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Regional seismograms from earthquakes in Northern California show a systematic difference in arrival 
times across Southern California where long period (30–50 s) SH waves arrive up to 15 s earlier at 
stations near the coast compared with sites towards the east at similar epicentral distances. We attribute 
this time difference to heterogeneity of the velocity structure at the crust–mantle interface beneath the 
California margin. To model these observations, we propose a fast seismic layer, with thickness growing 
westward from the San Andreas along with a thicker and slower continental crust to the east. Synthetics 
generated from such a model are able to match the observed timing of SH waveforms better than 
existing 3D models. The presence of a strong upper mantle buttressed against a weaker crust has a 
major influence in how the boundary between the Pacific plate and North American plate deforms and 
may explain the observed asymmetric strain rate across the boundary.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

The lithospheric structure beneath the California margin plays 
an important role in controlling how the plate boundary between 
Pacific plate and North American plate deforms. Geodetic stud-
ies (Chery, 2008; Schmalzle et al., 2006; Wdowinski et al., 2007)
have shown an asymmetry in strain accumulation across the San 
Andreas Fault (SAF). The asymmetry is attributed to factors includ-
ing laterally heterogeneous elastic properties in the upper crust 
(0–20 km) and varying elastic lithospheric thickness across the 
fault in the lower crust. Here, we present seismic observations 
that are consistent with the lateral transition in elastic properties 
across the SAF boundary, involving the lower crust and upper man-
tle structure beneath the California margin, as shown schematically 
in Fig. 1.

The seismic lithosphere or lid, as defined in Anderson (1995)
is a zone of relatively high seismic velocity in the uppermost 
mantle, generally overlying a low velocity zone (LVZ) under 
oceans and cratons. The lid and underlying LVZ are different 
from the mechanically-defined lithosphere–asthenosphere bound-
ary, although both are closely related, and the seismological lay-
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Fig. 1. A schematic drawing of our proposed model. The lid (defined in text), which 
is faster than its surrounding medium, grows in thickness from the plate boundary 
towards Pacific plate (PA). In order to better fit the arrival times for inland stations 
(details in Section 3), the crust below the North American plate (NA) is modeled 
with a thick, relatively low-velocity crust.

ers are often used to outline mechanical structure (Stein and 
Wysession, 2009). Pure path (1D) models indicate that the Pa-
cific plate has a thick (∼60 km) lid overlaying a strong LVZ 
extending to below a depth of 300 km (Gaherty et al., 1999;
Tan and Helmberger, 2007). In contrast, the continental West-
ern United States (WUS) structure is characterized by a relatively 
slower, thinner lid (10–20 km) along with a weaker mantle LVZ 
(Grand and Helmberger, 1984). Despite these large lateral differ-
ences, the vertical travel times through these two structures are 
quite similar. Thus, studies utilizing teleseismic phases with nearly 
vertical ray paths (e.g., most global tomographic models) have diffi-
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culty resolving the lateral variation in shear wave velocity structure 
across the plate boundary.

Using regional S-SS differential travel times, Melbourne and 
Helmberger (2001) showed that there is lateral variation within 
the sub-crustal mantle characterized by the presence of a seis-
mic lid beneath California with thickness increasing from 0 km 
in Eastern California to 55 km along the Pacific plate (see Fig. S1 
in Supplementary material (SM)). As the Pacific plate with a thick 
lid has lower dextral strain compared to the North American plate 
with a thin lid, they propose that the lid structure may modulate 
the deformation across the plate boundary. However, the sampling 
sites of the lid thickness, denoted by the SS reflection points, are 
located along the coast of Baja California and therefore cannot pre-
cisely resolve the lid thickness beneath the main California coastal 
region.

Understanding how the plate boundary between Pacific plate 
and North American plate deforms requires an accurate image of 
the deep structure along the plate boundary. Seismic studies since 
the 1970s indicate large variability in velocity structure along this 
boundary. For example, Zandt and Furlong (1982) combined tele-
seismic travel-time data and thermal models to infer lithospheric-
thinning along the San Andreas fault system in northern California. 
More recently, Wang et al. (2013) used surface wave tomogra-
phy to map out lateral velocity variations to a depth of 300 km 
throughout the southwestern United States, finding similar litho-
spheric thinning to the east of the San Andreas fault in the Men-
docino region as well as high velocity regions within the upper 
mantle at depths up to 200 km that they correlate with fossil slab 
structures. Other recent studies took advantage of the improved 
station density coverage to retrieve regional velocity structure of 
the crust and uppermost mantle using seismic tomography (e.g. 
Hauksson, 2000; Prindle and Tanimoto, 2006), adjoint waveform 
tomography (Tape et al., 2009) or receiver function techniques (e.g. 
Zhu and Kanamori, 2000; Yan and Clayton, 2007; Lekic et al., 2011;
Levander and Miller, 2012; Ford et al., 2014). Many of these re-
gional velocity features are incorporated in the development of 
3D velocity models by the Southern California Earthquake Center 
(SCEC), which are discussed later.

Multiple earthquakes, namely the 2014/03/10 Mw 6.8, 2005/
06/15 Mw 7.2, and 2010/01/10 M6.5 events in Mendocino region 
and the 2014/08/25 Mw 6.0 Napa earthquake, present a unique 
opportunity to directly study the lateral variation in the lower 
crust–upper mantle structure beneath the California margin using 
regional waveforms. The earthquakes occurred in Northern Califor-
nia and the waveforms were recorded by the BK network operated 
by the Northern California Seismic Network (NCSN) and the CI net-
work operated by the Southern California Seismic Network (SCSN) 
at regional distances (3–11◦) (Fig. 2a inset). The recorded wave-
forms exhibit significant travel time differences (discussed in Sec-
tion 2), suggesting possible lateral heterogeneity of the lithospheric 
structure beneath the California margin.

3D waveform-modeling is useful to investigate anomalous be-
haviors in the seismic wave field, but can be prohibitive when 
modeling at large continental scales due to high computational 
cost. One previous known effort in continental-scale modeling is 
by Ji et al. (2005) which is able to explain large scale Rayleigh-
wave multipathing phenomenon across western North America, 
but lacks resolution for detailed study on ocean–continent transi-
tion. Specifically modeling the crustal-sensitive waves that sample 
the whole continental margin on a reduced regional scale allows 
us to refine current velocity models and constrain key features 
across the plate boundary.

In this study, we show that the travel times of the regional SH 
waveforms from these events cannot be well explained by existing 
1D and 3D velocity models, which are poorly constrained in lower 
crust–upper mantle structure. We propose that a fast seismic layer 
Table 1
A description of the modified 1-D ‘Gil7’ model. The main modification is a simpli-
fication of the crustal layer where the number of layers is reduced from 7 to 3. 
The Moho depth in this model is 25 km. The parameters of the fast lid and the 
thicker, slower crust used in western and eastern parts, respectively, of this study’s 
preferred model, are listed in parentheses.

Layer Thickness 
(km)

V s

(km/s)
V p

(km/s)
Density 
(g/cc)

Upper crust 5 2.60 4.50 2.40
12 3.40 6.21 2.68

Lower crust 8 (18) 3.98 (3.70) 6.89 (6.70) 3.00 (2.80)
(Lid) (varies) (4.80) (8.30) (3.20)
Upper mantle – 4.40 7.80 3.00

beneath the California coast coupled with a thick, relative slow 
crust beneath eastern California is necessary to explain the dis-
crepancies in travel times. The lateral variation of velocity in the 
lower crust–upper mantle region in our proposed model suggests 
a similar lateral variation in lithospheric strength which may play 
a strong role in modulating long term plate deformation and ex-
plain the strain rate asymmetry across the SAF.

2. Observations

The challenge in studying the ocean–continent plate bound-
ary using regional waveforms in California is that it is difficult 
to model the different types of waveforms (P, SH and SV) si-
multaneously because of the limited aperture of the station dis-
tribution and the nodes in the radiation patterns for strike-slip 
events. In this study, we concentrate on the tangential compo-
nent in displacement, because the stations are located close to the 
maxima of SH wave radiation pattern for the earthquakes we ana-
lyze.

We perform cross-correlation to see how the travel times of the 
observed SH waveforms compare with that computed from a 1-D 
velocity model (see Table 1) modified from the layered ‘Gil7’ veloc-
ity model (Dreger and Romanowicz, 1994). The 1-D synthetics are 
computed using frequency-wavenumber method by Zhu and Rivera
(2002). The ‘Gil7’ velocity model is derived from broadband wave-
form modeling and routinely used in moment tensor inversions 
in Northern California. The ‘Gil7’ model is a relatively fast model, 
which has a shallow Moho boundary at 25 km and includes a fast, 
mafic lower crust with a P-wave velocity (V p) of 6.89 km/s and 
shear wave velocity (V s) of 3.98 km/s, as revealed from the San 
Francisco Bay area seismic imaging experiment (BASIX) in 1991 
(Brocher et al., 1994). The time differences between the data and 
synthetics will show how much the 1-D velocity model deviates 
from the true velocity structure. In this study, we use published 
moment tensor solutions provided by the ANSS Comprehensive 
Earthquake Catalog (listed in Table 2). We concentrate our anal-
ysis in the period range of 30 to 50 s. The waveforms sample up 
to a depth of 100 km and are sensitive to both the lower crust 
and upper mantle structure (see Fig. S2 in SM for sensitivity ker-
nel produced using tools from Herrmann, 2013).

For both Mendocino and Napa earthquakes, the observed long 
period SH waves show a systematic pattern of later arrival times 
(positive time delay) for sites in eastern California and early ar-
rival times (negative time delay) for sites along the coast, demon-
strating that the velocity structure varies laterally across California 
(Fig. 3). The range of time shifts for the 2014 Mendocino event is 
stronger than that seen for the 2014 Napa earthquake, suggesting 
that the waveforms from the Mendocino event are able to better 
sample this considerable structural variation, which extends from 
Mendocino region to the south of Napa region along the coast. Ad-
ditionally, the pattern and strength of the time shifts seen for the 
2014 Mendocino event are consistent with that found for other 
events of similar magnitudes in the Mendocino Triple Junction 
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Fig. 2. (a) The inset shows the location of the earthquakes in Mendocino and Napa regions (see Table 2 for details), along with the distribution of broadband stations from 
NCSN and SCSN used in this study. The blue line displays the location of coastal stations and the red line shows the location of inland stations along radial profiles discussed 
later. The three azimuthal profiles (Profile A, B and C) marked in purple dashed lines are used to examine the timing and waveform variations as a function of back azimuth 
to the events. (b) Topographic map zoomed in on the location of SCSN stations and azimuthal profiles featured in this study. The fault map is provided by Jennings (1994)
where the San Andreas Fault is highlighted in bold red line. (For interpretation of the colors in this figure, the reader is referred to the web version of this article.)

Table 2
The earthquake source parameters used in this study are provided by the ANSS Comprehensive Earthquake Catalog (ComCat), which can be assessed at http :/ /earthquake .
usgs .gov /earthquakes /search/.

Event 
name

Origin time 
(UTC)

Moment magnitude
(Mw)

Latitude Longitude Depth 
(km)

Focal mechanism

Strike Rake Dip

2014 Napa 2014–08–24 10:20:44.070 6.0 38.215 −122.312 11.1 155 172 82
2014 Mendocino 2014–03–10 05:18:13.430 6.8 40.829 −125.134 16.6 318 −169 88
2005 Mendocino 2005–06–15 02:50:54.190 7.2 41.292 −125.953 16.0 317 172 83
2010 Mendocino 2010–01–10 00:27:39.320 6.5 40.652 −124.692 29.3 233 0 85
region (Fig. 4). As a check, we also compute our own moment 
tensor solutions using the cut-and-paste (CAP) inversion method 
(Zhao and Helmberger, 1994 and Zhu and Helmberger, 1996) and 
find that the time shift patterns are stable even with small varia-
tions in focal mechanisms (see Fig. S3 in SM). This emphasizes the 
role of lateral velocity variations in controlling the arrival times as 
opposed to effects related to source location or mechanism.

Aligned waveforms from stations along the coast (blue profile 
line in Fig. 2a) show Sn-phase moveout of approximately the ap-
parent shear wave velocity, 4.7 km/s (Fig. 5, top panels). However, 
waveforms from inland stations, along the red profile line in Fig. 2, 
show slower Sn-phase moveout velocities less than ∼4.7 km/s 
(Fig. 5, bottom panels). As discussed earlier, this feature is much 
stronger for the Mendocino event than for the Napa event, and it 
suggests the presence of a shear wave velocity region along coastal 
California that is faster than any of the structures depicted in the 
‘Gil7’ model (see Table 1). Note that slight mislocation of the epi-
center and origin times only shifts the record sections, leaving the 
apparent velocity unchanged.
Similarly, we observe in the azimuthal record sections (Fig. 6), 
which span across a few hundred kilometers, that the Sn waves ar-
rive systematically earlier for coastal and offshore stations relative 
to the inland sites. In addition, while the arrivals following the di-
rect Sn at the inland stations show large amplitude coherent wave 
trains, the later arrivals at the coastal stations become less coher-
ent and their amplitudes are significantly decreased. The transition 
in waveform character described above occurs near the SAF on the 
northernmost profile (Profile A, see Fig. 2 for location), and then 
shifts to west of the SAF further south (Profiles B and C).

The difference in travel times suggest that there is a strong 
east–west lateral variation in the lower crust–upper mantle veloc-
ity structure beneath California, where the structure beneath the 
coastal and offshore stations has a substantially faster shear wave 
velocity compared to that beneath the inland stations. The vari-
ation in velocity structure appears independent of distance, since 
all three profiles display similar patterns in travel time shift. The 
heterogeneity in structure may also contribute to the distortion of 
later arriving waves as seen in the coastal stations.

http://earthquake.usgs.gov/earthquakes/search/
http://earthquake.usgs.gov/earthquakes/search/
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Fig. 3. An example of cross-correlation results shown for three stations, SMI (coastal), SBB2 (near SAF) and SLA (Eastern California), where the time delays and correlation 
values are stated. Maps show the computed time shifts between the observed long period (30–50 s) SH waves and the 1-D synthetics for both earthquake events. Cooler 
color indicates the observed waves arrive earlier than predicted by the synthetics and warmer colors indicate later wave arrivals. The average time differences (calculated 
from the eastern border of California to the coast) are about 7 s (Napa) and 14 s (Mendocino) respectively. The correlation of the observations with synthetics is high, with 
average coefficient above 0.90. The fit decreases for some coastal stations for the Mendocino event due to waveform interference at later arrival times but does not affect the 
arrival time of the first peak of the wave train. (For interpretation of the colors in this figure, the reader is referred to the web version of this article.)
3. Modeling

We propose that the systematic, east–west variation in arrival 
times of the SH waves is due to the variation in the velocity struc-
ture in the lower crust–upper mantle along the plate boundary. 
There are several scenarios that can contribute to the variation, 
such as different crustal thicknesses, presence of fast seismic lid, 
and/or different velocity in the lower crust–upper mantle struc-
ture. A recent study by Tape et al. (2012) shows that the Moho 
depth varies from 20 km offshore to 35 km inland across South-
ern California (along profile C in Fig. 2). However, the difference in 
arrival times cannot be solely from variation in crustal thickness. 
A quick calculation from synthetics generated from 1-D velocity 
models shows that for every increase in crustal thickness of 10 km, 
the arrival times are delayed by ∼2.5 s (see Fig. S4 in SM). A 14 s
time difference (calculated from the east California to the coast) 
would suggest a 56 km difference in crustal thickness across Cal-
ifornia, which far exceeds the expected crustal thickness in this 
region.

Thus, we propose that the early arrival times at the coastal sta-
tions are predominantly due to the presence of a seismic lid west 
of the SAF and parallel to the coast, as presented schematically in 
Fig. 1. In short, this seismic lid shares the same properties as the 
one observed within the Pacific plate, with a preferred SH veloc-
ity of 4.78 km/s (Tan and Helmberger, 2007). The presence of the 
lid is consistent with the observed apparent velocities of the long 
period Sn waveforms recorded by stations along the coast. As the 
seismic lid is much faster than the upper mantle (V s of 4.8 km/s 
compared to 4.4 km/s), it has significant impact in shortening the 
travel times. The velocity contrast across California was previously 
observed in a 3-D tomographic study by Hauksson (2000), where 
he determined a high V p (8.2 km/s) structure at a depth around 
20 km beneath the Southern California coastline. The structure is 
inferred to have a V p/V s ratio of 1.77, which translates to a V s of 
4.6 km/s, slightly lower than our estimated SH velocity of the lid. 
This difference can possibly be explained by seismic anisotropy in 
the oceanic plate where Tan and Helmberger (2007) found SH ve-
locity to be about 5% faster than SV velocity. The gradual decrease 
in travel times with back azimuth suggests that the lid may grow 
in thickness from inland towards the coast. The lid thickness is less 
well constrained compared to the crustal thickness, and can be as 
thick as 60 km, as suggested by Tan and Helmberger (2007).

To explain the delayed arrival times for inland stations, we 
propose the velocity structure beneath stations east of the SAF 
is significantly slower than to the west. This is consistent with 
previous studies that have found eastern California is character-
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Fig. 4. Similar to Fig. 3, where maps show the time delay between the observed long period SH waves and the 1-D synthetics for three events of similar magnitudes in 
the Mendocino region. The correlation of the observations with synthetics is high, with average coefficient above 0.90. For stations towards the coast, the observed waves 
arrive earlier than predicted by the 1-D synthetics, indicated by cooler colors. For stations in eastern California, the observed waves arrive later than predicted by the 1-D 
synthetics, indicated by warmer colors. Histograms to the right of the maps show the distribution of the time delays for each event. (For interpretation of the colors in this 
figure, the reader is referred to the web version of this article.)
ized by a relatively thick crust (Zhu and Kanamori, 2000) com-
prised of relative low seismic velocities especially within the 
lower crust beneath the Mojave block (Ammon and Zandt, 1993;
Helmberger et al., 2001).

Our proposed model, shown in Fig. 7, is a combination of the 
modified 1-D ‘Gil7’ velocity model with thicker and slower crust 
on the east, and a fast lid with a shear wave speed of 4.8 km/s, 
increasing in thickness from 0 km to 70 km offshore. The velocity 
structure remains uniform trending northwest-to-southeast as in-
dicated in Fig. 7. The boundary, where the lid grows in thickness, 
tracks the stations with zero time shifts (from Fig. 3 and Fig. 4) and 
runs mostly parallel with SAF in Northern California, and shifts to 
the west by 100 km after the ‘Big Bend’ in Southern California. The 
lower crustal velocity at 3.7 km/s in Eastern California is compati-
ble with regional modeling of Basin and Range events (Song et al., 
1996).

To test our hypothesis, we use the 3-D finite difference method 
(Graves, 1996) to generate synthetics from our proposed model. 
The model is discretized with a uniform spacing of 0.5 km. We 
consider a 2-step approach to test the effects of the main features 
in our proposed structure, which are the fast lid on the west, and 
the low velocity thicker crust on the east. We first model the syn-
thetics using a velocity model that only includes the fast lid, which 
improves the fit of the SH arrival times between the synthetics 
and data for the coastal and offshore stations, but does not affect 
the inland stations (Fig. 8b). We then use the model that includes 
both the fast lid and the low velocity thicker crust, and this signif-
icantly improves the fit for most inland stations (Fig. 8c). However, 
this model also decreases the fit for stations in the southern-
most portion of California, particularly those in the Salton Trough 
and Imperial Valley region. It is widely known that this region 
has a relatively thin crust (e.g. Hauksson, 2000 and Tape et al., 
2012), which is clearly inconsistent with our proposed “thick crust” 
model. This indicates that additional 3D complexities beyond that 
currently included in our simplified representation are required to 
more fully explain all of the observations. The structural complex-
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Fig. 5. The record sections display broadband (1–100 s) SH waveforms in displacement from the coastal stations in the top row (west of SAF; blue line in Fig. 2a) and from 
inland stations in the bottom row (located in Eastern California; indicated by red line in Fig. 2a) for both earthquake events. The arrivals of the first peak, which are the long 
period Sn waves, are aligned for coastal stations, showing that the waves are traveling at about the apparent shear wave velocity of ∼4.7 km/s. For inland stations, there is 
a strong move-out of the peaks across distances indicated by the dashed lines, showing the peaks are traveling slower than the reduction velocity (4.7 km/s). The move-out 
velocities are ∼4.35 km/s and ∼4.25 km/s for the Mendocino and Napa events, respectively.
ities in this southernmost portion of the model should also be 
considered when performing similar analysis of the reverse profile 
(south to north) using earthquakes occurring in the Baja California 
region such as the 2010 M7.2 El Mayor–Cucapah event. Incorporat-
ing these modifications is the subject of future work.

We further compare our model with the present 3D veloc-
ity models available through the SCEC community (Fig. 9). There 
are three regional velocity models in total: the USGS Bay Area 
model v08.3.0 for Northern California (Aagaard et al., 2010) and 
two southern California Community Velocity Models (CVM), which 
are CVM-S4.26 (Lee et al., 2014) and CVM-Harvard 15.1.0 (Shaw et 
al., 2015). The main advantage of the existing 3D velocity mod-
els is that they have high resolution on basin and upper crust 
structure and those structures are well-resolved. The lower crust–
upper mantle structure in the 3D models are derived from seismic 
tomography and teleseismic surface wave data, and they gener-
ally have a poorer resolution, compared to the upper crust. To 
construct a state-wide velocity model for comparison, we utilize 
the SCEC Unified Community Velocity Model (UCVM 15.10.0) soft-
ware framework (http :/ /scec .usc .edu /scecpedia /UCVM). This soft-
ware package allows the combination of the USGS Bay Area model 
with either of the southern California CVMs. The UCVM package 
also prescribes a generic 1D velocity model (Hadley and Kanamori, 
1977) for regions not described by the 3D velocity models. The 
boundary for each of the 3D velocity models is shown in Fig. S5 
in SM. The slight discontinuities at the boundaries where the dif-
ferent velocity models are combined have no significant impact as 
the waveforms used in subsequent analysis are filtered at long pe-
riod (30–50 s).
For the coastal region, our model generally compares well with 
the UCVM 3D models. Our model shares some key characteristics 
with these 3D models as illustrated in the shear wave velocity 
cross-sections shown in Fig. 10. These include: 1) the relatively 
thin crust (average 15 km) under the coastal region, which is evi-
dent in the northern region covered by the USGS Bay Area model, 
and 2) the presence of fast seismic velocities (up to V S = 5.0 km/s) 
below the Moho in the southern region, particularly for CVM-
S4.26, and to a lesser extent for CVM-H.

For the inland region, both sets of UCVM 3D model synthetics 
are too fast compared to the data, which is primarily due to the 
fast (4.0 km/s) structure in the USGS Bay Area model in the lower 
crust. Hence, our model emphasizes the need for a slower struc-
ture beneath Eastern California compared with these models. On 
the other hand, the UCVM 3D model including CVM-H does well 
at matching the time delays near Imperial Valley, suggesting this 
model is adequately capturing the thinning of the crust in this re-
gion. The azimuthal record sections for all the models are shown 
in Fig. S6 in SM. These profiles further highlight the timing differ-
ences among the models, and in particular demonstrate that the 
UCVM 3D models predict arrivals at the inland sites that are up 
to 15 s earlier than the observations. We also note that the UCVM 
3D models have better fits for the amplitude of the later arrivals in 
the Love wave train, indicating these models have a better-resolved 
shallow crustal structure than our simplified model.

4. Discussion and conclusion

The simple seismic velocity model we have developed in the 
present work only includes lateral variations in one horizontal di-

http://scec.usc.edu/scecpedia/UCVM
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Fig. 6. Figure shows azimuthal record sections of the broadband SH waves from the 
2014 Mendocino event, with time plotted using a reduction velocity of 4.7 km/s. 
The station locations and profile lines are shown in Fig. 2. The back azimuth in-
creases as the station location shifts from inland towards the coast. The red line 
acts as a guide to show the SH waves arrive earlier for stations towards the coast. 
The location of SAF with respect to the stations is indicated by the red arrow in 
each record section. (For interpretation of the references to color in this figure, the 
reader is referred to the web version of this article.)

mension, and is thus insufficient to capture the full 3D complexity 
of the velocity structure in California, as illustrated in Fig. 8c. In 
any case, even though our model is simple, it does provide direct 
evidence for a key characteristic of the lower crust–upper man-
tle structure beneath, which is the strong west–east lateral seismic 
velocity contrast across the plate boundary.

Our work suggests that the fast seismic lid feature extends 
beyond Baja California as initially proposed by Melbourne and 
Helmberger (2001) and is, in fact, a continuous feature parallel 
to the SAF along the California coastline. The waveforms recorded 
from the Mendocino events propagate south and sample the lower 
crust–upper mantle structure along the entire region. In addition, 
the travel time move-out in the observed waveforms is signifi-
cantly more pronounced for the Mendocino event compared to the 
Napa event. The Mendocino event originated 80 km offshore, and 
hence the waveforms sample more of the oceanic lid along the 
coast. The propagation path of the waveforms from the Napa event, 
which originated inland, are mostly restricted to inland paths, 
away from the coastline and therefore the move-out effect due to 
the lid is less evident.

The absolute thickness of the lid is not well constrained, as the 
thickness trades off with the lid velocity. However, the general be-
havior of the lid growing in thickness holds as we see in Fig. 3
and Fig. 4, there is a gradual increase in travel time difference for 
the waveforms as the ray paths shift westward. In order to the 
fit the observations, the lid has to be significantly faster (i.e. V S =
4.8 km/s) than the velocity of upper mantle (V s = 4.4–4.5 km/s) in 
reference models. The high shear wave velocity of the lid suggests 
a highly mafic composition, consistent with the composition for 
Pacific oceanic lithosphere (Tan and Helmberger, 2007). The cur-
rently available 3D velocity models for California do not adequately 
capture the travel-time variations seen in these regional waveform 
data. This suggests that these data could be used as constraints in 
future updates of these 3D models.

The observed strong lateral variation in the upper mantle struc-
ture beneath California likely contributes to the strain rate asym-
metry and should play a significant role in modulating plate defor-
mation. Assuming the seismic velocity as a proxy for lithospheric 
strength, the lid beneath the Pacific plate, with higher velocity, is 
thus much stronger than its surroundings and lends strength to the 
Pacific plate. The shear wave velocity of the lid (V s = 4.8 km/s) is 
significantly higher than its surrounding medium: the lower crust 
has a maximum V s of about 4.0 km/s and the upper mantle aver-
ages V s of about 4.4 km/s. On the other hand, the relatively lower 
velocity of the deep crust and absence of a strong lid beneath the 
North American plate suggests weaker lithospheric strength. Thus, 
the upper mantle of the Pacific Plate should deform more rigidly 
and differs from the North American Plate, which is in the plastic 
flow regime (Kohlstedt et al., 1995).

Schmalzle et al. (2006) showed a scenario on how variation in 
effective elastic thickness (EET) can explain the strain rate asym-
metry across the San Andreas fault in the Carrizo Plain region in 
central California. Their best fitting result requires a 38 km EET 
west of SAF and an average of 12 km EET east of SAF. Taking the 
interseismic strain rate to be inversely proportional to the effec-
tive elastic thickness (EET) of the lithospheric plate, Chery (2008)
further showed that the interseismic strain rate profiles across 
northern, central and southernmost California are best modeled 
with a thin EET along the plate boundary and thick EET on the 
Pacific plate and Sierra Nevada province. The change in EET across 
the plate boundary follows closely along the SAF trace in northern 
and central California, and moves ∼75 km westward towards Elsi-
nore Fault in southernmost California (see Fig. S7 in SM). Similarly, 
from geodetic data inversion for slip rates on faults in California, 
Platt and Becker (2010) proposed that (1) the present velocity field 
reflects long-term plate motion and (2) the real lithospheric trans-
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Fig. 7. Map illustrates the configuration used in the 3-D finite difference modeling. Black box marks the surface boundary of the 3-D grid. The cross section profile (A–A′) 
shows the 2-D shear wave velocity structure, which is a modification of the 1-D ‘Gil7’ model (see Table 1) with the lid structure, the thicker crust on the east and an 
additional low velocity zone. Yellow parallel lines delineate the zone where the lid thickness increases from 0 to 70 km. The event modeled is the 2014 M 6.8 Mendocino 
earthquake. Profile B–B′ and Profile C–C′ are shown in Fig. 10. (For interpretation of the colors in this figure, the reader is referred to the web version of this article.)

Fig. 8. Maps show the time delay between the long period SH waves from the 2014 Mendocino event, and (a) the 1-D synthetics from ‘Gil 7’ model (same as Figs. 3, 4), 
(b) the 3-D synthetics from our proposed model with the lid only (no thick crust on the east), and (c) model with inclusion of both the lid and thicker, slower crust on 
the east. The histogram of the time shifts for each model comparison are shown below the map. Cooler color indicates the recorded seismograms arrive earlier than the 
synthetics. (For interpretation of the colors in this figure, the reader is referred to the web version of this article.)



210 V.H. Lai et al. / Earth and Planetary Science Letters 463 (2017) 202–211
Fig. 9. Maps show the time delay between the recorded long period SH waves from the 2014 Mendocino event, and the synthetics from (a) our preferred model, (b) USGS 
Bay Area and CVM-S4.26 Southern California model and (c) USGS Bay Area and CVM-Harvard Southern California model. Cooler color indicates the recorded seismograms 
arrive earlier than the synthetics. Histograms below the map show the distribution of the time delays for each model comparison. (For interpretation of the colors in this 
figure, the reader is referred to the web version of this article.)

Fig. 10. Cross-section profiles of shear wave (V s) structure along Profile B–B′ (coast) and Profile C–C′ (inland) for three 3D velocity models. The profile locations are indicated 
in Fig. 7.
form boundary does not necessarily follow the surface trace of SAF, 
but rather it is a zone up to 80 km wide, notably centered west 
of the SAF in southern California, and has a trend straighter and 
closer to the plate motion vector than the SAF.

Likewise, our model supports such a significant lateral vari-
ation in lithospheric strength or EET with a strong lid west of 
the plate boundary and a relatively thick, low velocity crust east 
of the plate boundary. A similar idea of lateral contrast in litho-
spheric properties is proposed in Ford et al. (2014) through a Sp 
receiver function study as they observe a change in character of 
lithosphere–asthenosphere boundary across the plate boundary. In 
addition, the transform boundary in our simple model, marked by 
the growth of the lid structure, roughly follows along the local 
strike of SAF except in Southern California when it moves west-
ward by ∼100 km, which is in agreement with the position of 
the transform boundary proposed by Platt and Becker (2010). The 
transform boundary may be characterized as the juxtaposition of 
the strong Pacific plate due to the seismic lid, with the weak, duc-
tile North American plate, where the lower crust–upper mantle 
structure beneath the Californian margin controls the strain rate 
observed in California. This plate boundary structure becomes even 
more complex in the southernmost portion of southern California 
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(Imperial Valley) where the crust is quite thin due to the north-
ward impingement of the East Pacific Rise into the North American 
plate. To more fully explore the consistency of our model with the 
strain-rate asymmetry and long-term plate deformation in Califor-
nia, additional quantitative analyses are needed which is beyond 
the scope of the current work.

The velocity contrast in our model bears resemblance to the 
slab window formed due to the migration of Mendocino Triple 
Junction during the evolution of the plate boundary (Furlong and 
Schwartz, 2004). Based on our model, the lithospheric thinning, 
inferred by Zandt and Furlong (1982) and Wang et al. (2013), 
may have been a prominent state-wide phenomenon along the 
east side of the plate boundary at the lower crust–upper mantle 
depth range. Our model focuses at much shallower depth com-
pared to models from seismic tomography (up to 300 km in Wang 
et al. (2013)) hence it is less meaningful in terms of understand-
ing past subduction processes or imaging fossil slabs. Nonetheless, 
our model, constructed from direct seismic observation, can pro-
vide useful constraints in the development of the next generation 
state-wide velocity models and informing the regional plate tec-
tonic history.

This study illustrates the potential of using regional waveforms 
to investigate the laterally varying seismic velocity structure of 
the lower crust–upper mantle beneath California. Our simplified 
model, i.e. a fast seismic lid underlying the Pacific plate abutting 
against a thick crust with relatively low seismic velocities compris-
ing the continental North American plate, does well at reproducing 
the systematic travel time variations of long period Sn waves ob-
served across central and southern California for events in the 
Mendocino region. The strong heterogeneity in velocity suggests 
similar heterogeneity in lithospheric strength, which may modu-
late the plate deformation in this region.
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