCP) stacks are calculated

using the set of velocity models extracted for each ray. The CCP

stacks are analyzed with volumetric plots, maps of maximum CCP

stack values, and projections along profiles that cross major faults

and other features of interest. The results indicate that the Moho

geometry in the study area is very complex and characterized by

large prominent undulations along the NE–SW direction. A zone of

relatively deep Moho (*35–40 km) with overall N–S direction

crosses the SAF, SJFZ, and EF. A section of very shallow Moho

(*10 km) below and to the SE of the Salton Trough, likely

associated with a young oceanic crust, produces large Moho offsets

at its margins. Locations with significant changes of Moho depth

appear to be correlated with fault complexity in the brittle crust.

The observations also show vertical Moho offsets of *8 km across

the SAF and SJFZ close to Cajon pass, and sections with no clear

Moho phase underneath Cajon pass and adjacent to the SJFZ near

Anza likely produced by complex local velocity structures in the

brittle upper crust. These features are robust with respect to various

parameters of the analysis procedure.

Key words: Receiver functions, Moho geometry, Southern

California region, 3D velocity model, Continental-oceanic crusts,

Lithosperic deformation.

1. Introduction

The shear tectonic motion across the plate

boundary region in southern California is accommo-

dated by a system of sub-parallel strike-slip faults

(e.g., WALLACE et al., 1990), with the largest three

being the San Andreas fault (SAF), San Jacinto Fault

Zone (SJFZ) and Elsinore fault (EF). The cumulative

offsets across the faults and ongoing deformation

processes produce complex velocity structures in the

brittle upper crust. These may include juxtaposition

of crustal blocks with different seismic velocities

and/or different thicknesses (e.g., HAUKSSON 2000;

MCGUIRE and BEN-ZION 2005; ÖZEREN and HOLT,

2010; OZAKIN et al. 2012), and low velocity damage

zones around the faults (e.g., FIALKO, 2004; HONG and

MENKE, 2006; ALLAM and BEN-ZION 2012; REMPE

et al. 2013).

There is a long-standing debate on whether

deformation below the brittle crust is dominated by

distributed ductile processes largely decoupled from

the seismogenic faults (e.g., ENGLAND and MCKENZIE,

1982; BOURNE et al., 1998; MOLNAR 1992) or by

localized processes at the downward continuation of

the major faults (e.g., PELTZER and TAPPONNIER, 1988;

GILBERT et al., 1994; MEYER et al., 1998). A common

seismological method of addressing this issue is to

use receiver functions, associated with converted

P-to-S waves at prominent (sub-)horizontal inter-

faces, to image the possible existence of vertical

offsets of the Moho across large faults (e.g., BURDICK

and LANGSTON, 1977; JONES and PHINNEY, 1998; ZHU

and KANAMORI, 2000; WITTLINGER et al., 2004).

To interpret receiver function results in terms of

crustal thicknesses, they must be converted from the

time domain into space using an assumed velocity
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model. This is usually implemented with 1D velocity

models that do not account for systematic variations

of lithologies near and across the faults. The Moho

interface is often constructed in receiver function

analysis using a common conversion point (CCP)

stack, where receiver function amplitudes are pro-

jected along ray paths in an assumed velocity model,

and locations at depths associated with the most

coherent large amplitudes are interpreted as associ-

ated with the Moho. SCHULTE-PELKUM and BEN-ZION

(2012) demonstrated that observed velocity contrasts

across faults and asymmetric sedimentary covers or

damage zones can lead, if ignored, to erroneous

inferences of vertical Moho offset of 5 km or more.

The derived Moho images can be biased by different

velocity structures across faults also when using a 3D

velocity model to construct local 1D models below

each station, and using these 1D models in the CCP

stacking for the ray paths of incoming teleseismic

signals from different directions.

ZHU (2000) and MILLER et al. (2014) inferred from

receiver function analyses on vertical Moho steps of

*8 km across, respectively, the Mojave section of

the SAF and the Anza section of the SJFZ. In the

present work we perform a detailed receiver function

analysis in the southern California plate boundary

region (Fig. 1). The study area includes the entire

lengths of the SJFZ and EF, and covers the southern

SAF from the Mojave slightly NW of Cajon pass to

the SE of the Salton Trough. The analysis utilizes the

detailed 3D double-difference tomography model of

ALLAM and BEN-ZION (2012) for the seismogenic crust

around the SAF, SJFZ, and EF, which is combined

with the regional community velocity model of the

Southern California Earthquake Center (SCEC) at

larger scales. The combined 3D velocity model is
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Figure 1
A map of the study area with used broadband seismic stations (inverted triangles) and surface traces of the San Andreas fault (SAF), the San

Jacinto fault zone (SJFZ), and the Elsinore fault (EF). The town of Hemet and the Cajon pass (CP) are indicated by white circles. The gray

rectangle encloses the region covered by the velocity model of ALLAM and BEN-ZION (2012). The big and small green boxes indicate areas of

focus in Sects. 4.2 and 4.3. Results from station BBR (white triangle) are shown in Fig. 3. Projections of results along profiles (A–G)

indicated by red lines are shown in Figs. 7 and 8
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used to construct separate effective 1D velocity

models for each ray path of the teleseismic arrivals.

The results indicate prominent undulations in the

Moho topography, which may be controlled to some

extent by the faults, and a flat or dipping Moho

interface at most places across the faults. We also

observe a large vertical Moho offset ([20 km) across

the Salton Trough that may involve a Moho offset

across the SAF in the area, a steeply dipping or

vertical Moho offset across the Mojave section of the

SAF to the NW of Cajon pass, and a vertical Moho

offset across the SJFZ just SE of Cajon pass.

2. Data and Preprocessing

We use three component seismograms recorded

by 188 broadband seismic stations across Southern

California (Fig. 1). We select for analysis 145

teleseismic events occurring between January 2001

and March 2004, with a magnitude range of

5.5–7.4 and epicentral distances from 30� to 100�
(Fig. 2). The data preprocessing consists of the

following steps. After removing the mean and

trend, the teleseismic waveforms are cut between

10 s before and 60 s after the calculated P wave

arrival times based on a travel time calculator

(TauP), which uses the IASP91 velocity model

(CROTWELL et al., 1999). Given the relatively long

size of the used time window, imprecisions in the

calculated P arrival times do not affect the results.

The waveform segments are bandpass filtered with

a 4-pole, 2-pass Butterworth filter with corner fre-

quencies of 0.1 and 2 Hz, and a 0.2 s wide taper is

applied to the filtered data. The resulting horizontal

component seismograms for each event are then

rotated to be parallel and perpendicular to the great

circle path to obtain radial (R) and transverse

(T) seismograms.

3. Receiver Function Techniques

The receiver functions are impulse responses of

the earth near the receiver. To calculate radial and

transverse receiver functions, the vertical component

of motion Z(t) is deconvolved from the R(t) or

T(t) seismograms, respectively, to eliminate source

and instrument effects. The amplitude of radial

receiver functions correlates with the amount of

impedance contrast. According to synthetic tests by

CASSIDY (1992), changes in polarities in transverse

receiver functions are indicative of a dipping inter-

face. Among a set of transverse receiver functions

sorted in increasing order by their back-azimuths, the

transition from positive to negative polarities at a

given time can indicate the down-dip direction of the

corresponding interface.

(a) (b)

Figure 2
a The epicenter distribution of the teleseismic events used in this work. The concentric circles represent approximately 30� and 100� of great

circle distance from the study area. b The back azimuth distribution of the events
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The P receiver functions are estimated here

using the iterative time domain deconvolution

algorithm of LIGORRIA and AMMON (1999). This is

associated with summing Gaussian pulses with

means that are determined by the time shift of the

peaks in the cross-correlation of Z(t) and R(t). The

accuracy of the results is estimated by comparing

synthetic radial seismograms, calculated by con-

volving the obtained receiver function with the

vertical component data, and the observed R(t). Our

analysis procedure involves adding iteratively 100

Gaussian pulses, each with a width of about 1.0 s.

This produces progressive fit changes at the final

iterations below 0.01 %, which is similar to the

criterion used by LIGORRIA and AMMON (1999).

Figure 3a shows a representative set of receiver

functions calculated for station BBR. We eliminate

receiver functions with RMS misfit between the

final estimated and observed radial waveforms lar-

ger than 40 %, which corresponds to *1/3 of all

calculated receiver functions. Corresponding results

for station BBR are shown in Fig. 3b. We explored

using RMS misfits in a wide range of values and

found that the main conclusions of this work on

Moho topography and offsets (Sects. 4, 5) do not

change. There is no manual elimination of receiver

functions to avoid any subjective bias in the results.

DUEKER and SHEEHAN (1997) used a common

midpoint (CMP) technique, which groups and stacks

receiver functions in a 1D velocity model with
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Figure 3
Receiver functions from data of station BBR sorted by their back-azimuths. The triangles and squares on the right subpanels indicate,

respectively, the back-azimuth and epicentral distance of each receiver function. a All (129) receiver functions with positive amplitudes

colored by the RMS misfit. b A set of 109 receiver functions with RMS misfits \40 %
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piercing points in the same geographic region after

move-out. In a further step utilizing the CMP tech-

nique, ZHU (2000) developed the CCP method that

first maps the receiver functions along the ray paths

and then stacks them in the spatial domain. In that

method, the time delay between P and the converted

Ps phase (DTps) is related to the depth (D) of the

feature causing the conversion as

DTpsðp;VsðzÞ;RvÞ ¼
Z0

D

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� p2V2

SðzÞ
q�

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R�2

V � p2V2
SðzÞ

q �
dz

ð1Þ

where p is the ray parameter and RV is the ratio VP(z)/

VS(z) of the P and S velocities assumed to be con-

stant. The ray parameter p can be estimated from the

IASP91 model using the travel time calculator (TauP)

mentioned above. To avoid biases produced by strong

lateral heterogeneities across the faults (SCHULTE-

PELKUM and BEN-ZION, 2012), we use in our analysis a

modified CCP stacking procedure utilizing a different

effective 1D velocity model for each incoming

teleseismic ray. The sets of effective 1D velocity

models are constructed from a 3D velocity model for

the study region based on a combination of the

detailed 3D tomographic results of ALLAM and BEN-

ZION (2012) for the region around the San Jacinto

fault and the larger scale SCEC Community Velocity

Model-H (MAGISTRALE et al., 2000; SÜSS and SHAW,

2003; PLESCH et al., 2011). The model of ALLAM and

BEN-ZION (2012) is used for the depth Sec-

tion 5–15 km of the large grey rectangular region in

Fig. 1, where it has reliable results, and the SCEC

Community model is used in the outer regions of that

volume. The combined results are smoothed using 3D

Gaussians of 1 km width to avoid artifacts at the

boundaries between the two different models, while

maintaining the velocity contrasts across the major

faults present in the results of ALLAM and BEN-ZION

(2012).

To generate sets of effective 1D velocity models

representative of the structures sampled by each

teleseismic ray, we use the 3D ray tracing of SAM-

BRIDGE and KENNETT (1990) in the combined velocity

model to calculate the path of the incoming rays.

Then we extract the velocity structure along each

path as a function of depth VP(z), which in turn is

converted to VS(z) using VP/VS = 1.732. In principle,

more accurate results may be obtained by incorpo-

rating space variations of VP/VS. However, the results

of ALLAM and BEN-ZION (2012) for VP and VS are

associated with significantly different amount of data,

leading to (spatially-variable) artifacts in VP/VS

ratios. The same typically holds for other tomo-

graphic images. We, therefore, perform our

calculations using the more reliable VP results and

fixed VP/VS ratio of a Poisson solid. MILLER et al.

(2014) used a similar procedure with effective 1D

velocity models along each ray path in the CCP

stacking algorithm, based on the SCEC community

velocity model. The incorporation here of the more

detailed velocity model in the seismogenic depth

section of the plate boundary region is expected to

provide more accurate results.

We bin the obtained CCP stacks in a 3D grid with

cubic cells of 1 km dimension. We analyze the 3D

discrete scalar field in this grid to produce volumetric

plots and various projections onto 2D profiles by

stacking the amplitudes from all bins within certain

widths. The 2D profiles have a different grid size to

account for scattering of the incoming waves. We

use rectangular cells with a dimension of 5 km size

horizontally. This is approximately the radius of the

first Fresnel zone r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðDþ VS=4f Þ2 � D2

q
(SHERIFF,

1977), assuming a dominant frequency f of 1 Hz,

average VS value of 3.5 km/s, and average Moho depth

D of 30 km. We first produce images for profiles along

lines A–G of Fig. 1 by projecting results from cells

that are within 40 km of the profiles. This width is

chosen because it includes enough cells to construct a

reasonably continuous Moho across the profiles. We

then check that our main conclusions do not depend

strongly on the used width by performing similar

analyses for width values in the range 20–60 km.

To map and analyze the large-scale characteristics

of the Moho depth variations for given regions, we

isolate the most coherent conversion phase within the

depth range typical for the Moho in southern Cali-

fornia. (This is done to produce Figs. 9a and 11a in

Sects. 4.2 and 4.3). Figure 4 shows the distribution of

the derived stack amplitudes in the study area. The

value 0.15 may be used to distinguish high

Vol. 172, (2015) Systematic Receiver Function Analysis of the Moho Geometry 1171



amplitudes from low ones. We mark the depth z of

the maximum amplitude for each (x, y) grid point

over the section deeper than 15 km that is larger than

0.15. We ignore the top 15 km to avoid near-surface

results associated with the direct P waves. We note

that identifying the points of phase conversion with

such an automated procedure eliminates the need for

labor-intensive manual selection (associated with

*27,000 receiver functions in our study), and also

reduces possible subjective biases.

To eliminate outliers and obtain a more coherent

picture for the overall Moho topography in the entire

study area, we use the following ‘horizontal coher-

ency filter’. We calculate an incoherency coefficient

C given by,

C ¼
X
N50

ðzi � zÞ4; ð2Þ

where N50 indicates the 50 nearest neighbors, zi is the

depth of the ith neighboring point, and z is the depth

of the candidate point. The value of C is basically a

measure of total difference in heights with the

neighboring points. We select a cutoff value C0 based

on the distribution of C among the candidate points

and eliminate points with C [ C0. For the whole

study area, we chose C0 to be 5.0 9 105, which

eliminates *1/3 of the candidate points. We

calculate the block-mean of the remaining points with

nonoverlapping 50 km wide volumes for smoothing.

The values at the centers of the blocks are then

connected by fitting a continuous curvature surface

using the function ‘‘surface’’ in the GMT package by

WESSEL and SMITH (1998) with a tension factor of

0.25. The resulting surface geometry depends on the

assumed tension factor, so such images are not suit-

able for analyzing details of the Moho such as offsets

across fault zones. However, this processing is useful

for examining general regional trends, and we found

by trial and error that a tension factor of 0.25 is

suitable for such a purpose. (The above procedure is

used only to generate Fig. 6 in Sect. 4). The results

change somewhat for different filter parameters N and

C0, but the large-scale characteristics remain similar.

4. Results

The volumetric results over the employed 3D grid

in the entire study area point to a complex Moho

geometry (Fig. 5). Several persisting features include

undulations along both the normal and parallel

directions to the three major faults and dipping sur-

faces. Figure 5a shows the volume from the east

looking to the west, with features exhibiting generally

large complexity. To the south (right side of the fig-

ure), the Moho phase becomes shallow and loses its

coherency. Figure 5b shows the same volume from

the south looking north and includes a prominent

Moho undulation around 30 km depth manifested by

two crests and a trough. To the east (right side of the

figure), the Moho phase disappears likely because of

artifacts caused by early multiple arrivals associated

with a shallow Moho in the SE. We examine further

the regional aspects of the Moho depth by con-

structing a surface (Fig. 6) using the filter associated

with Eq. (2). We observe various large-scale char-

acteristics that are consistent with previous studies in

the area (ZHU and KANAMORI 2000; LEWIS et al. 2000;

YAN and CLAYTON 2007). The Moho boundary has a

broad, NS trending, deep band that reaches [40 km

below Cajon pass (Fig. 1), and extends to the Eastern

California Shear Zone in the north. The Moho depth

is gradually decreasing to the SE and is *20 km near

the Salton Trough. The thin crust in this region is

0

1000
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um
be

r
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15

Figure 4
A histogram of common conversion point (CCP) stacks in each

cells of the 3D grid. A threshold value (0.15) is indicated with a

vertical black line
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believed to be the northern end of the Baja California

rift zone (ZHU and KANAMORI, 2000). In the next

subsection we discuss additional features that may be

associated with the SAF, SJFZ, and EF by examining

results at profiles normal to the faults.

4.1. Profiles of the Stacks

Figure 7 displays projections of results from the

3D grid within 40 km of profiles A–G of Fig. 1.

Since the width of the projected volume is relatively

large, we get a continuous Moho phase throughout

most of the profiles. However, each plot also shows

variations of the Moho depth in the direction

perpendicular to the profiles. This implies that one

must be careful in making conclusions based on these

profiles alone. Our overall interpretations of the

Moho depth in each profile of Fig. 7 are indicated by

solid black lines produced by manually tracing the

maxima of the most coherent phase deeper than

15 km with cubic Bezier splines. The robustness of

several inferred features of interest in profiles B and

D across the SAF and SJFZ are examined by varying

the projection width, and verifying that the inferred

lateral variations of the Moho depth are not sensitive

to the projection width.

There is a similar pattern of undulation in Fig. 7

for the different profiles. The positions of crests and

troughs of the Moho topography generally coincide in

profiles A through E where the results are relatively

clear. Since the orientation of the profiles are

approximately perpendicular to the SAF, SJFZ, and

EF, which strike approximately in the NW–SE

direction, this similarity suggests relations between

geometrical properties of the faults, plate motion and

the Moho topography. The lack of a deep coherent

phase in profiles F and G in the SE section of the

study area may be interpreted as a very thin crust near

and to the SE of the Salton Trough associated with

the young oceanic crust. The shape of the rift,

Receiver Function Amplitude

SouthNorth

West East

-0.1 0.1

-0.04 0.08-0.08 0 0.04

(a)

(b)

Figure 5
A volumetric plot of the CCP stacks in the 3D grid. The coordinate system is UTM in km with an origin at (32.47, -117.974). The X-axis is

along the east–west direction, the Y-axis is along the north–south direction, and the sea level has a zero depth value. The color and opacity of

each cell is determined by the local value of the CCP stack. The color-opacity scale with respect to a white background is at the bottom. Red

colors correspond to positive values and indicate a sharp decrease in the velocity. The top face of the box corresponds to the map in Fig. 1.

The viewpoints in both panels are at a depth of 25 km. a The study area as seen from the east looking west. b The study area as seen from the

south looking north
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narrower in the NW end and wider to the SE, results

in a very narrow zone of thin oceanic crust that is

surrounded by a thicker continental crust. Below, we

discuss further various features in each of the profiles.

Profile A is normal to the Mojave section of the

SAF, just NW of Cajon Pass where the SJFZ

branches from the SAF. The average crustal thickness

in this region is *38 km, consistent with the findings

of ZHU and KANAMORI (2000), LEWIS et al. (2000) and

YAN and CLAYTON (2007). The crust has a thickness of

*35 km between latitudes 34.0 N and 34.4 N. There

is a strong change in the slope of Moho across the

SAF (yellow vertical bar), as its thickness increases

from *35 to *42 km. This feature may be associ-

ated with a vertical Moho offset rather than a dipping

surface as suggested by ZHU (2000). We focus on this

area further in Sect. 4.2.

Profile B cuts the SAF and SJFZ just to the SE of

Cajon Pass. The Moho is about 35 km deep in the

western portion of the profile. There is a gradual
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Figure 6
The large-scale geometry of the inferred Moho interface colored by the depth. The inferred Moho conversion points (indicated by colored

squares) correspond to depths of the cell with highest CCP stack processed through the ‘vertical coherency filter’ associated with Eq. (2). The

topography map is obtained by fitting a continuous curvature surface to these using the ‘surface’ program from the GMT package (WESSEL and

SMITH, 1991, 1998) with a tension factor of 0.25. The other symbols and lines are as in Fig. 1

Figure 7
Amplitudes of CCP stacks projected onto the profiles indicated in

Fig. 1. All depths are with respect to sea level. Positive amplitudes

(red color) indicate a sharp velocity decrease. Each projection is

from a volume 40 km wide on each side of the profile line. Vertical

colored lines indicate locations of the surface traces of faults given

in the legend. The gray contours enclose 1 km 9 1 km cells with a

minimum hit count of 1. The ray count is 0 close to the surface and

the margins. The 3D grid is projected and stacked within 5 km x

1 km cells (see text). The smooth image is obtained by bilinearly

interpolating the center points of neighboring cells in all profiles.

The solid black line is a tentative Moho surface traced manually

with cubic splines over the maxima of the most coherent phase.

The vertical dashed lines in profiles B and E are possible Moho

offsets across the SJFZ and at the boundary of a young rift

surrounded by the continental crust

c
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increase of Moho depth across the EF (green vertical

bar), and a sharp increase across the SJFZ (black

vertical bar). The density of stations along this

profile, especially between and near SJFZ and SAF,

is enough to make this sharp transition at SJFZ a

viable candidate for a vertical Moho offset of 10 km.

There is no apparent discontinuity of the Moho across

the SAF, where the crust is deepest at *45 km and

then gradually rises to a depth of *31 km at the

eastern end of the profile. We also note the lack of a

clear Moho phase in the region below Cajon pass

(between the SAN and SJFZ) in this profile.

Profile C runs through a complex region of the

SJFZ near the town of Hemet that includes several

fault traces. The Moho has a depth of *30 km in the

west, and again it gradually increases from 32 to

40 km near the EF and SJFZ as in profile B. The

transition across the EF is a candidate for a Moho

offset of *5 km. However, the two stations nearest

to the EF are separated by a considerable (*7 km)

along-fault-distance. It is, therefore, difficult to

determine whether this transition is an actual offset

or an artifact caused by a dipping continuous Moho.

The changes across the SJFZ and SAF are best

interpreted as parts of the overall undulations men-

tioned before.

Profile D crosses the SJFZ near the transition

between the simpler Anza seismic gap section to the

NW and the more complex trifurcation region to the

SE. This profile includes the area studied by MILLER

et al. (2014). We observe an overall undulation

pattern of the Moho phase, as in the previous profiles,

that appears to be coherent throughout the profile. On

the NE side of the SJFZ, the results show a complex

structure that lacks a coherent Moho phase adjacent

to the fault, which coincides (ALLAM and BEN-ZION,

2012; ALLAM et al., 2014) with a significant low

velocity damage zone in the upper crust. MILLER et al.

(2014) suggested that there is a Moho offset of

*8 km across the SJFZ in this area, but this is not

seen clearly in our results. There is another candidate

for a Moho offset of *10 km near latitude 33.77,

which does not coincide with any major faults. This

feature may be interpreted as part of a strong Moho

undulation within 20 km of the surface trace of the

SAF that is at a crest of the undulation. We discuss

results from this region further in Sect. 4.3.

Profile E crosses the SJFZ at the SE portion of the

trifurcation area and passes through the NW end of

the Salton Trough adjacent to the SAF. Beneath the

Salton Trough, there is a distinct absence of a deep

(*30 km) coherent Moho signal that seems to be

replaced by a much shallower coherent signal

(*10 km). This feature is observed using receiver

functions from three stations (NSS2, SLB, and BOM)

that are due west of the SAF, and it is also observed

with profiles associated with projections of different

widths (Fig. 8). We, therefore, conclude that the large

change of Moho near the Salton Trough is robust and

likely associated with a transition from the thick

continental crust to a newly forming oceanic crust.

The NE end of this offset may coincide with the SAF

at depth, if the SAF is dipping to the NE, as suggested

by hypocenter locations and geodetic data in the

region (ALLAM and BEN-ZION 2012; LINDSEY et al.,

2013).

Profiles F and G also have signatures of the

shallow Moho farther to the SE of the Salton Trough.

In profile F, the Moho phase starts at *40 km in the

west and gradually turns shallower with an *15�
slope until it becomes indistinguishable from other

phases that might be the multiples of the Pms phase.

The lack of any deep coherent phase in profiles F and

G makes it difficult to interpret the Moho topography,

but given the transition from continental to oceanic

crust in the area, it is likely that the results reflect a

relatively thin depth (*10 km deep).

4.2. NW of Cajon Pass

The geometrical properties of the SAF change

strongly at Cajon pass, from a single major fault at

the Mojave to a complex set of branching faults SE of

Cajon pass that include the SJFZ. As mentioned, ZHU

(2000) inferred from receiver function analysis a

Moho offset of 6–8 km across the Mojave section of

the SAF, while our results (Fig. 7, profile A) may be

interpreted as a strongly dipping Moho. Figures 9 and

10 give additional results attempting to clarify the

Moho geometry across the SAF to the NW of Cajon

pass. Figure 9a shows the lateral locations and depths

of the strong conversion phases assumed to be

associated with the Moho (Sect. 3) around profile A

of Fig. 7. More detailed cross-sectional views of
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these points are shown in Figure S1. The CCP stacks

projected onto the profile using data from 40 km on

each side of the fault (Fig. 9b) indicate an undulating

Moho depth of 32–35 km to the SW of the SAF, and

a less undulating depth of *40 km to the NE of the

fault. The change in the average depth and undulation

character of the most coherent high amplitude phase

suggest a possible Moho offset of *8 km (dashed

vertical line) right below the SAF consistent with the

results of ZHU (2000). To the NE of the SAF the

inferred Moho depth gradually decreases along the

profile from *43 to *38 km.

The depth map of the points corresponding to the

Moho in Fig. 9a further supports the interpretation of

an offset across the SAF. Between stations TA2 and

LPC, there is a cluster of points on the NE side of

SAF with an average depth of 27 km. To the north of

station TA2 there is another cluster of points with

average depth of 38 km. Since the along-fault

distance between these clusters is very small, it is

likely that they correspond to the Moho on the

opposite sides of a vertical offset. The depth distri-

bution of conversion points suggests further that the

Moho offset disappears as one moves SE along the

SAF, as the difference in depths between clusters of

points across the fault diminishes. The Moho depth is

also observed to be similar on the opposite sides of

the SAF as the fault’s perpendicular distance
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increases. These observations suggest that the differ-

ence in crustal thickness is a local feature in this

region. The discussed geometrical properties of the

Moho across the SAF remain when using projections

of different widths (Fig. 10).

4.3. Anza Region

Similarly to Sect. 4.2, we revisit here the results

of profile D in Fig. 7 associated with the SJFZ at the

transition from the relatively simple Anza section to

the complex trifurcation area. MILLER et al. (2014)

inferred from receiver function analysis a vertical

Moho offset of *8 km in that area, and concluded

from synthetic calculations that this can not be an

artifact caused by the velocity contrast observed by

ALLAM and BEN-ZION (2012) for this part of the fault.

In an effort to clarify the Moho geometry in that area,

we show the lateral locations and depths of the Moho

conversion phases (Fig. 11a) and the CCP stacks

projected onto the profile using data from 40 km on

each side of the fault (Fig. 11b). More detailed cross-

sectional views of these points are provided in Figure

S2. We note that the results are based on three

additional stations (black triangles in Fig. 11a) com-

pared to the study of MILLER et al. (2014), one of

which is in close proximity of the trace of SJFZ,

providing additional data on the Moho structure near

the fault.

The coordinates and depth values of the strong

conversion points interpreted to be associated with

the Moho (Fig. 11a) have a trend that suggests a

dipping Moho to the NW. To test the existence of a

dipping interface, we inspected the transverse recei-

ver functions from stations in the area. The back-

azimuths corresponding to a polarity switch in these

stations agree with the results only in some of the

stations, which suggests that the local structure is

more complicated than a flat dipping Moho. In

contrast to the results in Sect. 4.2, we do not observe

points with significant depth difference across the

fault consistent with a vertical Moho offset. The deep

coherent phase of the projected CCP stacks

(Fig. 11b) shows undulations on both sides of the
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fault with no clear evidence of a vertical Moho

offset. As noted in Sect. 4.1, there is a region of

high complexity to the NE of the SJFZ along the

profile in Fig. 11b, which lacks a Moho phase for a

5 km lateral distance from the fault. This apparent

complexity in the Moho phase coincides with

laterally, and may be an artifact of, a significant

low velocity damage zone in the upper crust

(ALLAM and BEN-ZION, 2012; ALLAM et al., 2014).

The discussed features persist in profiles associated

with projections of different widths (Fig. 12). We

speculate that a combination of a dipping Moho and

the specific station configuration in this region

might produce an apparent Moho offset. On the NE

side of the SJFZ most stations sample relatively

shallow Moho, whereas on the SW side the more

distributed stations sample both shallow and deep

parts of the Moho. A projection of CCP stacks from

these stations onto a profile across the fault will

result in a shallow Moho to the NE and a deeper
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Amplitudes of CCP stacks for profile BB0 in Fig. 11 using different projection widths given at the top of each plot. The color scale and

symbols are as in Fig. 11. The results support the robustness of the features discussed in the context of Figs. 7 and 11
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Moho to the SW, which might be interpreted as a

vertical offset.

5. Discussion

Receiver functions have been used extensively to

image the Moho geometry in various regions (BUR-

DICK and LANGSTON, 1977; JONES and PHINNEY, 1998;

ZHU and KANAMORI, 2000; WITTLINGER et al., 2004;

MILLER et al., 2014). In the present study we examine

systematically variations of the Moho interface in the

southern California plate-boundary, using receiver

functions from 145 events in 188 broadband stations,

and detailed 3D-based velocity models for each ray

path used to construct CCP stacking. The results

show that the Moho in the study area has a highly

complex topography with prominent undulations

throughout most of the region. The undulations are

not correlated with sedimentary basins and other

strong velocity perturbations in the top few km of the

crust in the area (ALLAM and BEN-ZION, 2012; ZIGONE

et al. 2014). At several places there are localized

Moho features including vertical offsets and rela-

tively steep slopes. The observed large-scale

characteristics of the Moho structure are consistent

with previous studies in the area (ZHU and KANAMORI

2000; LEWIS et al. 2000; YAN and CLAYTON 2007). We

verify that the main discussed features are not sen-

sitive to specific parameter values (e.g., threshold

value for RMS misfit) and details of the processing

procedure (e.g., widths of zones used for projections

along the profiles). Our method for mapping points of

strong phase conversions within a 3D volumetric grid

of the CCP stacks (Fig. 5) allows for objective and

efficient generation of a regional Moho map (Fig. 6)

from large data sets. The highly complex observed

Moho topography makes the comparison of the Moho

depth map with various cross-sections of the stacks

(Figs. 7, 8, 9, 10, 11, 12) essential for analyzing local

features of the Moho such as vertical offsets.

LYAKHOVSKY and BEN-ZION (2009) demonstrated

with numerical simulations of evolving fault zone

structures that significant changes of the Moho depth

are expected to suppress fault localization in the

brittle crust and broaden the surface deformation.

This is consistent with our observations (Fig. 6) of

significant changes of Moho depth around the com-

plex region of the SAF near Cajon pass and further to

the SE, at the western boundary of the complex

Eastern California Shear Zone, and around the Salton

Trough area.

We observe two prominent Moho offsets of

*20 km near the Salton Trough (profile E in Fig. 7),

at the boundary between the continental crust and a

young rift it encloses. The estimated Moho depth

below and to the SE of the Salton Trough is only

*10 km. The eastern boundary of the thin rift region

may coincide with the SAF, depending on the dip

angle of the SAF in this region, resulting in a relatively

large offset across a strike slip-fault. LEKIC et al. (2011)

inferred a deeper Moho in the northern Salton Trough

of *20 km. However, this result was based on H-j
stacking for a given station, which may have missed

some of the lateral variations observed in this paper. If

one interprets the largest positive Sp phase beneath the

Salton Trough of LEKIC et al. (2011) as the Moho, its

depth would be significantly closer to the *10 km

value.

We investigate in detail two regions (green boxes in

Fig. 1), where previous receiver function studies

inferred *8 km vertical offsets across the Mojave

section of the SAF (ZHU, 2000) and the Anza section of

the SJFZ (MILLER et al. 2014). Our analysis supports

the existence of a Moho offset across the SAF slightly

to the NW of Cajon pass, although the Moho there may

have a steep dip rather than a sharp offset (Figs. 9, 10).

However, the derived results do not indicate a vertical

Moho offset across the SJFZ near Anza (Figs. 11, 12).

We suggest that an apparent vertical offset in that

region may be produced by the geometry of the station

distribution at the surface above a dipping Moho. On

the other hand, the obtained images point to a possible

vertical Moho offset across the SJFZ slightly to the SE

of Cajon pass (profile B in Fig. 7). The localities of the

inferred Moho offsets across the SAF and SJFZ in close

proximity to Cajon pass suggest that the branching of

the two major faults there may be related to the Moho

offsets.

As discussed by SCHULTE-PELKUM and BEN-ZION

(2012), local velocity structures in the brittle upper

crust near major faults can bias images based on

receiver functions. In addition to overall velocity

contrasts, significant local damage zones can obscure

1182 Y. Ozakin, Y. Ben-Zion Pure Appl. Geophys.



receiver function results in sections adjacent to a fault

or near structural complexities (e.g., to the right of

the SJFZ and below Cajon Pass in profiles D and B of

Fig. 7), and may play a part in possible erroneous

inferences at such locations. It is worth noting that

anisotropy, which may characterize damage zones

near faults and shear zones, can also bias interpreta-

tions of receiver function results (SCHULTE-PELKUM

and MAHAN, 2014). This is not accounted for in our

work, but it may be a subject of continuing study.
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