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Abstract Comparison of geologic uplift patterns with results of three-dimensional
mechanical models provides constraints on the fault geometry compiled by the South-
ern California Earthquake Center community fault model in the northern Los Angeles
basin, California. The modeled uplift matches well the geologic pattern of uplift as-
sociated with the Santa Fe Springs and Coyote Hills segments of the Puente Hills
thrust fault but does not match structures to the west of the San Gabriel River. To
better match the geologic patterns in this area, alternative fault configurations were
tested. The best match to geologic uplift is attained with a model incorporating (1) a
steep blind thrust fault at the location of the Los Angeles segment of the Puente Hills
thrust system (following interpretations of the Las Cienegas fault geometry at this
location), (2) removal of an inferred linking fault between the Raymond and Holly-
wood faults, and (3) lateral continuation of the Lower Elysian Park fault, a blind low-
angle detachment at >10 km depth, along strike to the northwest. These geometric
revisions alter the connectivity of northern Los Angeles basin faults and significantly
improve the match of model uplift pattern to geologic data. Model results suggest that
fault connectivity may be more important in governing fault slip rate than are fault dip
and fault area. The preferred model alters slip rates by >0:2 mm=yr for the Upper
Elysian Park, Hollywood, Lower Elysian Park, Raymond, Sierra Madre West, and
Verdugo faults. Additionally, the preferred model alters the surface area of several
faults in the northern Los Angeles basin, such as the Puente Hills thrust and the Lower
Elysian Park fault, which may have important implications for seismic hazard assess-
ment in the northern Los Angeles basin.

Introduction

Accurate three-dimensional fault surface representations
are imperative for understanding how regional fault networks
accommodate strain, how they interact, and how they are or-
ganized internally. The Southern California Earthquake
Center has developed a three-dimensional model of southern
California’s network of active faults, the community fault
model (CFM) (Plesch et al., 2002), in order to improve
regional geophysical modeling efforts and model seismic
hazard (e.g., Field et al., 2005). One of the most topologi-
cally complex regions of the southern California fault net-
work is the northern Los Angeles (LA) basin, where
northwest–southeast trending strike-slip faults of the Penin-
sular ranges intersect with the east–west trending reverse and
oblique faults of the Transverse ranges (Fig. 1) (e.g., Wright,
1991; Meigs and Oskin, 2002). A network of about 34 active
fault surfaces comprises the CFM within the northern LA
basin. This highly urbanized region is vulnerable to seismic
damage that might result from even small or moderate earth-
quakes on nearby faults. Validation of the CFM within the LA
basin will provide accurate fault surface area and will con-

strain fault configurations for use in geophysical models of
slip rates, recurrence intervals, and rupture propagation. This
study explores the details of the complex fault configuration
within the CFM in this region in an effort to define what fault
geometries (dip, connectivity, length) are compatible with
geological uplift patterns revealed by deformed stratigraphic
horizons.

Fault surfaces comprising the CFM have been assembled
from a range of geological and geophysical data sets (Plesch
et al., 2002). Faults such as the Northridge blind thrust and
the Puente Hills thrust identified themselves in earthquakes
(Hauksson et al., 1988; Hauksson and Jones, 1989; Yeats
and Huftile, 1995; Hudnut et al., 1996; Carena and Suppe,
2002). Industry geophysical and geological data have been
used to locate and characterize fault location, orientation, and
slip rate (Huftile and Yeats, 1995; Schneider et al., 1996;
Shaw and Shearer, 1999; Tsutsumi and Yeats, 1999; Tsutsu-
mi et al., 2001; Shaw et al., 2002; Myers et al., 2003). Other
fault locations and geometries have been inferred from struc-
tural models (Davis et al., 1989; Shaw and Suppe, 1996;
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Meigs et al., 2003). Relatively few fault shapes and extents
are known across the seismogenic layer (e.g., Shaw and
Shearer, 1999; Carena and Suppe, 2002), and most fault
characteristics are well defined for only the upper few kilo-
meters of the crust (e.g., Schneider et al., 1996; Tsutsumi
et al., 2001; Myers et al., 2003). To midcrustal depths,
the seismogenic layer is well defined across the LA basin
(Nazareth and Hauksson, 2004). Between the upper crust
and the base of the seismogenic layer, fault geometry is de-
fined via geometrical models, projection, mechanical
models, aftershock sequences, hypocentral locations, and in-
terpretation (e.g., Schneider et al., 1996; Tsutsumi and Yeats,
1999; Carena and Suppe, 2002; Shaw et al., 2002; Griffith
and Cooke, 2004). Plesch et al. (2002) determined that 95%
of the seismic moment release from earthquakes between
1981 and 2003 in southern California fell within 4 km of
the surfaces of faults within the CFM. Whereas better con-
straint of subsurface fault geometry can be achieved via
new seismic imaging or collection of additional geologic
data, mechanical modeling represents a viable, economical
alternative to exploring fault geometries within the seismo-
genic layer.

In this study, we use three-dimensional mechanical
model results to test the CFM fault network and alternative
configurations using geologic uplift data (Fig. 1). Maps of
rock uplift were derived from well data and cross-sectional
interpretations of the depth of the base of the Pico Member of
the Fernando Formation (2.9 Ma), which is well represented
throughout the northern LA basin (Blake, 1991; Wright,
1991; Schneider et al., 1996; Tsutsumi et al., 2001; Myers
et al., 2003). To simulate deformation, we utilize three-
dimensional mechanical models that contain fault surfaces
defined by the CFM working group and that are deformed
according to regional geodetic information. Blind thrust fault
dip and the extent of low-angle detachments are varied with-
in the numerical models, and the resultant uplift patterns are
compared to the spatial variation of rock uplift. The inte-
grated geologic and modeling evaluative approach we em-
ploy for this relatively well-studied region of southern
California serves to validate portions of the CFM, identifies
areas of mismatch between CFM-based models of uplift and
geologic data, and explores alternative fault configurations
that better match the geologic uplift pattern in the mis-
matched regions.

Major Structures of the Northern Los Angeles Basin

Two distinct structural domains, the central trough and
the northern shelf, comprise the northern LA basin. The
central trough is a regionally continuous northwest-trending
syncline that defines the basin axis where the sedimentary fill
reaches its maximum thickness (Wright, 1991). The northern
shelf defines the northern and northeastern margin of the
central trough and comprises a series of active folds and
blind and surface-cutting faults (Fig. 2). In the west, between
Santa Monica and the San Gabriel River, major structures of

Figure 1. Rock uplift rate and numerical model uplift rate inte-
gration. (a) Deformed stratigraphic markers (i.e., top or bottom con-
tacts of stratigraphic formations (shaded unit) from cross sections
are used to constrain marker depth across strike. (b) Rock uplift is
inverted from depth by measuring marker structural relief relative to
a reference depth. The greatest depths of a marker in a basin or at the
center of a syncline represent potential choices for reference depths.
(c) Rock uplift rate is the rock uplift divided by the age of the mar-
ker; differences between measured and modeled uplift rate represent
data-model misfit. (d) Three-dimensional active fault surfaces with-
in the LA metropolitan region are color shaded to 27.5-km depth.
Warmer colors indicate shallower depths so that red is 0 and blue is
27.5-km depth. Vertical faults are represented as red lines. Selected
faults include the following: Hollywood, HW; Peralta Hills, PH;
Alhambra Wash, AW; Las Cienegas, LC; San Vicente, SV; West
Beverly Hills, WBH; and Upper Elysian Park, UEP. Regional short-
ening, constrained by geodetic data, is imposed on the model faults.
Model uplift (c) is extracted from the uplift rate field predicted by
the model parallel to the bold line (d).
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the northern shelf include the Santa Monica–Hollywood
fault system and the Newport–Inglewood faults (Dibblee,
1982; Wright, 1991; Dolan and Pratt, 1997; Dolan et al.,
1997; Dolan, Sieh, et al., 2000; Dolan, Stevens, et al.,
2000; Meigs and Oskin, 2002). Folds associated with blind
thrust faults are the Santa Monica Mountains anticlinorium,
the Elysian Park anticlinorium (including the MacArthur
Park escarpment and the Coyote Pass escarpment), the
Montebello Hills (Fig. 2) anticline, and the La Cienegas
monocline (Buwalda, 1940; Davis et al., 1989; Wright,
1991; Dolan and Sieh, 1992; Bullard and Lettis, 1993;
Schneider et al., 1996; Meigs et al., 1999; Oskin et al.,
2000; Weaver and Dolan, 2000; Tsutsumi et al., 2001; Meigs
and Oskin, 2002; Meigs et al., 2003). East of the San Gabriel
River, the Whittier fault is the major fault that extends to the
surface (Rockwell et al., 1992; Bjorklund, 2002; Griffith and
Cooke, 2004). Active folds are forming above the Puente

Hills and Coyote Hills blind thrust fault systems, which in-
clude the Coyote anticline and La Habra syncline (Yerkes
et al., 1965; Yerkes, 1972; Shaw and Shearer, 1999; Shaw
et al., 2002; Myers et al., 2003; Griffith and Cooke, 2004).

Rock Uplift Patterns within the Los Angeles Basin

Folded geologic markers provide evidence of the wave-
length, amplitude, and rates of deformation associated with
blind thrust fault displacement (e.g., Stein et al., 1988; Shaw
et al., 2002; Myers et al., 2003). Rates of shortening, fault
slip, and fold growth can be inferred from deformed, dated
strata given knowledge about fold shape, fault shape, and
inferences about how fault slip is translated into fold growth
(e.g., Stein et al., 1988; Hardy and Poblet, 1994; Ford et al.,
1997; Suppe et al., 1997; Shaw and Shearer, 1999; Allmen-
dinger and Shaw, 2000). Because blind thrust faults within

Figure 2. Major structures in the northern LA basin are folds, blind and emergent thrust faults, and strike-slip faults in the boundary
region between the east–west trending Transverse ranges and northwest-trending Peninsular ranges structural provinces (Wright, 1991;
Meigs and Oskin, 2002). Major thrust faults include the Raymond, Hollywood, Santa Monica, San Vincente (SV), Puente Hills blind thrust,
and Coyote Hills blind thrust. Strike-slip faults include the Newport-Inglewood (NI), Alhambra Wash (AW), and Whittier faults. Key folds
include the Santa Monica Mountains anticlinorium, the Elysian Park anticlinorium (EPA), the McArthur Park escarpment (MPE), the Coyote
Pass escarpment (CPE), the Montebello Hills anticline (MBA), the La Cienegas monocline, the Coyote anticline (COA), the La Habra syncline
(LHs), and the LA basin central trough. The Los Angeles and San Gabriel Rivers are marked by thin black lines. Compiled from Wright
(1991); Schneider et al. (1996); Shaw and Shearer (1999); Dolan and Sieh, et al. (2000); Dolan, Stevens, et al. (2000); Tsutsumi et al. (2001);
Meigs and Oskin (2002); Shaw et al. (2002); Myers et al. (2003).
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the LA basin have the greatest uncertainty in terms of geo-
metry, connectivity, slip rate, and earthquake potential (e.g.,
Davis and Namson, 1994; Yeats and Huftile, 1995; Shaw
et al., 2002; Griffith and Cooke, 2005), three-dimensional
characterization of fault shape must be inferred from fold
shape. Whereas kinematic models provide a geometric
means for inferring fault shape from folds (e.g., Suppe,
1983; Davis et al., 1989; Woodward et al., 1989; Suppe
and Medwedeff, 1990; Shaw and Suppe, 1996), they exclude
the mechanics of deformation. Kinematic models satisfy the
equations of compatibility but do not satisfy force equili-
brium equations, nor do they follow the constitutive laws
of deformation. Fault dislocation models, such as the models
employed in this study, readily produce both kinematically
compatible and mechanically robust uplift fields that can be
compared with geodetic and geologic data to determine fault
orientation, shape, and slip rate (Stein et al., 1988; Ward and
Valensise, 1994; Myers et al., 2003; Savage and Cooke,
2003; Griffith and Cooke, 2004; Savage and Cooke,
2004; Argus et al., 2005).

Rock Uplift Map Construction

Our objective is a comparative analysis of uplift patterns
as determined from geological data and models. To realize
this objective, an appropriate datum for measurement of
the vertical uplift of structures that underlie the northern shelf
must be identified. A geologic marker such as the base of the
Pico Member of the Fernando Formation provides such a
datum. The Pico Member is nearly ideal because of its con-
tinuity throughout the study region, because upper fault tips
of blind thrusts occur at depths greater than the base of the
unit (Wright, 1991; Schneider et al., 1996; Shaw and
Shearer, 1999; Tsutsumi et al., 2001; Shaw et al., 2002;
Myers et al., 2003), and because the base of the unit is of
a known age and easily identifiable in subsurface data
(Myers et al., 2003). Description of absolute uplift rates
(or subsidence) would require a different choice of datum
(sea level or paleowater depth, for example) because fault-
related folding may produce localized uplift within a region
that is otherwise characterized by net subsidence (Seeber and
Sorlien, 2000).

Rock uplift and uplift rates were determined in a two-
step process (Fig. 1a,b). A series of cross sections was com-
piled from Santa Monica in the west to the Coyote Hills in
the east (Figs. 2 and 3). Each of the sections extends to at
least a 3-km depth in the subsurface (Fig. 3). Outcrop data
and between 12 and 26 wells constrain the location and struc-
tural geometry of folds, stratigraphic thickness, and growth
strata geometry across each cross section (see Fig. 3 caption
for original references). Subsurface structural relief is repre-
sented by the difference between the subsurface depths of the
base of the Pico Member within folds relative to the depth at
the axis of the central trough (Fig. 1b).

We assume an average depth of �3000 m for the con-
version of rock uplift from structural relief. Contour maps of

rock uplift reflect the difference between depth to the base of
the Pico Member on a cross section and �3000 m at the axis
of the LA trough (Fig. 4a). A contour map of rock uplift rate
is based on point values of rock uplift on each cross section
divided by 2.9 Ma, the age of the base of the Pico Member
(Fig. 4b). An age of 2.9 Ma for the base is older than other
published ages (Blake, 1991) and is based on a linear inter-
polation between a dated tuff in near the top of the Repetto
Member, a revised age for the Pico Member–San Pedro
Formation boundary, and the position of the Bruhnes–
Matuyama paleomagnetic reversal within the San Pedro
Formation (Myers et al., 2003). The error in age of the base
is ∼10%, and the error associated with assuming an average
depth for the Pico Member base is ∼15%.

Compaction represents a potential source of uncertainty
related with measuring rock uplift rate from structural relief
of sedimentary strata. The deepest parts of the LA trough
may have undergone greater compaction than the flanks
of the uplifting anticlines and monoclines, which would
result in overestimation of structural relief because the uplift
will be underestimated to a greater degree within the basins
(e.g., the LA trough) than on the crest of the anticlines. A
second source of uncertainty in the rock uplift estimates is
the assumption that the base of the Pico Member is the same
age everywhere in the LA basin. Well data indicate that strata
within the Pico Member thin, rather than onlap, across the
limbs and crest of folds (Fig. 3). Although this observation
does not guarantee that time, and therefore rock, is not miss-
ing across the crests of folds, it does indicate that limited
paleorelief existed in the basin at the onset of Pico Member
deposition. If significant paleorelief were present, the struc-
tural relief may be overestimated; the degree of overestima-
tion will be a proportion of the paleorelief and correspond to
the amount of compaction. Whereas these issues may be sig-
nificant for the rates of rock uplift, in this study we place
heavier emphasis on the patterns of uplift. Uncertainties as-
sociated with compaction, age, and paleorelief therefore do
not affect the overall pattern of uplift associated with grow-
ing structures or the comparison with model rates.

The map of rock uplift rate illustrates that the principal
structures are the Las Cienegas–Elysian Park anticlinorium
in the west and the Coyote Hills–Santa Fe Springs anticlines
in the east (Fig. 4) (Schneider et al., 1996; Shaw et al., 2002;
Myers et al., 2003). A broad, southwest-sloping structural
high separating the Las Cienegas monocline on the south-
west from the Elysian Park anticline on the northeast char-
acterizes the Elysian Park anticlinorium (EPA) (Figs. 2, 3,
and 4a). In the west, the EPA plunges to the west towards
the West Beverly Hills lineament (Fig. 2). In the east, the
EPA plunges to the east and loses structural relief at the
San Gabriel River (Figs. 2 and 3f,g). None of the individual
axial traces of the anticlines comprising the EPA extend
across the San Gabriel River. Rock uplift across the Las
Cienegas monocline are >1:0 mm=yr in the west and
<0:6 mm=yr in the east since 2.9 Ma (Fig. 4a). To the south-
east, the Coyote Hills–Santa Fe Springs anticlines form a dis-
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crete structural high separating the La Habra syncline and
Puente Hills on the north from the axis of the LA trough
on the south (Figs. 2 and 4a). Contours of rock uplift reveal
an arcuate shape to the axial trace of the Coyote Hills anti-
cline, which plunges northwest towards Santa Fe Springs and
the San Gabriel River. A continuous anticline between the
Coyote Hills and Santa Fe Springs is indicated, although
structural relief varies along strike. The structural relief of

the anticline has a local minimum at section I with greater
relief to the east along the Coyote Hills (Fig. 3j,k) and to
the west at Santa Fe Springs (Fig. 3h). Rock uplift rate is
greatest in the Coyote Hills (>0:5 mm=yr; Fig. 4a). Whereas
the La Habra syncline is a prominent and regionally exten-
sive structure, it is being uplifted with respect to the trough of
the LA basin at rates comparable to the Coyote Hills anticline
(Figs. 3h–k and 4a).

Figure 3. Geological cross sections used to constrain rock uplift and rates (Fig. 4) from west (a) to east (k) along the length of the
northern shelf of the LA basin. Pretectonic strata deposited prior to the onset of shortening and after ∼5–7 Ma are, from oldest to youngest,
the Santa Monica slate (SMS), Cretaceous undifferentiated (K), the Topanga Formation (T), the Puente Formation (M), and Delmontian-aged
strata (D). Growth strata deposited during shortening on blind and emergent thrust faults and associated anticlines and monoclines are, from
oldest to youngest, the Repetto Member of the Fernando Formation (R), the Pico Member of the Fernando Formation (P), and Quaternary
strata undifferentiated (Q). Lower, middle, and upper units of the Repetto and Pico Members are indicated by l, m, and u where they are
differentiated within each unit. Faults are the Santa Monica fault system (SMfs), the Hollywood fault (Hf), the La Cienegas fault (LCf), the
San Vincente fault system (SV), the Monterrey Park fault (MPf), the Alhambra Wash (AW), the Whittier fault (Wf), the Workingman Hills
fault (WHf), the Puente Hills thrust fault (PHt), and the Stearn fault (Sf). Letters on strike-slip faults indicate lateral motion into the page
(Away, A) and out of the page (Toward, T). Folds include the Sawatelle syncline (SWs), the La Ceinegas monocline (LCm), the Elysian Park
Anticlinorium (EPa), and the La Habra syncline (LHs). Geographic locations include West Los Angeles (WLA), the University of California,
Los Angeles (UCLA), the Santa Monica Mountains (SMM), the Elysian Hills (EH), Los Angeles (LA), East Los Angeles (ELA), Monterrey
Park Hills (MPH), Santa Fe Springs (SFS), the Puente Hills (PH), Whittier (W), La Mirada (LAM), the Coyote Hills (CH), and Fullerton (F).
cross section used to derive rock uplift and rock uplift rates for the base of the Pico Formation are from: (a)–(c), Tsutsumi et al. (2001); (b)–
(d), Schneider et al. (1996); (e)–(h), Yeats (unpublished); (i)–(k), Myers et al. (2003).
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Three-Dimensional Fault Model
of the Los Angeles Basin

Southern California Earthquake Center Community
Fault Model

The CFM is a database of potentially seismogenic faults
across the seismogenic crust of southern California using the
best available information on the location, dip, and along-

strike continuity. The fault surfaces are represented within
the CFM as triangular tessellated surfaces to preserve the
nonplanar surfaces and irregular fault intersections inferred
in the subsurface. Faults within the CFM extend to the local
base of seismicity at roughly 18 km (Plesch et al., 2002).
Fault representation uncertainty in the CFM is a function
of the strength of the available constraints (e.g., seismic lines
and seismicity) on location and orientation (Plesch et al.,

Figure 4. (a) Rock uplift rate inverted from the depth of the base of the Pico Member of the Fernando Formation along the northern shelf
of the LA basin. Rock uplift represents the structural relief of the base Pico Member relative to 3000 m at depth (Fig. 3). Rock uplift rate is the
structural relief divided by the age of the unit. The base of the Pico Formation is 2.9 Ma (Myers et al., 2003). Major structures defined in the
Figure 2 caption. (b) Uplift and subsidence predicted from BEM of CFM version 2.5 (model 1). The Las Cienegas and Coyote/Santa Fe
Springs monocline and anticline are indicated by LC and CO/SFS, respectively.
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2002). A high confidence level is assigned to faults con-
strained by direct observation, and a lower level of confi-
dence is given to faults inferred from models or other
sources. Alternative fault configurations are ranked accord-
ing to preference of workers in the region. For this study, we
explore the preferred fault configuration of the CFM ver-
sion 2.5 and several alternatives (Fig. 5). We focus on the
blind fault system underlying the northern shelf of the LA
basin in the region bounded on the west by the Newport–
Inglewood fault, in the north by the Santa Monica, Holly-
wood, and Raymond faults, on the east by the eastern end
of the Coyote segment of the Puente Hills thrust system,
and on the south by the central trough of the LA ba-
sin (Fig. 2).

Three-Dimensional Boundary-Element
Method Models

The boundary-element method (BEM) is well suited for
the investigation of three-dimensional active faulting because
this method accurately simulates deformation associated
with sliding cracks within an elastic continuum (e.g.,
Thomas, 1994; Crider and Pollard, 1998) Unlike other con-
tinuum mechanics methods like finite element methods that
discretize the volumes around faults, the BEM requires dis-
cretization of only the fault surfaces. This enables BEM mod-
els to represent complex fault systems with fewer elements
and fewer three-dimensional meshing challenges. For this
study, we use the BEM code, POLY3D, developed by re-
searchers at Stanford University (Thomas, 1994) and the
Igeoss Corporation (www.igeoss.com). The triangular ele-
ments that POLY3D uses to discretize fault surfaces permit
the accurate representation of the nonplanar and nonrectan-
gular CFM faults (Griffith and Cooke, 2004, 2005; Cooke
and Marshall, 2006). Whereas previous studies of southern
California have used BEM models to investigate slip sense
and tectonic boundary conditions (e.g., Griffith and Cooke
2004, 2005), fault propagation (Olson and Cooke, 2005),
and geologic fault slip rates (e.g., Cooke and Marshall,
2006), here we use BEM models to predict locations of uplift
and subsidence and compare results to an independent geo-
logic data set.

The modeled CFM faults freely slip in response to both
the applied tectonic boundary conditions and interaction with
nearby faults. We apply 72 nanostrain per year of contraction
at N09°E and 0 nanostrain per year contraction at S81°E ac-
cording to present-day geodetic velocities (Argus et al.,
2005). Within three-dimensional models, these tectonic
boundary conditions produce fault slip senses that match ex-
pected slip sense (Griffith and Cooke, 2005) and slip rates
that match the available geologic slip rates (Cooke and
Marshall, 2006). Present-day tectonic boundary conditions
may not have persisted over the 2.9 Ma following the begin-
ning of deposition of the Pico Member and younger strata.
Since 2.9 Ma, the San Gabriel block has rotated about ∼18°
degrees counterclockwise (Molnar and Gipson, 1994;

Nicholson et al., 1994), strike-slip displacement along faults
such as the Newport–Inglewood and Whittier faults may
have increased (Wright, 1991; Bjorklund, 2002), and growth
has been initiated on the Coyote and Santa Fe Springs anti-
clines (Shaw et al., 2002; Myers et al., 2003). Growth of the
Elysian Park anticlinorium, including the Las Cienegas
monocline, was initiated after ∼5 Ma and persists to the pre-
sent (Wright, 1991; Schneider et al., 1996; Meigs and Oskin,
2002; Meigs et al., 2003). Therefore, the CFM structures in-
corporated into the BEM models were faults active over the
time frame beginning with deposition of the Pico Member.

The LA basin fault network of the CFM version 2.5 is
used as boundaries within the mechanical model. Fault sur-
face meshes of the CFM are adjusted so that element size is
roughly constant in order to prevent numerical artifacts. For
similar reasons, every fault intersection is adjusted so that the
elements intersect at coincident nodes to insure compatibility
of the resulting slip distribution. The model of the LA region
uses over 5200 elements to simulate 34 faults within an aver-
age element diameter of 3 km. Most fault intersections within
the upper 18 km were maintained in the model; however, a
few minor faults were altered to abut against others to reduce
inordinate complexity and improve stability of the model.

To simulate geologic deformation throughout the seis-
mogenic crust, we extend the CFM faults from the base of
seismicity to a depth of 27.5 km where they sole into a freely
slipping horizontal detachment. This detachment sits at the
inferred depth of the Moho imaged in Los Angeles region
seismic experiment 1 (LARSE I; Fuis et al., 2001) and is with-
in the range of Moho depths inferred from seismic velocity
modeling of the region (Magistrale et al., 2000). The fault
surfaces between 18 and 27.5 km simulate the lower crustal
deformation that occurs within geologic times scales and
yields more accurate surface geologic uplift rates. Major
faults that intersect below 18 km were permitted to intersect
each other, but minor faults were assumed to abut into major
faults below 18 km. For example, the LA fault and the
Verdugo/Eagle Rock faults abut the Lower Elysian Park fault
at ∼21 km depth. The Puente Hills fault is soft linked to the
Lower Elysian Park fault because the small interfault angle
led to geometric instabilities within the model. This fault
geometry was shown by Cooke and Marshall (2006) to
match well the geologic slip rates on the faults of the
LA basin.

The modeled faults are embedded within a linear-elastic
half-space with Young’s modulus of 30 GPa and Poisson’s
ratio of 0.25; these values represent properties between the
values for basement and the values for young sedimentary
material (Birch, 1966). If the models were to include the ef-
fects of heterogeneous compliant sedimentary fill within the
LA trough, the resulting uplift patterns might differ; we ex-
pect the applied contraction would produce greater fault slip
within the stiffer basement rocks than within the more com-
pliant sedimentary rocks. Lesser slip within the near-surface
sediments might diffuse the local expression of geologic
uplift from the model results presented here. An implicit as-
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Figure 5. Model cross sections. (a) The CFM (model 1). (b)–(d) Alternative models (models 2, 4, and 5). Model 3 tests along-strike
connectivity of the Raymond–Hollywood faults and is not depicted in cross section here. Cross sections are oriented north–south at universal
transverse mercator (UTM) Easting km 394, between cross sections E and F (Fig. 2, bold black line). (b) Model 2 incorporates a steep LA
segment of the Puente Hills thrust fault following interpretations for the Las Cienegas fault. (c) Model 4 laterally lengthens the Lower Elysian
Park thrust fault along strike to the northwest. Because of the oblique direction of this section, the continuation of the fault appears as a
relatively small down-dip segment. (d) Model 5 shows the cross section with all modifications including the removal of a link between the
Raymond and Hollywood faults, which is not shown in this plane of section. Dashed lines show right-lateral faults. Shaded areas highlight
regions with fault modifications.
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sumption in our approach is that loci of uplift and subsidence
produced by the elastic model are a proxy for regions of
uplift and subsidence revealed by the structural and strati-
graphic data. Whereas the deformation within elastic models
is recoverable, geologic materials accumulate permanent
strains via distributed inelastic processes such as microcrack-
ing, grain boundary sliding, and calcite twinning. These in-
elastic processes are not simulated in our models, but the
distribution of inelastic deformation should mimic the elastic
stress field; for example, greatest microcracking occurs
where stresses are greatest. Elastic deformation acquired
on short time scales (i.e., slip on fault in an earthquake)
can be accommodated by inelastic processes, which would
preserve strain and dissipate stresses over longer time scales.
Thus, the pattern of uplift within our elastic models approxi-
mates the first-order deformation of geologic materials, in-
cluding inelastic processes.

The absolute rates of model uplift are expected to be
significantly less than those inferred from the geologic data
because the modeled faults are embedded in an unlayered
linear-elastic half-space. This half-space formulation does
not incorporate inelastic flexural slip along bedding planes
that act to tighten and increase amplitude of folds (e.g.,
Erickson, 1996; Johnson and Johnson, 2000; Savage and
Cooke, 2003), thereby increasing local uplift rates. The
strong tendency for flexural slip to enhance folding may,
in many settings, overwhelm the diffusing effect of near-
surface soft sediments. Although the amplitude of model
and geologic uplift may not be matched, the pattern of fold-
ing can be matched with half-space models (e.g., Savage and
Cooke, 2004). The critical comparison, from the point of
view of exploring fault geometries that best fit the data, is
between the geologically constrained pattern of uplift and
subsidence associated with major structures and the patterns
arising from three-dimensional models.

Comparison of Model and Geologic
Uplift Rate Patterns

Model-data compatibility was evaluated on the basis of
structural trend, spatial variation in rates, and location of
major structures (i.e., near-surface folds). Whereas the geo-
logical cross sections capture the structural details, BEM
models produce regions of uplift and subsidence that are con-
trolled by fault geometry, connectivity, interaction of closely
spaced faults, and contraction rate. It is unreasonable, there-
fore, to expect that the BEMmodels will match the geological
data on the scale of the fine details of the structures. Further-
more, uncertainties associated with compaction, age, and
paleorelief may influence the details of the geologic structur-
al relief. Regions of uplift and subsidence produced by BEM
models should, however, capture the major regions of geo-
logic uplift and subsidence. A key feature, for example, that
should result from the models is the central trough of the LA
basin (Fig. 2). To the east of the San Gabriel River, models
are expected to accurately mimic the location and extent of

the structural highs associated with the Coyote and Santa Fe
Springs anticlines and the structural low represented by the
La Habra syncline. West of the San Gabriel River, the EPA,
including the Las Cienegas monocline, extends to the
Newport–Inglewood fault (Fig. 2) and has greater structural
relief than the Santa Fe and Coyote anticlines. Cross sections
C, F, and H, which depict the major structures to the west and
east of the San Gabriel River, respectively, are used to high-
light data-model compatibility (Figs. 2 and 6–8)

Model 1: CFM Version 2.5

Fit between CFM-based model uplift and observed folds
is good to the east of the San Gabriel River (Fig. 4). For ex-
ample, the uplift pattern from the CFM model matches well
the location and trend of the Coyote Hills and Santa Fe
Springs anticlines and the orientation of the central LA
trough (Fig. 4). Structural trends of these anticlines in the
model changes from west- to northwest-trending along strike
towards Santa Fe Springs, which is consistent with the trend
of the folds in the subsurface and associated topography at
the surface. A structural low in the model to the north of the
anticlinal uplift (Fig. 6) mimics the location of the La Habra
syncline. Uplift of the La Habra syncline relative to the cen-
tral trough is produced by the model as well. Model-data
compatibility to the east of the San Gabriel River, therefore,
is good and suggests that the CFM in this region is compa-
tible with the observed fold structures. This result is particu-
larly important because the Puente Hills thrust is well
constrained in the region of Santa Fe Springs by industry
seismic data in the upper crust and by the hypocentral loca-
tion of the Whittier Narrows earthquake mainshock (Shaw
et al., 2002).

A comparison of model and data to the west of the San
Gabriel River, in contrast, indicates that patterns of uplift
from the BEM models of the CFM do not match geologically
constrained locations and orientations of major folds. In the
region south of the Hollywood fault and east of the Newport–
Inglewood fault, the model predicts that subsidence domi-
nates the vertical motion (Fig. 4). Geologically, this region
marks the crest of the Elysian Park anticlinorium between the
Las Cienegas monocline on the south and the Elysian Park
anticline on the northeast (Figs. 3b–d and 4a). However,
within the model, subsidence is produced over much of
the area between the San Gabriel River and the Newport–
Inglewood fault (Fig. 4b). Whereas the Elysian Park anticli-
norium dominates the surface and subsurface deformation
(Figs. 3b–f and 4a), the CFM-based model fails to produce
uplift in this region (Fig. 4b). Improvement of the match be-
tween the model and geologic uplift patterns west of the San
Gabriel River thus requires testing alternatives to the CFM
fault configuration.

A variety of characteristics of the fold and fold architec-
ture of the northern shelf suggest alternative fault models. In
addition to our primary model, a suite of models that inves-
tigates varying characteristics of three fault systems of the
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CFM: model 2, the LA segment of the Puente Hills blind
thrust fault; model 3, a low-angle detachment below these
faults (the Lower Elysian Park thrust (Davis et al., 1989);
and model 4, the Hollywood and Raymond faults (Fig. 5).
All other CFM faults are unchanged in models 2–4. The ob-
jective in testing alternative models is to create patterns of
uplift that more closely mimic the location, trend, and rela-
tive rate of uplift as recorded by the observed folds. Changes
in fault dip, lateral extent, and connectivity based on surface
and subsurface data will affect model uplift patterns and
thereby potentially decrease the mismatch between models
and data. Variability of a single parameter (e.g., fault dip)
for a given fault is tested in each alternative model (models 2–
4; Figs. 7 and 8). A fifth model data comparison includes all
the modified fault geometries (model 5; Figs. 8 and 9).

Two transects are used to assess the effects of varying
fault geometry on patterns of uplift and uplift rate west of the
San Gabriel River. Transect C represents the fold structure in
the west near the Newport–Inglewood fault (Figs. 2 and 3c).
Major features of the structure on transect C are the central
trough and northern shelf structures, including the Las
Cienegas monocline, and the crest of the Las Cienegas

monocline (Fig. 4a). Transect F, which is parallel to and im-
mediately west of the San Gabriel River (Figs. 2 and 3f),
shows a geologic structure characterized by a step-like pro-
file where structural relief and uplift rate change rapidly
across the Las Cienegas monocline, gradually across the
crest of the Las Cienegas monocline, and rapidly across
the eastern Elysian Park anticline from south to north, re-
spectively (Fig. 3f).

Model 2: Steepen the Los Angeles Segment of the
Puente Hills Thrust System

Dip and location of the LA segment of the Puente Hills
thrust (PHT) system in the CFM have been interpreted from
geometric-kinematic models based on growth strata geome-
try observed in seismic lines (Plesch et al., 2002; Shaw et al.,
2002) and has been assigned a 27° dip (Fig. 5). The upper tip
of the LA segment of the PHT as proposed by Shaw et al.
(2002) follows the trace of the Las Cienegas monocline
and fault mapped by Schneider et al. (1996) and Wright
(1991). Direct observation of the fault dip at depth is pro-
vided by well data, which intersect a fault that dips 60° to
a 4-km depth (referred to as the Las Cienegas fault) (Schnei-

Figure 6. Plots of geologic rock uplift rate (top) and CFM-based and alternative model results along transect H across the Puente Hills
anticline (bottom). Individual alternative models include steepening the LA fault to match dip of the Las Cienegas fault (model 2), discon-
necting the Raymond from the Hollywood faults (model 3), and lengthening the Lower Elysian Park ramp (model 4). Model 5 incorporates
all alternative fault configurations tested in models 2–4. See Figure 2 for location.
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der et al., 1996). If the Las Cienegas monocline is the up-dip
expression of the Las Cienegas fault at depth, the continuity
of the monocline is a proxy for the fault location from
the Newport–Inglewood fault to the San Gabriel River
(Fig. 3b–f). Steepening the LA segment in the CFM to 60°
is therefore equivalent to extending the Las Cienegas fault
along-strike, which, in the CFM, is restricted to a short seg-
ment in the northwest portion of the Los Cienegas monocline
trend (Fig. 1).

Changing the geometry of the LA fault segment in-
creases model uplift rates, but fails to approximate the major
fold shapes. Steepening the LA segment of the Puente Hills
thrust fault in the model increases the amplitude of the over-
lying Las Cienegas monocline in both transects C and F be-
cause reverse slip along the steeper fault produces a greater
component of vertical displacement than the shallower dip-
ping fault of model 1. In the region of the western transect (C,
Fig. 7), the increase in uplift in the north associated with a
steeper LA segment produces a closer match to the data.
Within the eastern transect (F, Fig. 8), however, a steep fault
increases the amplitude of the monocline, but also amplifies
the relief of the monocline relative to a syncline in the north,

which reduces model–data compatibility. The increased am-
plitude of the hanging wall syncline in transect F may be an
effect of interaction between the steeper LA segment and the
Upper Elysian Park fault.

Model 3: Link/Unlink Raymond and Hollywood
Fault Systems

Fault intersection and linkage fundamentally impact the
displacement field in BEM models (Griffith and Cooke,
2004). Fault linkage has been suggested between the Holly-
wood and Raymond faults (Weaver and Dolan, 2000), which
are important faults because they bound the northern edge of
the LA basin. The Hollywood fault is expressed geomorphi-
cally and geologically on the south flank of the eastern Santa
Monica Mountains (Dolan, Stevens, et al., 2000; Meigs and
Oskin, 2002). The fault can be traced laterally from the West
Beverly Hills lineament in the west to the Los Angeles River
in the east (Fig. 2). Similarly, the Raymond fault is clearly
identifiable on the north flank of the San Gabriel basin
(Buwalda, 1940; Weaver and Dolan, 2000). Whereas the
northeastern end of the fault intersects the Sierra Madre fault

Figure 7. Plots of geological rock uplift rate (top) and model results from the CFM and variations on the CFM along transect C (bottom).
Individual alternative models include steepening the LA fault to match dip of the Las Cienegas fault (model 2), disconnecting the Raymond
from the Hollywood faults (model 3), and lengthening the Lower Elysian Park ramp (model 4). Model 5 incorporates all alternative fault
configurations tested in models 2–4. The preferred model that matches best the shape of the Las Cienegas monocline is the model with all
three modifications (model 5). See Figure 2 for location.
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(Crook et al., 1987), its southwestern end is uncertain
(Weaver and Dolan, 2000). Despite the fact that both the
Raymond and Hollywood faults project laterally along-strike
towards the Los Angeles River, there is no through-going
fault trace at the surface to indicate they are different strands
of the same fault system (Dibblee, 1989, 1991).

Model 3 was constructed with no connection along
strike (unlinked) between the Raymond and Hollywood
faults (Fig. 5). Uplift across the crest of the Las Cienegas
monocline is higher than that for model 1 and better matches
the geologic pattern across the western transect C in the un-
linked model (Fig. 7b). The model-created syncline in the
hanging wall of the LA segment has lower amplitude when
the link between the Raymond and Hollywood faults is re-
moved. The resultant fold shape more closely resembles a
monocline than it does an anticline–syncline pair. Increases
in structural relief between the Las Cienegas monocline crest
and the Elysian Park anticline are seen on the eastern transect
(F, Fig. 8b). Although uplift rate across the crest of the Las
Cienegas monocline is effectively unchanged from model 1,

an increased uplift rate on the northern end of transect F has
the effect of increasing the differential relief between the
northern region of the model and points to the south. As
a result of the increase in rate on the north, the uplift pattern
more closely mimics the observed fold geometry.

Removing the link between the Raymond and Holly-
wood faults increases average reverse slip along the Upper
Elysian Park fault from 0.3 to 0:4 mm=yr, which subse-
quently increases the amplitude of the overlying Elysian Park
anticline. Furthermore, average reverse slip along the Holly-
wood and Raymond faults is reduced from 0.7 to 0:4 mm=
yr, respectively. These reductions, along with removal of the
link, which has 1:0 mm=yr reverse slip in model 1 (the
CFM), transfer a greater proportion of contraction to
the hanging walls of the Upper Elysian Park and Puente Hills
Thrust faults.

Model 4: Extend Lower Elysian Park Thrust

In model 4, the Lower Elysian Park thrust is continued
along strike to the northwest to test the impact of a laterally

Figure 8. Plots of geologic rock uplift rate (top) and model results from the CFM and variations on the CFM along transect F (bottom).
Individual alternative models include steepening the LA fault to match dip of the Las Cienegas fault (model 2), lengthening the Lower Elysian
Park ramp (model 3), and disconnecting the Raymond from the Hollywood faults (model 4). Model 5 incorporates all alternative fault
configurations tested in models 2–4. The preferred model that matches best the shape of the Las Cienegas monocline and the Elysian Park
anticline is the model with all three modifications. See Figure 2 for location.
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extensive deep ramp on the uplift field. The extended portion
of the Lower Elysian Park low-angle detachment intersects
the Verdugo, Hollywood, Santa Monica, and Sierra Madre
West faults providing greater fault connectivity to the model.
The CFM and other models of the fault structure of the LA
basin hypothesize the existence of the Lower Elysian Park
thrust, a deep north-dipping blind fault (extending from a
depth of 10 km on the south to >20 km below the Puente
Hills thrust system (Fig. 5a). Originally inferred from

geometric-kinematic models of the Elysian Park anticlinor-
ium (Davis et al., 1989), the Lower Elysian Park thrust has
been invoked to explain a syncline in the footwall of the San-
ta Fe Springs segment of the Puente Hills thrust (Shaw and
Shearer, 1999; Shaw et al., 2002). According to the CFM,
therefore, the fault system under metro LA is a stack of shal-
lowly north-dipping thrust sheets. The Lower Elysian Park
fault dips ∼20° to the northeast and is located structurally
beneath the ∼27° northeast-dipping Puente Hills thrust sys-

Figure 9. Maps of rock uplift rate for (a) the CFM (model 1) and (b) the preferred model 5, which includes steepening the LA fault to
match the dip of the Las Cienegas fault, extending the Lower Elysian Park ramp, and disconnecting the Raymond from the Hollywood faults.
Major structures defined in Figure. 2 caption. The Las Cienegas and Coyote/Sante Fe Springs monocline and anticline are indicated by LC
and CO/SFS, respectively.
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tem (Shaw et al., 2002). An alternative to this structural ar-
chitecture is suggested by results from the LARSE I geophy-
sical experiment (Fuis et al., 2001). The crustal scale cross
section suggested by the LARSE I data consists of a single
north-dipping ramp at depth beneath LA. Blind and emergent
faults in the LA basin are interpreted to root into this décolle-
ment (Fuis et al., 2001). The crustal structure across the east-
ern Santa Monica Mountains, the Verdugo Mountains, and
the southern San Gabriel Mountains is consistent with a
model of crustal structure consisting of a single master ramp
at depth (Meigs et al., 2003).

Unlinking the Raymond and Hollywood faults and ex-
tending the Lower Elysian Park thrust have similar effects on
the form of the uplift rate across the two transects (Figs. 7
and 9). Extending the Lower Elysian Park fault nearly dou-
bles the model uplift rate from CFM values for both tran-
sects C and F (Figs. 8 and 9). A clear monoclinal form results
from extending the Lower Elysian Park thrust to the north-
west (Fig. 7b). Lateral extension of the Lower Elysian Park
fault to the region of transect F (Fig. 8) increases the uplift
rate gradient and structural relief, which represents a better
match to the geologic data across the Las Cienegas mono-
cline crest and the Elysian Park anticline. Whereas the form
of the model uplift pattern mimics well the crest of the Las
Cienegas monocline and the south limb of the Elysian Park
anticline, the southern limb of the Las Cienegas monocline in
this and the other models is farther south than in the geologic
data (Fig. 7b). Mismatch between the model and observed
fold limb location may reflect poor control on the fault loca-
tion. Alternatively, flexural slip within the strata overlying
the Las Cienegas fault would tighten the hanging wall fold
and shift the monoclinal limb slightly to the north thereby
explaining the mismatch.

Extending the Lower Elysian Park thrust enhances the
connectivity of faults within the model, which increases
reverse slip along the Lower Elysian Park, Upper Elysian
Park, Hollywood, and Raymond faults. Average reverse slip
along the Lower Elysian Park fault increases from 0.6 to
0:8 mm=yr, and reverse slip rates along the Upper Elysian
Park, Hollywood and Raymond faults increases by 0.07,
0.2, and 0:1 mm=yr, respectively. Increased reverse slip
along the upper Elysian Park fault serves to amplify the
development of the Elysian Park monocline whereas in-
creased reverse slip on the deep Lower Elysian Park fault
has the effect of increased uplift over the broad region repre-
sented within transects C and F.

Model 5: An Alternative CFM

An alternate CFM (model 5) includes (1) a steep LA seg-
ment of the Puente Hills thrust, (2) unlinked Raymond and
Hollywood faults, and (3) a Lower Elysian Park thrust that
extends from the San Gabriel River to the northwest under
the Santa Monica Mountains, which results in uplift rates and
a pattern of uplift that departs from that of the CFM model
and approaches that of the geologically defined folds

(Figs. 7–9). Marked improvement in model-data compatibil-
ity is seen in both map and cross-section views (Figs. 7–9). A
clearly defined northwest-trending region of subsidence is
localized to the east of the Newport–Inglewood fault, which
coincides well with the location of the central trough of the
LA basin (Fig. 2). Some features of the Elysian Park anti-
clinorium are more clearly expressed in the composite
model. A doubly plunging west–northwest-trending region
of uplift, for example, develops to the south of the Raymond
and Hollywood faults at the location of the Elysian Park anti-
cline (Figs. 2, 5, and 9). Discrete anticlinal crests are created
in the region of the Las Cienegas monocline on the south and
the Elysian Park anticline on the north. The model well de-
scribes the monoclinal form of the geologic structure in the
region of transect C in the west (Fig. 7). To the east, along
transect F, the measured uplift rate increases uniformly from
the monocline northward, whereas the model uplift rate de-
creases and then increases from south to north (Fig. 8). Uplift
in the region of the Santa Fe and Coyote segments of the
Puente Hills thrust system is higher and more laterally exten-
sive in model 5 than in the CFM (model 1). Uplift rates from
model 5 more closely approximate geologic rates, although
the fit in the east on transect F is better than in the west on
transect C (compare Figs. 7 and 8). Whereas the alternate
fault geometries of model 5 do not affect the pattern of uplift
above the Santa Fe Springs thrust, they do cause an overall
increase in uplift rate (Fig. 6).

Discussion

The sensitivity of uplift pattern to alterations in subsur-
face fault configuration within the LA basin reveals the in-
fluence of fault connectivity and fault area on fault slip rates.
Steepening the LA segment of the Puente Hills thrust fault so
that it soles into the Lower Elysian Park fault, as in the pre-
ferred model (model 5; Fig. 5), decreases fault surface area of
the LA segment dramatically from 795 to 268 km2. Because
the fault is smaller and steeper, we should expect a decrease
in slip rate along the steeper LA segment of the Puente Hills
thrust fault. Smaller faults generally slip at slower rates than
larger faults. Furthermore, isolated 60°-dipping faults are less
favorably oriented for slip under horizontal contraction than
30°-dipping faults. Whereas we expect slower slip rates, the
average reverse slip rate along the LA segment increases
from 0.5 to 0:6 mm=yr between the CFM (model 1) and
model 5. Fault slip and associated uplift are thus more
strongly influenced by the connectivity of the faults than
by fault dip and fault area.

Cooke and Marshall (2006) show that fault slip rates
from three-dimensional mechanical models using the CFM
version 2.5 match well the geologic and paleoseismic slip
rates on most faults of the LA basin. The alterations to
the fault geometry within the preferred model presented here
may affect the match to available geologic slip rate data.
Faults that change by 0:2 mm=yr or more in average reverse
or strike-slip rates from model 1 to the preferred model 5 are
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the Upper Elysian Park, Hollywood, Lower Elysian Park,
Raymond, Sierra Madre West, and Verdugo faults (Table 1).
The 0:2 mm=yr reduction of reverse slip along the Western
Sierra Madre fault is still within the geologic range
(0:6 mm=yr; Crook et al., 1987; Rubin et al., 1998). The
fault surface area on the Upper Elysian Park fault is un-
changed, but revisions to the CFM model increase the reverse
slip rates from 0:3 mm=yr in model 1 to 0:5 mm=yr in
model 5. The model 5 slip rate is closer to the geologic rates
on the Upper Elysian Park fault (0:58–2:2 mm=yr; Oskin
et al., 2000) than the CFM-based model 1. A larger Lower
Elysian Park fault area increases the reverse slip rate, but the
faster rate of 0:8 mm=yr is significantly less than the
1:3–2:1 mm=yr estimated from geometric models (Shaw
and Suppe, 1996). Between the CFM-based and the preferred
model, the strike-slip rates decrease on the Raymond and
Hollywood faults with the removal of the link between these

faults. The preferred model slip rate for the Hollywood fault
is within the paleoseismic estimate of >0:35 mm:yr (Dolan
et al., 1997) and the geologic estimate of 0.5 to 0:6 mm=yr
(Meigs and Oskin, 2002). In contrast, the modeled Raymond
fault strike-slip rate is 0:9 mm=yr in model 5, which is
slower than the lower bound of the geologic estimate
(1:5 mm=yr; Marin et al., 2000). Connectivity with the near-
by Verdugo and Eagle Rock faults likely influences slip rate
along the Raymond fault and further alternatives might im-
prove the mismatch.

These examples of slip rate changes without associated
changes in fault surface area or dip further demonstrate the
first-order effects of fault system configuration and connec-
tivity on fault slip rates. Moreover, because the BEM models
include off-fault deformations such as folding, the slip rates
along the faults need not sum to the regional contraction
rates. Several of the model variations tested here produced

Table 1
Average Fault Slip Rates for the Los Angeles Basin (Working Group of California Earthquake Probabilities [WGCEP], 2006)

Geologic Rates CFM Model Preferred Model

Fault
Reverse Slip

(mm/yr)
Left-Lateral Slip

(mm/yr)
Reverse Slip
(mm/yr)

Left-Lateral Slip
(mm/yr)

Net slip
(mm/yr)

Reverse Slip
(mm/yr)

Left-Lateral Slip
(mm/yr)

Net Slip
(mm/yr)

Palos Verdes 0.26–0.38 �2:5 to � 3:8 0.0 �3:2 3.2 0.0 �3:2 3.2
San Gabriel �1:0 to � 2:5 1.7 �1:5 2.3 1.7 �1:5 2.2

Sierra Madre East 0.1–5.0 2.3 �0:2 2.3 2.2 �0:2 2.2

Cucamonga >4:5 1.9 0.8 2.1 1.9 0.8 2.1

Whittier/Glen Ivy �1:0 to � 3:0 0.4 �1:8 1.8 0.4 �1:8 1.8

Sierra Madre West 0.6–2.2 1.5 �0:6 1.6 1.3 �0:6 1.4

Northridge 1.2 �0:4 1.3 1.2 �0:4 1.3

Chino �0:35 to � 1:9 1.0 �0:7 1.2 1.0 �0:7 1.2

Newport–Inglewood �0:3 to � 1:5 0.2 �1:2 1.2 0.1 �1:2 1.2

Fontana 0.2 1.0 1.1 0.2 1.0 1.1

Lower Elysian Park 0.6 �0:6 0.8 0.8 �0:6 1.0

Santa Monica 0.5–1.3 0.8 0.6 1.0 0.7 0.6 1.0

Workman Hill 0.6 �0:8 1.0 0.6 �0:8 1.0

Verdugo/Eagle Rock 0.5 �0:6 0.8 0.7 �0:6 0.9

Clamshell–Sawpit 0.4 0.7 0.8 0.4 0.7 0.8

Raymond >1:5 0.7 0.9 1.2 0.4 0.6 0.8

San Jose 0.4 0.6 0.7 0.4 0.6 0.7

Uplands 0.3 0.6 0.6 0.3 0.6 0.6

Hollywood >0:35 0.7 0.6 1.0 0.5 0.4 0.6

Los Angeles/
Las Cienegas

0.5 �0:1 0.5 �0:6 �0:2 0.6

Walnut Creek 0.2 0.5 0.6 0.2 0.5 0.6

Peralta Hills 0.5 0.0 0.5 �0:5 0.0 0.5

East Montebello
(Alhambra, WA)

0.3 �0:4 0.5 0.2 �0:5 0.5

Puente Hills 0.4–1.7 0.4 0.1 0.5 0.5 0.1 0.5

Upper Elysian Park 0.58–2.2 0.3 �0:1 0.3 0.5 0.0 0.5

San Joaquin Hills 0.3 �0:2 0.4 0.3 �0:2 0.4

Compton 0.3 0.0 0.3 0.3 0.0 0.3

Redondo 0.0 �0:3 0.3 0.0 �0:3 0.3

San Vicente 0.2 0.0 0.2 0.3 0.1 0.3

Richfield 0.2 0.1 0.2
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net decrease or increase in fault slip rates, while the overall
contraction was balanced by changes in contraction accom-
modated between faults. Kinematic models, which assume
that fault slip rates should sum to the overall deformation,
neglect to consider the deformation that occurs between fault
surfaces and are likely to misrepresent fault slip rates.

Changes to fault surface area between the CFM and the
preferred model 5, which best matches the uplift pattern, may
alter the degree of seismic hazard estimates on the active
faults. Expanding the lateral extent of the Lower Elysian Park
fault greatly increases the fault surface area available for
rupture from 2030 to 3160 km2. Using the Wells and
Coppersmith (1994) empirical relationship between rupture
area and earthquake magnitude on reverse faults, this in-
crease in fault area predicts in increase in earthquake mag-
nitude on the Lower Elysian Park thrust fromM 7.3 toM 7.5.
A second notable difference is the decrease in area of the
Puente Hills thrust system, from 1740 km2 in the CFM,
which includes the LA segment, to 940 km2 in the preferred
model, which consists of only the Santa Fe Springs and
Coyote segments (Fig. 5). This 45% decrease in fault surface
area implies that the maximum credible earthquake magni-
tude for the Puente Hills thrust would be proportionately
smaller than reported previously and used in hazard assess-
ments (Shaw et al., 2002; Dolan et al., 2003; Field
et al., 2005).

Conclusions

A comparison of geologically defined patterns of uplift
with models of uplift produced by boundary-element models
for faults from the northern LA basin in the Southern Cali-
fornia Earthquake Center’s community fault model (CFM)
was conducted. Model 1 uses the CFM version 2.5 fault geo-
metry and produces uplift patterns that match the geologic
uplift at the Santa Fe Springs and Coyote Hills anticlines
but do not match uplift between the San Gabriel River
and the Newport–Inglewood fault. To achieve better match
in the western part of the northern shelf of the LA basin, we
explored a variety of alternative fault configurations. The
preferred model that best fits the geologic uplift data departs
from the CFM in a number of significant ways (Fig. 5). Key
differences include (1) using the 60° dip from the Las
Cienegas fault for the LA segment of the Puente Hills thrust
system, (2) linking the steeper LA segment of the Puente
Hills thrust system into the Lower Elysian Park thrust, (3) ex-
tending the Lower Elysian Park thrust along strike to the
northwest, and (4) unlinking the Raymond and Hollywood
faults. Incremental model-data improvement results from in-
dependent variation of fault dip, from linking and unlinking
key faults, and from varying the lateral extent of blind
thrusts; however, the most substantial improvements come
from a model that integrates all the alternative geometries
(compare Figs. 4 and 9). This result implies that connectivity
exerts a strong control on fault behavior.
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