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Abstract

We present a new, 3D description of crust and upper mantle velocity structure in
southern California implemented as a Unified Structural Representation (USR). The
USR is comprised of detailed basin velocity descriptions that are based on tens of
thousands of direct velocity (Vp, Vs) measurements and incorporates the locations and
displacement of major fault zones that influence basin structure. These basin
descriptions were used to developed tomographic models of crust and upper mantle
velocity and density structure, which were subsequently iterated and improved using 3D
waveform adjoint tomography. A geotechnical layer (GTL) based on Vs30
measurements and consistent with the underlying velocity descriptions was also
developed as an optional model component. The resulting model provides a detailed
description of the structure of the southern California crust and upper mantle that reflects
the complex tectonic history of the region. The crust thickens eastward as Moho depth
varies from 10 to 40 km reflecting the transition from oceanic to continental crust. Deep
sedimentary basins and underlying areas of thin crust reflect Neogene extensional
tectonics overprinted by transpressional deformation and rapid sediment deposition
since the late Pliocene. To illustrate the impact of this complex structure on strong
ground motion forecasting, we simulate rupture of a proposed M 7.9 earthquake source
in the Western Transverse Ranges. The results show distinct basin amplification and
focusing of energy that reflects crustal structure described by the USR that is not
captured by simpler velocity descriptions. We anticipate that the USR will be useful for a
broad range of simulation and modeling efforts, including strong ground motion
forecasting, dynamic rupture simulations, and fault system modeling. The USR is
available through the Southern California Earthquake Center (SCEC) website

(www.scec.org).



57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81

82

Key words: velocity structure; fault models; southern California; tomography; seismic

wave propagation; strong ground motions

Acknowledgements: This work was supported by the Southern California Earthquake
Center, the National Science Foundation, and the U.S. Geological Survey. SCEC is
funded by NSF Cooperative Agreement EAR-1033462 and USGS Cooperative
Agreement G12AC20038. This work was also supported through NSF awards EAR-
1226343 titled “Geoinformatics: Community Computational Platforms for Developing
Three-Dimensional Models of Earth Structure” and EAR-1349180 titled “Community
Computational Platforms for Developing Three-Dimensional Models of Earth Structure,

Phase II.” The SCEC contribution number for this paper is 2068.

1. Introduction

Recent advances in numerical methods and parallel computing technology have enabled
large-scale 3D simulations of seismic wavefields in realistic earth models [e.g., Olsen et
al., 1995; Komatitsch & Tromp, 1999; Komatitsch et al., 2004; Bielak et al., 2010]. These
simulations are able to capture the effects of basin amplification, resonance, wave
focusing, and dynamic rupture propagation. Thus, they offer a physics-based alternative
to attenuation relationships (e.g., Abrahamson and Silva, 1997; 2008; Field, 2000; Boore
and Atkinson, 2008) for forecasting the distribution of hazardous ground shaking during
large earthquakes (e.g., Zhao et al., 2000; Tromp et al., 2005; Tromp et al., 2005;
Tarantola, 1984; Chen et al., 2007). These methods also provide an objective,
quantitative means of using seismic observations to improve 3D earth models. The

revised models, in turn, help make strong ground motion forecasts more accurate.
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To facilitate these and other studies, we present a Unified Structural Representation
(USR) of southern California (Fig. 1). The USR consists of two major components: a 3D
description of seismic wavespeeds (Vp, Vs) and density (p), known as a community
velocity model (CVM); and a 3D description of the major fault systems in the region,
known as a community fault model (CFM). The CVM includes a framework of geologic
horizons that define the various rock units in the region and integrates a wide range of
direct observations that define velocity structure. These include tens of thousands of
velocity measurements in boreholes, as well as constraints from seismic reflection and
refraction studies in sedimentary basins. The basin structures are used to develop travel
time tomographic models of the crust and upper mantle extending to a depth of 33 km,
and a teleseismic shear wave model of the upper mantle to a depth of 150 km. This
combined velocity model was then subjected to a series of 3D adjoint tomographic
inversions that highlight areas of the starting model that were responsible for
mismatches between observed and synthetic waveforms (Tape et al, 2009; 2010).
Sixteen tomographic iterations, requiring 6,800 fully 3D wavefield simulations, yielded
perturbations to the starting model that have been incorporated into the current CVM.
The second component of the USR is the CFM, which provides 3D descriptions of the
major fault systems in southern California that are considered to pose earthquake
hazards. These 3D fault representations are defined by surface geology, earthquake
hypocentral locations, focal mechanisms, well, and seismic reflection data. The USR
provides compatible fault and velocity models, in which the locations and displacements

of major faults are explicitly represented in the velocity descriptions.

2. Tectonic history and structure
Southern California sits astride a tectonic plate boundary that has been active for at least

200 million years. Beginning in the Jurassic Period, subduction of oceanic crust beneath
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North America created the Sierra Nevada arc and associated igneous terrains, a
widespread series of forearc deposits including the Great Valley sequence, and the
Franciscan accretionary complex, which is exposed in the Coast Ranges (e.g., Hamilton,
1969; Ernst, 1970; Dickinson, 1981; Cowan and Bruhn, 1992). These north-south
trending elements define the primary tectonic fabric and bedrock geology of the state
(Fig. 2). In southern California, these features have been displaced and overprinted by
two Tertiary tectonic events. In the Neogene, parts of the southern California continental
lithosphere were captured by the Pacific plate and moved obliquely away from North
America (Nicholson et al., 1994). This motion led to the clockwise rotation of the
Transverse Ranges (Luyendyk et al., 1985; Kamerling and Luyendyk, 1985; Hornafius et
al., 1986), the opening of the Inner California Continental Borderland, and development
of a series of deep sedimentary basins along the southern California coast (Crouch and
Suppe, 1993). In the Pliocene, seafloor spreading in the Gulf of California and
development of the modern San Andreas transform system (Hill and Dibblee, 1953;
Atwater, 1970; Allen, 1981; Curray and Moore, 1984) led to a transpressional tectonic
regime (Zoback et al., 1987) that further displaced and locally reactivated the earlier rift
and subduction zone structures. This tectonic regime drives present-day deformation of
the southern California lithosphere (Minster and Jordan, 1978; Bird and Rosenstock,
1984; Humphreys and Hager, 1990; Meade and Hager, 2005), and is characterized by
right-lateral strike-slip motion on the San Andreas, San Jacinto, Eastern California Shear
Zone, and other major northwest trending fault systems (Fig. 2). The Salton Trough has
developed as a result of oblique rifting of Baja California away from Sonora Mexico and
subsequent transfer of slip from the Imperial to the southern San Andreas fault, forming
a pull-apart basin (Rockwell and Sylvester, 1979). Farther north, a major restraining
bend in the San Andreas fault drives active deformation within the Transverse Ranges

(Fig. 2), which is characterized by thrust and oblique reverse faulting (Reed and
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Hollister, 1936; Namson and Davis, 1988; Yeats, 1988; Yeats et al., 1988; Shaw and
Suppe, 1994). In the eastern part of the state, the crust is also being actively deformed
by Basin and Range extensional tectonics (Wernicke at al., 1988; Burchfiel et al., 1987),
which accommodates a component of Pacific and North American relative plate velocity
(Minster and Jordan, 1978; DeMets et al., 1987). The Garlock fault, an active left-lateral
strike slip system (Smith 1962; 1975; Smith and Ketner, 1970; Astiz and Allen, 1983;
McGill and Sieh, 1993), defines the southern boundary of this Basin and Range
extensional province and separates it from the Mojave region (Minster and Jordan,
1987). The Mojave region is characterized by dextral slip on faults that comprise the

Eastern California Shear Zone (Dokka and Travis, 1990; Savage et al., 1990).

This complex tectonic history is manifest in the geologic and geophysical structure of the
southern California crust and upper mantle. The depth of the crust, defined by the
Mohorovici¢ discontinuity, changes abruptly from about 10 km in the Pacific Plate to
about 20 km in the continental shelf (Fig. 3). The crust generally continues to thicken
eastward, with the Moho reaching a maximum depth of about 40 km (Yan and Clayton,
2007; Tape et al.,, 2012). In central California, this eastward thickening reflects the
transition from oceanic crust, through the Franciscan assemblage, the forearc sequence
of the Great Valley, to the thick crustal roots of the Sierra Nevada arc. This pattern is
made complex in southern California by the rotation and translation of the Western
Transverse Ranges that unroofed the Inner California Borderland during the Neogene.
Crustal thickness has also been affected by the Pliocene and Quaternary deepening of
the coastal basins and formation of the Salton Trough along the southern San Andreas
fault system. As a result, the crust is thickest (35 — 40 km) beneath the Transverse and

Peninsular Ranges and thinnest ( = 20 km) beneath the coastal basins.
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The stratigraphy and composition of the crust in southern California also reflects this
region’s tectonic history. Mesozoic to early Tertiary deposits are generally part of the
forearc system, yet they have been dissected and displaced by Neogene and younger
deformations. Neogene deposits are widespread in southern California, with the thickest
accumulations occurring in rift and subsequently transpressional basins that formed in
response to microplate capture, rotation of the Transverse Ranges, and opening of the
Inner California Borderland (Nicholson et al., 1994; Crouch and Suppe, 1993). Thick
Pliocene and younger deposits are localized in coastal basins such as Ventura and Los
Angeles (Fig. 2) that continued to subside as a result of sedimentary and tectonic
loading (Yerkes et al., 1987; Wright, 1991; Namson and Davis, 1988; Shaw and Suppe,

1994).

The seismic wavespeed structure in southern California reflects this complex geologic
history. In order to represent this structure accurately, we need to generate consistent
representations of faults and basins, and to incorporate a variety of different types of
data and models in a self-consistent manner. We term this a Unified Structural

Representation, and describe in the following section how it was constructed.

3. Development of a Unified Structural Representation

The USR incorporates a variety of different velocity constraints, ranging in resolution
from 10-cm-scale borehole observations in shallow sedimentary sections to 3D
tomographic models that describe the upper mantle at scales of tens of kilometers.
These components must be assembled in a way that ensures their internal consistency.
Thus, we developed a workflow for building the USR that begins with the development of
structural representations of the basins and parameterization of their internal velocity

structures, including gradients associated with major faults. These basin models are
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then used as input for the development of tomographic models of the crust and upper
mantle. Integrated basin and tomographic models were subsequently evaluated and
improved using 3D, adjoint waveform tomographic methods. Finally, a geotechnical layer
based on Vs30 measurements was developed as an optional overprint to facilitate the
model’s use in strong ground motion studies and engineering applications. The following

sections describe the development of each of these model components.

3.1 Basin structures

Deep sedimentary basins in southern California form significant velocity structures in the
crust. These basins are generally filled with thick (> 10 km) sequences of relatively low
velocity and density sediments that have been shown to amplify seismic waves and
localize hazardous ground shaking during large earthquakes (e.g., Bonamassa and
Vidale, 1991; Frankel and Vidale, 1992; Bouchon and Barker, 1996; Olsen, 2000;
Graves et al., 1998; Bielak et al., 1999; Aagaard et al., 2001; Komatitisch et al., 2004;
Minster et al., 2004; Graves et al., 2011). Thus, the first step in our development of the
USR was to generate accurate descriptions of the 3D geometry and velocity structures

of the major basins.

The initial step in representing basin structures was to identify stratigraphic horizons or
surfaces that define the extent of basins or represent abrupt changes in velocities or
velocity gradients. An analysis of our borehole data shows that several lithologic markers
represent significant, laterally continuous velocity and density boundaries in the basins.
The most important of these is the transition from sedimentary to basement rocks, which
defines a major velocity discontinuity throughout most of southern California (Fig. 4).
This sediment-basement boundary defines the depth and extent of the basins, and

represents juxtaposition of different rock types and ages in various parts of the crust. In
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the western Los Angeles basin, the California Borderland, and the Santa Barbara basin
the sediments are generally underlain by Catalina schist and other metamorphic rocks
that are part of the Franciscan subduction zone complex. In the eastern Los Angeles
and San Bernardino basins the basement is generally formed by igneous rocks (Wright,
1991; Crouch and Suppe, 1993). In the Ventura, Santa Maria, and Salton Trough basins,
the basement surface represents a transition from Neogene and younger sedimentary
rocks to early Tertiary and Mesozoic metasedimentary sequences (Fuis and Kohler,
1984; Yerkes et al., 1987; Brankman, 2009; Namson and Davis; 1990; Lovely et al.,
2006). In the Ventura and Santa Maria basins this boundary generally represents a
distinct disconformity, whereas in the Salton Trough the top of basement likely
represents a geothermal boundary that reflects the high present-day crustal heat flow in

the region.

The depth and shape of the basement surface are highly variable across southern
California, ranging from surface outcrops along the basin edges to depths of more than
10 km in Ventura and Los Angeles (Fig. 1B). Surface outcrops of the basement surface
were digitized from the California State geologic map (Jennings et al., 1977) with more
local detail added based on the Dibble Map Series (e.g., Dibble, 2005). The subsurface
location of the basement surface is defined directly by two primary types of data (Fig. 4).
The first are well penetrations, generally acquired by the petroleum or geotechnical
industries, which use cuttings and/or electric logs to define this lithologic boundary.
Dozens of wells in the western Los Angeles, Ventura, and Santa Maria basins, and in
the Inner California Borderland directly penetrate this horizon and are used as direct
constraints on basin depth and shape (see Wright, 1991). The second type of constraint
on the basement surface is provided by seismic reflection data. The petroleum industry

has acquired tens of thousands of line kilometers of 2D seismic reflection profiles and
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several 3D surveys in the southern California coastal basins and offshore. As the
sediment-basement interface generally represents an abrupt velocity contrast, it is often
imaged by a prominent reflector in these data (e.g., Legg and Nicholson, 1993; Shaw
and Suppe, 1994; Bohannon and Geist, 1998; Rivero et al., 2011). The quality of the
data, as well as the depth and magnitude of the impedance contrast across the surface,
controls the character of this reflection and our ability to map it precisely. The basement
reflector is best defined in surveys from the western Los Angles basin, the California
Borderland, and Santa Barbara basin. Moreover, the reflector is tied directly to well
penetrations throughout these regions. Together, these surface geologic, well, and
seismic reflection constraints define the basement surface throughout much of southern
California. In areas where the basement is not directly defined, geologic cross sections
(e.g., Namson and Davis, 1988; 1990; Shaw and Suppe, 1994, 1996; Huftile and Yeats,
1995; Tsutsumi et al., 2001) and potential field studies (e.g., McCulloh, 1960) provide

further estimates that help us generate a continuous basement surface (Fig. 1).

The shapes and velocity structures of the sedimentary basins in southern California are
influenced significantly by the locations and displacement of major fault systems. The
southern California crust contains more than 150 active faults that are deemed capable
of generating moderate to large magnitude earthquakes (Plesch et al., 2007), as well as
many other structures that were active in earlier tectonic periods (Fig. 1C). Neogene-age
normal and strike-slip faults that accommodated rotation of the Western Transverse
Ranges and opening of the Inner California Borderland localized the development of the
major coastal basins (Luyendyk et al., 1985; Hornafius et al., 1986; Crouch and Suppe,
1993; Nicholson et al., 1994). As such, these faults often bound basins and are related
to many internal basin structures that influence basin shapes. Moreover, Pliocene and

younger faulting has displaced the basement surface in many locations, producing
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abrupt lateral contrasts in velocity between rocks and sediments. Thrust and reverse
faults have, in some cases, displaced the basement over stratigraphic units leading to
velocity inversions (i.e., downward decreases in velocity). These velocity inversions have
been shown to be important in wave focusing and amplification (e.g., Graves et al.,
1998), and thus it is important to represent them in models that are used for strong

ground motion simulations.

To represent these faults in our basin structures, we developed in parallel a
comprehensive 3D fault model (SCEC Community Fault Model [CFM]; see Plesch et al.,
2007). This model represents faults as triangulated surface representations (tsurfs) that
are defined by wells, seismic reflection profiles, geologic cross sections, earthquake
hypocentral locations (e.g., Shearer et al., 2005; Lin et al., 2007), and focal mechanism
solutions (Yang et al., 2012) (Fig. 1C). We use a subset of these fault representations,
along with other faults that are no longer active and thus not included in the CFM, to help
define our representations of the Los Angeles, Ventura, Santa Barbara, and Santa Maria
basins. We included faults that had significant total displacements in two ways. Those
that bounded the basins were used to model the shape of the basement horizon. Others

were used to offset the basement surface (see Fig. 5).

Once the sedimentary basin volumes are defined by topography, bathymetry, and the
basement surface, we parameterize the internal basin velocity structure. Direct
measurements of seismic velocities are provided by several different types of
observations. Velocities are recorded by sonic logs, which are wireline tools passed
along a borehole that measure interval transit times between pairs of sound sources and
receivers. These transit times are readily converted into interval velocities (Fig. 4). Most

sonic logs measure only Vp; however, dipole sonics acquired by the energy industry and
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suspension logs in the geotechnical industry can evaluate both Vp and Vs. Active source
experiments, including seismic refraction and reflection surveys, also provide estimates
of seismic velocity. These data have been acquired in many of the southern California
basins, and are most abundant in coastal and offshore basins that have been explored
by the petroleum industry. In addition, industry reflection data typically provide stacking
velocities, which can be converted to interval velocities. While these derived velocities
are far less precise than those from sonic logs, they offer the advantage of broad
coverage across basins and generally constrain velocities at depths that are greater than

most well penetrations.

Based on these observations, previous velocity models in southern California have used
several different approaches to parameterize sediment velocities. Magistrale et al.
(2000) used a rule-based approach that defined Vp as a function of sediment age and
depth using the method of Faust (1951). These relations were defined based on sonic
logs, and the model was parameterized by mapping these functions to a sediment
volume that included several geologic horizons of known age and depth. In a similar
fashion, Brankman (2009) developed a simple non-linear function of velocity increases
with depth in the Ventura basin. Lovely et al. (2006) developed a velocity
parameterization for the Salton Trough that was based on sediment and total basin
depths. Basin depth was shown to reflect sediment velocities in several wells because it
correlated with changing sediment facies. All of these approaches, in general, are best
suited to basins where velocity data are sparse and geologic units have simple, uniform
velocity gradients with depth. In contrast, Suess and Shaw (2003) and Rivero et al.
(2004) used geostatistical interpolations from direct velocity measurements to
parameterize sediment velocities in the Los Angeles basin and Inner California

Borderland, respectively. Tens of thousands of direct velocity measurements from
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boreholes and stacking velocities, as well as variance analyses were used to define
vertical and horizontal velocity correlation functions. Based on these functions, kriging
techniques were then applied to parameterize sediment velocities. These resulting
geostatistical parameterizations generally reflect the average velocity values manifest in
the rule-based models, but exhibit a greater degree of complexity in internal basin

structures (Suess and Shaw, 2003).

Basin structures in the USR were assembled in a manner that was compatible with
these different types of sediment velocity parameterizations, as no single, effective
approach could be implemented for all of the basin structures in southern California.
Geostatistical parameterizations were used in the Los Angeles (after Suess and Shaw,
2003) and Santa Maria (after Munster, 2007, and Shaw and Plesch, 2012) basins, and in
the Inner California Borderland (after Rivero, 2004). Simple depth-dependent velocity
descriptions were used in the Ventura (after Brankman 2009) and Salton Trough (after
Lovely et al., 2006) basins. The San Bernardino basin was parameterized by a depth-
dependent rule based on local well log data and seismologic studies (Stephenson et al.,
2002; Anderson et al., 2004; and Graves, 2008). To blend these different local velocity
parameterizations into a single USR, we used the basement surface to define the extent
of different velocity parameterizations and simple smoothing techniques to ensure
gradual changes between regions within the sedimentary volumes. Most of these

junctures occurred at transitions from onshore to offshore basins.

3.2 The crust and upper mantle
The initial 3D crustal velocity model of southern California used in constructing the USR
was determined by tomographic inversion based on local earthquake data (Hauksson,

2000). We used the inversion code SIMULPS (Thurber, 1993) and travel time P and S-
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P picks from the Southern California Seismic Network to determine gridded Vp and
Vp/Vs models with linear interpolation between adjacent nodes. The starting model was
similar to the standard southern California 1D layered model (Hutton et al. 2010) with a
near-surface low velocity layer. First, we inverted for a 40 km horizontal and =4km
vertical spacing coarse grid-node model, followed by an interpolation to a refined grid

(15 km horizontal and the same vertical spacing), and repeated the inversion.

To update the model by Hauksson (2000), we replaced the velocity values at nodes
located within the basins with velocity values from the basin models described
previously. We repeated the inversion using this new starting model with basin velocity
values held fixed, and the same travel-time data set from Hauksson (2000). The final
model exhibits lower average velocities in the near-surface, consistent with the basin

representations, and slightly higher average velocities at depth.

Mantle structure was then modeled using teleseismic surface wave data, recorded by
the California Integrated Seismic Network (CISN). A two-station waveform matching
technique was developed for these network data (Prindle and Tanimoto, 2006) and was
applied to 114 large earthquakes (M>6.0) to derive phase velocity variations. Rayleigh-
wave phase velocity data for frequencies between 0.025 and 0.050 Hz (40 to 20s) and
Love-wave phase velocity data between 0.030 and 0.045 Hz (33.3 to 22.2s) were

retrieved by this method and used as inputs for subsequent mantle structure inversion.

For the inversion of upper mantle structure, the crustal structure, obtained from the
previous basin descriptions and tomographic models, was held fixed. Also, because the
lateral resolving wavelength of surface waves is longer than what can be achieved from

body-wave data, this crustal velocity structure was averaged over a block size 0.2
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degree (lat) x 0.25 degree (lon) before surface-wave inversion. The result is a mantle
structure that is relatively smoother (averaged over 20-30 km) in comparison to the
crust. This surface wave inversion approach was used to directly infer S-wave structure
in the model. P-wave variations in this model were derived from surface wave data only,
through a relation d(In Vp)/d(In Vs) = 0.8, and thus may be considered less accurate

than the S-wave structure.

In summary, this approach, of using basin velocity descriptions as a starting point for 3D
tomographic inversions, helps to ensure consistency between the basin, crustal, and
upper mantle velocity descriptions. This model, in turn, served as the starting point for

3D waveform tomographic inversion to further refine the crustal velocity descriptions.

3.3 3D Adjoint waveform tomography

Computational and theoretical developments over the past 15 years (Komatitsch et al.,
2002) have led to an era where complex seismological models, such as the CVM, can
be iteratively improved though formal tomographic inversion methods (e.g., Chen et al.,
2007; Tape et al., 2009; Fichtner et al., 2009; Lee et al., 2014a,b). Seismic wave
propagation codes can be used to partition a particular model into hundreds to
thousands of parts, allowing for an extremely large (in terms of grid points) problem to be
solved by parallel computing clusters. These seismic wavefield simulations produce
synthetic seismograms, which are highly accurate solutions to the wave equation for the

input structural and earthquake models.

The tomographic inverse problem starts with the specification of a misfit function
measuring the difference between a set of recorded seismograms and a set of synthetic

seismograms computed from wavefield simulations. The accuracy of the wavefield
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simulations is also exploited by the tomographic inversion. The same solver can be used
to compute the gradient of the misfit function, per earthquake, with respect to each
model parameter, such as the shear velocity at each grid point (Tarantola 1984; Tromp
et al. 2005). The individual gradients (or “event kernels”) can be used within standard

gradient-based iterative optimization algorithms (e.g., Tape et al. 2007).

The CVM with basin, crust, and upper mantle velocity descriptions was used within the
large-scale iterative tomographic inversion of Tape et al. (2009, 2010). The inversion
included 143 regional earthquakes (Mw 3.8-5.2), each of which was recorded by up to
160 stations on three-component seismograms filtered between 2 s and 30 s. The
moment tensor and depth of each earthquake source was estimated using the initial

model and also the final model using the method of Liu et al. (2004).

The final model, after 16 iterations, included large perturbations (up to 40%) from the
initial 3D model. The changes were concentrated in the uppermost 20 km of the crustal
model and were attributed to both compositional features (e.g. the southernmost San
Joaquin basin) and to thermal features (e.g., Quaternary and Holocene volcanism in the
eastern Mojave). An independent set of 91 earthquakes, not used in the inversion, was
used to validate the improvements between the initial and final models. The misfit
reduction from the independent set of earthquakes was essentially the same as the
misfit reduction for the earthquakes used in the inversion (Tape et al. 2009). These
perturbations to the starting model were included in the USR for the crust. The basin
representations were left unchanged, given their high resolution and the expanded
representations that occurred separately during the course of the inversion, but they

could be modified in future inversions.
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3.4 Geotechnical layer (GTL)

Shallow subsurface velocity structures, particularly shear wave speeds (Vs), have a
significant influence on strong ground motions. Thus, some applications for the USR
require parameterization of this near surface structure. To address this need, the USR
framework includes a representation of shallow subsurface Vp, Vs, and density structure
in the form of a Geotechnical Layer (GTL) that can be overlain on the underlying basin

and crustal velocity descriptions (Ely et al., 2010).

The GTL is based on the widely accepted use of Vs30, or average shear wave speed
down to 30 meters depth, as a method of parameterizing velocities at the model’s
ground surface. Vs30 is measured by logging in geotechnical boreholes and can be
inferred from surface geology or topographic gradients (Wald and Allen, 2007). In our
GTL, we used the geology-based Vs30 maps of Wills and Clahan (2006). Vp, and in turn
density, are inferred from surface Vs using the scaling laws of Brocher (2005). We
evaluated a number of depth-dependent velocity formulations with the goal of effectively
representing a wide range of soil and rock velocity profile types and providing a smooth
transition to the underlying crustal velocity model. We sampled velocities in the
underlying model at a depth of 350 meters, which corresponds roughly with the upper
limit of independent velocity measurements from well data in the underlying models and
typically avoided artifacts associated with the topographic surface. The selected model
includes cubic and square-root depth dependence for Vp and Vs based on Boore and
Joyner's (1997) generic rock profile and the velocities in the underlying model after Ely et
al. (2010). The specific formulations used in these parameterizations are described in
the Supplemental Information for this article. The GTL layer is provided as an optional
overlay on the underlying USR, so that it can be implemented when necessary to

support ground motion, seismic hazard assessment, and other applications.
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4. Assembly of the USR

The upper solid surface of the USR is marked by topographic or bathymetric elevations.
For bathymetry we use ETOPO-1 (Amante and Eakins 2009) and, where available,
measurements derived from seafloor reflectors of seismic surveys. For topography we
used GTOPO30 (USGS, 1996). ETOPO-1 and GTOPO30 have resolutions of about 1.8

km and 0.9 km, respectively.

The various components of the USR, including the topography, basin representations,
basement and Moho surfaces, tomographic crust and upper mantle velocity models, and
the GTL were assembled by parameterizing a set of voxets, or regular grids of voxels,
with velocity values and by appropriately resampling surfaces. These nested voxets
include a high-resolution grid (250 by 250 m horizontally, 100 m in depth) centered
around the Los Angles basin, where we had the greatest density of data. This voxet was
embedded in a medium resolution grid (1 by 1 km resolution) for the remainder of
southern California. Areas beyond the extent of the voxets are extrapolated by a 1D
velocity model (Dreger and Helmberger, 1990; Wald et al., 1995; Hutton et al., 2010).

Below 15 km, the model resolution is 1 km vertically and 10 km horizontally.

Most of the data used to define the velocity structure within the sedimentary basins
sample Vp. Vs and rock density (p) are defined for sediments in the model using the
empirical relationship of Brocher (2005), which are based on well logs that independently
constrained Vp, Vs, and density. The tomographic crust and upper mantle models define
both Vp and Vs, and the GTL specifies Vp and Vs values as described in the
Supplemental Information. Thus, Vs values for these model components were used

directly to parameterize the USR.
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The USR is accessed through the SCEC website, where users download the voxets and
use a query tool to parameterize arbitrary points (x, y, and z) with Vp, Vs, p. The code
delivers these values, along with the properties we described, for the closest grid point in
the model, along with the precise location of that grid point. The basement surface and
Moho are provided as separate structural elements (tsurfs) along with the voxets. In
addition, every grid point within the voxets contains properties that describe the region of
the model that they represent (sediment, crust, upper mantle). Properties also specify
the vertical distance to the basement and Moho horizons, which is useful information for
developing computational meshes or grids. The USR is provided through the SCEC
website as a series of CFM and CVM model components. CFM version 5.0 and CVM-H
15.1.0 are used for this manuscript. For a discussion of model resolution and
uncertainty, the reader is referred to the Supplemental Information accompanying this

article.

5. Description

The primary velocity structures in the upper crust of southern California are the deep
sedimentary basins. Average velocity functions for sediments within these basins all
show general trends of increasing velocity with depth (Fig. 6A). Notably, the average
velocity profiles for the Los Angeles, Ventura, and Santa Barbara basins are similar,
reflecting that these basins contain comparable Neogene to recent stratigraphic
sequences. The Inner California Borderland exhibits a similar velocity gradient to these
basins, with the exception of a shallow (= 500 m) velocity inversion that is associated
with a Tertiary volcanic section inter-bedded with sediments (Crouch and Suppe, 1990;
Bohannon and Geist,1998; Rivero, 2004). The Santa Maria and San Bernardino basins

also show broadly similar velocity gradients, yet typically exhibit faster velocities at
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shallow depths. This results from thinner Pliocene and younger sedimentary strata in
these basins. In contrast, the Salton Trough basin shows very slow near surface
velocities, but also the steepest velocity gradient of any basin from about 200 to 3000m
depths. This rapid increase in velocities likely reflects the high geothermal gradient in the
area, which lithifies and metamorphoses the sediments thereby increasing their

wavespeeds and densities

Lateral variations in velocities modeled within the basins reflect both the amount of the
data that were used to parameterize them as well as sedimentological and tectonic
controls. The Los Angeles, Ventura, and Santa Maria basins have the greatest sediment
thicknesses (up to = 10, 12, and 5 km, respectively), and the highest density of direct
velocity data coverage from well and seismic reflection data (Suess and Shaw, 2004;
Munster, 2007; Brankman, 2009). These basins generally exhibit the largest lateral
contrasts in velocities (from 1.5 to 4.5 km/s) at shallow depths (< 2 km), due to situations
where faults laterally juxtapose faster, older sedimentary rocks with slower, younger
sediments. Below 2 km, sediment velocities generally exhibit smaller, but nonetheless
significant lateral variations. In the Los Angeles basin, for example, modeled sediment
velocities vary laterally by about 1 km/s from 2 to 7 km, representing a variance of about
20 to 30% from the average velocity values (Fig. 6B). This pattern reflects compaction
and diagenesis of the different types of clastic sedimentary sections that comprise the
basin (Suess and Shaw, 2004). Moreover, these strata have also been folded and
uplifted by faulting, producing lateral juxtapositions of different lithologic units. The most
significant lateral variations in velocity occur across major faults, including both thrust
and strike-slip systems. In the Los Angeles basin, the Newport-Inglewood, Palos Verdes,
Puente Hills, and Whittier faults all produce abrupt, local velocity contrasts within the

sedimentary strata. Moreover, these as well as other structures, including the Santa
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Monica fault, locally juxtapose crystalline basement adjacent to, or above, the
sedimentary strata (Fig. 5). These fault boundaries can produce local increases in
velocity (Vp) of more than 350% moving from unconsolidated sediments to basement
rocks. The Ventura basin also exhibits such abrupt velocity gradients, mainly along the
San Cayetano, Ventura, Pitas Point, and Oak Ridge faults. Similar lateral velocity
variations in the Santa Maria basin result from a series of east-west trending folds that

are underlain by blind-thrust faults (Munster, 2007; Shaw and Plesch, 2012).

These basin descriptions, when combined with the tomographic models and overlain by
the GTL, provide a comprehensive description of the crust and upper mantle structure in
southern California (Figs. 7 and 8). Beginning at the shallowest depths (0 to 300m), the
changes from near-surface to deeper sediment velocities are significant (= 800 to 2400
m/s). However, the transition is smooth given that the GTL used underlying velocity
values in its parameterization (Fig. 7) [see electronic supplement]. The near surface
velocities in the GTL vary across the model as a function of rock types, with the slowest
velocities in the sedimentary basins, intermediate velocities in ranges comprised of
sedimentary rock, and the fastest velocities in regions that expose crystalline rocks (Fig.
7). The sedimentary basins are characterized by increasing velocity with depth, yet
include internal velocity variations due to changes in lithology and the presence of faults.
At the bottom of the sedimentary basins, velocities generally change abruptly across the
top basement horizon (Figs. 8 and 9). These contrasts are greatest (= from 2000 to
5,500 m/s) in shallow parts of the basins, where sediments are poorly lithified. In the
deepest part of basins, velocity changes across the sediment-basement interface are
substantially less (= from 4,500 to 5,500 m/s). This results from the compaction of
sedimentary units at depth, yielding faster velocities that approach those of the

underlying basement rocks.



550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

The underlying crust and mantle structure exhibit general trends that reflect the major
tectonic elements in southern California (Fig. 8). In the upper 15 kilometers of the crust,
low velocity roots are present beneath most of the sedimentary basins. This pattern may
result, in part, from a smearing of the low velocity basins to depth in the tomographic
models. However, it may also reflect crustal thinning related to the Neogene rifting and
formation of the basins. A similar low-velocity region underlies the San Gabriel
Mountains and Coast Ranges, which contain deformed early Tertiary sedimentary and
metasedimentary sections that were not explicitly represented in the model. In contrast,
the Peninsular Ranges are underlain by a fast velocity region (Fig. 9A). This likely
reflects the deep crystalline roots of these Ranges, which correspond with one of the

thickest areas of continental crust in southern California (Fig. 3).

The USR is compared with the velocity model of Lee et al. (2014b,a) at shallow depths
in Figure 8. Lee et al. (2014b,a) applied full-3D tomography using a combination of the
scattering-integral method and the adjoint-wavefield method to iteratively improve a 3-D
starting model of the southern California based on Magistrale et al., (2000). These
authors provided a formal comparison of their model to a version of the crustal velocity
description incorporated in the USR to which the readers are referred. In Figure 8 we
highlight the difference in model representations at shallow crustal levels where basin
and fault structures have the greatest influence on velocity structure. Both models show
low velocity sediments within the Los Angles and other basins. However, the USR
exhibits larger basins that extend offshore and include more complex internal velocity
structures. These internal velocity structures result from the larger well and seismic
reflection datasets that were used as constraints in the USR, and the incorporation of

faults that directly influence basin geometries.
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6. Applications to earthquake simulations

A fundamental use for the USR is to provide the most accurate information available
(faults and velocity structure) for earthquake simulations. These simulations, in turn, can
be used to obtain better estimates of earthquake source models (e.g., Liu et al., 2004).
The CVM has been tested with earthquake simulations (Komatitsh et al., 2004; Lovely et
al. 2007; Tape et al. 2009; Graves and Aagaard, 2011) and with ambient noise cross
correlations (Ma et al. 2008). A second purpose of the earthquake simulations is to

iteratively improve the CVM.

We demonstrate the importance of 3D structure on realistic earthquake simulations in
Figures 9 and 10. We consider a Mw 7.9 scenario thrust earthquake that is
approximately aligned with the Ventura-Pitas Point fault system (Hubbard et al., 2014).
The earthquake rupture model (Figure 9a) is the 2008 Wenchuan, China, earthquake,
which is one of the largest continental thrust faults recorded in the past decade (Shao et
al., 2010). The kinematic source model is derived from seismic and geodetic

observations using the method of Ji et al. (2002).

The earthquake simulation is performed using SPECFEM3D software (Komatitsch et al.,
2004; Peter et al., 2011), which uses a spectral element method for representing wave
propagation on unstructured hexahedral finite element meshes. The wavefield is
computed throughout the volume, and synthetic seismograms are saved at designated
points. From each synthetic seismogram, the peak velocity is saved and plotted in
Figure 9. Comparison of Figures 9b and 9c, which show the computer peak velocities

from the regional 1-D model and the USR, respectively, demonstrate the well-known
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effect of the amplification of seismic waves from basin structures (e.g., Komatitsch et al.,

2004, Graves, 2008).

The wavefield simulations contain far more information than is represented in the peak
ground velocity maps. Snapshots of the simulations (Figure 10) show the influence of
the 3D basin structures (and topography) on the seismic wavefield. The simulation in the
1D model reveals a strong source pulse directed to the southeast. This pulse is much
weaker in the 3D model, where much of the energy is trapped within the basin
structures. These results illustrate the importance of using realistic models of velocity
and fault structure such as the USR in forecasting the amplitude and duration of

hazardous ground shaking that will result from large earthquakes.

7. Conclusion

We present a methodology for developing precise and internally consistent descriptions
of Earth structure that span the range of wavespeed from low velocity sediments in the
shallow subsurface to upper mantle structure. This involves the careful integration of
many datasets, including borehole observations, seismic reflection and refraction
surveys, and earthquake body and surface wave data. The workflow that we have
developed for constructing the USR, involving development of basin descriptions, crust
and upper mantle tomography, and 3D adjoint waveform tomography, ensures the
internal consistency of the model components and promotes the accuracy of the
integrative model. We illustrate this implementation through the development of a USR
for southern California, which describes heterogeneous wavespeed structure in the crust
that formed over a long and complex tectonic history. Finally, we illustrate the value of
compatible fault and velocity representations in the USR through a simulation of a

hypothetical M 7.9 earthquake on thrust faults in the Western Transverse Ranges. This



628 simulation highlights the influence of fault and basin structure in controlling the
629  distribution and duration of hazardous ground shaking that may result from future

630 earthquakes.
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Figure captions

1) Perspective view of components of the Unified Structural Representation (USR). A)
Topography and bathymetry; B) top basement surface; C) Community Fault Model
(CFM) (Plesch et al., 2007); and D) USR showing Vp. SAF is the San Andreas fault.
Topographic and bathymetric surfaces are derived from USGS 3" digital elevation model

data and a National Oceanic and Atmospheric Administration 30" grid (TerrainBase).

2) Map of southern California showing major basins, mountain ranges, and faults noted
in the text. LA is Los Angles basin; V is Ventura basin, IB is Inner Borderland; SM is
Santa Maria basin; SB is Santa Barbara basin; B is the San Bernardino basin. SAF is
the San Andreas fault; ECSZ is the Eastern California Shear Zone; G is the Garlock
fault; SJF is the San Jacinto fault. Section traces are for profiles plotted in Figure 7.

Arrows signify endpoints of sections X and Y that are located outside the map.

3) Moho depth surface in the CVM, from Tape et al. (2012). The colored circles indicate
the locations of measured points used in estimating the surface; most are from receiver

function studies (e.g., Gilbert et al., 2012) or from wide-angle refraction studies.

4) Sample of data used to define the basement horizon and velocity structure within
sedimentary basins. (left) Migrated seismic reflection profile in depth from the Inner
California Borderland showing prominent top basement horizon. Log of Vp derived from
sonic logs in a well located northeast of the seismic section, and shown with the same
vertical scale. For Vp, both the raw data (black) and a running 25 m average (red) are
shown. Note the prominent velocity increase that occurs at the bottom of the log where

the well penetrates basement.
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5) Perspective view looking north of the top basement surface in depth with faults from
the Community Fault Model (CFM) (Plesch et al., 2007). Note that steeply dipping strike-
and oblique-slip faults, such as the Newport-Inglewood and Whittier systems, form steep
boundaries to the basin. Moderately dipping thrust faults, such as the Santa Monica and
Puente Hills thrust, locally duplicate the sediment-basement horizon. The Anaheim fault
is considered to be an inactive structure, and thus is not represented in the CFM.
However, the fault is included in the USR because it influences the basin shape. PHT is
the Puente Hills thrust fault. Filled teeth represent surface emergent faults; open teeth

represent blind faults.

6) Plots of velocity (Vp) in sedimentary basins represented in the USR. (left) Average
velocity functions for each basin. (right) Average velocity function for the Los Angeles
basin superimposed on the distribution of velocity values for the basin included in the

model.

7A) Perspective view of the northern part of the USR, showing an enlarged transect

across the Los Angeles basin. An enlarged view of the shallow velocity structure in the
basin shows the Geotechnical Layer (GTL), as described in the text. B) Cross sections
showing Vp across the USR. Section traces are shown in Figure 2. LA is Los Angeles

basin; SB is Santa Barbara basin; IB is Inner Borderland; ST is Salton Trough basin.

8) Depth slices at — 1000 m elevation comparing Vp from the USR (left) and CVM-S 4.26
(Lee et al., 2014a,b) (right). LA is Los Angeles basin; IB is Inner Borderland; SB is Santa
Barbara basin; SF is San Fernando basin; SM is Santa Maria basin; ST is Salton Trough

basin; V is Ventura basin.
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9) The influence of 3D structure on the seismic wavefield, Part I. (a) Mw 7.9 finite-source
model (Ji et al., 2002) for the Wenchuan, China, earthquake (Shao et al., 2010). The
model is discretized with 61,970 subsources; the color denotes the moment associated
with each subsource. (b) Peak ground velocity at a selected number of points within the
simulation using a 1D layered structural model (Dreger and Helmberger, 1990; Wald et
al., 1995). (c) Peak ground velocity using USR (CVM-H 15.1.0). Ground velocities are
much larger in the regions containing deep sedimentary basins, which trap and amplify

seismic waves.

10) The influence of 3D structure on the seismic wavefield, Part Il. The left column
shows snapshots of a seismic wavefield simulation performed for the earthquake source
model in Figure 9a and using a 1D structural model. The right column shows the same
simulation, but instead using the 3D USR structural model (CVM-H 15.1.0). The colors of
the wavefield represent the vertical component of velocity. The background gray is the
uppermost surface of the finite-element mesh in the simulation; hence, the topography is
only visible in the right column. Note the strong, long-lasting shaking within the basin

structures of USR.
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S1 GTL parameterization

The GTL implemented in the USR was based on Ely et al. (2010) and uses the geology-based Vs30
maps of Wills and Clahan (2006) to specify velocity values at the Earths surface in the voxet.
Vp, and in turn density, are inferred from surface Vg using the scaling laws of Brocher (2005).
These values were parameterized to a depth of zp = 350 meters with the following formulations:

Vs(z) = [f(2)Vsr +g(2)Vsao (S1)
Vp(z) = f(2)Ver +g(2)P(Vsso), (S2)

where 2’ is depth, Vgr and Vpr are are S- and P-wave velocities extracted from the crustal
velocity model at depth zp, P() is the Brocher (2005) P-wave velocity scaling law, and

z = 2 /2r (S3)
f(z) = z+b(z—2% (S4)
g(2) = a—az+c(z®+22—32) (S5)

The coefficient a controls the ratio of surface velocity to original 30 meter average, b controls
overall curvature, and ¢ controls near-surface curvature of the velocity profile. The coefficients
a=1/2, b= 2/3, and ¢ = 3/2 were chosen to fit the generic rock profile of Boore and Joyner
(1997) while also producing smooth and well-behaved profiles when combined with the underlying
basin and crustal velocity models (Ely et al., 2010) (Figure 7).

S2 Model validation, comparison, and uncertainty

The velocity model (CVM) component of the USR described here is assembled from several
different data sets and models, and thus it is challenging to formally assess model resolution and
uncertainties. One clear step for the sedimentary basins is to assess the variability in well data
that is not represented in the final model. As we discussed, these data measure interval transit
times over borehole distances of less than 1 m, whereas the velocity model uses smoothed (25 m
sampled) versions of these data. To make this assessment, we compared observations directly with
the velocity values represented at 108 well bore locations in the Los Angeles basin. Our analysis
shows a standard deviation of 6.5% around a mean of 1.0 for the ratio between compressional
wave slowness in logs and the model in a population of ca. 1.1 million samples. This corresponds
to a standard deviation in Vp of £99 m/s at 2000 m/s.



For general descriptions of resolution of the crust and mantle velocity representations, readers
are referred to Hauksson (2000), Tape et al. (2009, 2010), and Prindle and Tanimoto (2006).
Given that the USR described here is assembled from several different data sets and models, not
from any single inversion, there is no formal assessment of resolution. There are, however, several
possibilities for evaluating complex seismic velocity models such as the CVM. We review them
here in order to highlight some possible future directions, as well as to demonstrate some of the
challenges that arise from constructing a model from many different data sets across different
scales. Any seismic velocity model could be interrogated with a wide range of different data sets,
such as gravity data, teleseismic data (e.g., receiver functions), ambient-noise cross correlations,
regional earthquake data, wide-angle seismic refraction data, and seismic reflection data. The
basic approach is to compare the synthetic wavefield predicted by the model with the observed
wavefield, by formally evaluating some measure of misfit. For such comparisons, a key choice
is the frequency content of the seismic data; filtering at higher frequencies will decrease the
quality of predictive capability of the velocity model. Much of the data used in the CVM are
from well logs that provide direct measurements of Vp within the sedimentary basins. However,
most regions of southern California could be evaluated by comparing wavefield predictions from
CVM with the observed wavefield for regional earthquakes that were not used in constructing
the crustal model (Tape et al., 2009).

Model comparisons can be made either by comparing seismic velocities between two models
or by comparing misfit measures for two models, whereby an independent set of observations is
used to evaluate the misfit for each model. The recent study of Lee et al. (2014a,b) provides
comparisons between a previous version of the model described here and a new iteration of their
model. Their comparison was made for regional earthquakes for periods of 5!s and longer and
provides a quantitative evaluation of the longer length scale features, especially for Vg, in the
CVM.

A comprehensive estimation of uncertainties associated with large and complex models such as
CVM is not currently tenable due to computational limitations. Uncertainties could be obtained
by separately perturbing each grid point within the CVM and then evaluate the change in misfit
due to the perturbation. This would require having as large a set of reference data as possible,
spanning from the well log scale to the crustal and mantle scales. Certain gridpoints could be
perturbed a lot without impacting the misfit; these grid points would have large uncertainties.
Other gridpoints, such as those constrained by well logs, could not be perturbed much; these
would have small uncertainties. Some information on uncertainties could be obtained with fewer
simulations by perturbing the entire model with Gaussian random fields to evaluate how the
strength and length scale of the perturbations affect the misfit assessment. The resolution of a
model is a characterization of the length scales of features that can be reliably determined within
a formal tomographic inversion. The classical model used in seismology for resolution tests are
checkerboard patterns (in 2D and 3D). These tests have been performed for 3D reference models
(Chen et al., 2007; Lee et al., 2014a,b); however, for gradient-based methods the computational
cost of the resolution test is comparable to the inversion itself (Fichtner et al., 2009).
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