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ABSTRACT

The San Jacinto right-lateral strike-slip fault zone is crucial for understanding
plate-boundary dynamics, regional slip partitioning, and seismic hazards within the
San Andreas fault system of southern California, yet its age of initiation and long-term
average slip rate are controversial. This synthesis of prior and new detailed studies
in the western Salton Trough documents initiation of structural segments of the San
Jacinto fault zone at or slightly before the 1.07-Ma base of the Jaramillo subchron.
The dextral faults changed again after ca. 0.5-0.6 Ma with creation of new fault seg-
ments and folds. There were major and widespread basinal changes in the early Pleis-
tocene when these new faults cut across the older West Salton detachment fault. We
mapped and analyzed the complex fault mesh, identified structural segment boundar-
ies along the Clark, Coyote Creek, and San Felipe fault zones, documented linkages
between the major dextral faults, identified previously unknown active strands of the
Coyote Creek fault 5 and 8 km NE and SW of its central strands, and showed that
prior analyses of these fault zones oversimplify their complexity. The Clark fault is a
zone of widely distributed faulting and folding SE of the Santa Rosa Mountains and
unequivocally continues 20-25 km SE of its previously inferred termination point to
the San Felipe Hills. There the Clark fault zone has been deforming basinal deposits
at an average dextral slip rate of >10.2 +6.9/-3.3 mm/yr for ~0.5-0.6 m.y.

Five new estimates of displacement are developed here using offset successions
of crystalline rocks, distinctive marker beds in the late Cenozoic basin fill, analysis
of strike-slip-related fault-bend folds, quantification of strain in folds at the tips of
dextral faults, and gravity, magnetic, and geomorphic data sets. Together these show
far greater right slip across the Clark fault than across either the San Felipe or Coyote
Creek faults, despite the Clark fault becoming “hidden” in basinal deposits at its SE
end as strain disperses onto a myriad of smaller faults, strike-slip ramps and flats,
transrotational systems of cross faults with strongly domain patterns, and a variety
of fault-fold sets. Together the Clark and Buck Ridge-Santa Rosa faults accumulated
~16.8 +3.7/-6.0 km of right separation in their lifetime near Clark Lake. The Coyote
Ridge segment of the Coyote Creek fault accumulated ~3.5 + 1.3 km since roughly 0.8—
0.9 Ma. The San Felipe fault accumulated between 4 and 12.4 km (~6.5 km preferred)
of right slip on its central strands in the past 1.1-1.3 Ma at Yaqui and Pinyon ridges.

Combining the estimates of displacement with ages of fault initiation indicates a
lifetime geologic slip rate of 20.1 +6.4/~9.8 mm/yr across the San Jacinto fault zone
(sum of Clark, Buck Ridge, and Coyote Creek faults) and about ~5.4 +5.9/-1.4 mm/yr
across the San Felipe fault zone at Yaqui and Pinyon ridges. The NW Coyote Creek
fault has a lifetime slip rate of ~4.1 +1.9/-2.1 mm/yr, which is a quarter of that across the
Clark fault (16.0 +4.5/-9.8 mm/yr) nearby. The San Felipe fault zone is not generally
regarded as an active fault in the region, yet its lifetime slip rate exceeds those of the
central and southern Elsinore and the Coyote Creek fault zones. The apparent lower
slip rates across the San Felipe fault in the Holocene may reflect the transfer of strain
to adjacent faults in order to bypass a contractional bend and step at Yaqui Ridge.

The San Felipe, Coyote Creek, and Clark faults all show evidence of major struc-
tural adjustments after ca. 0.6-0.5 Ma, and redistribution of strain onto new right-
and left-lateral faults and folds far removed from the older central fault strands.
Active faults shifted their locus and main central strands by as much as 13 km in
the middle Pleistocene. These changes modify the entire upper crust and were not
localized in the thin sedimentary basin fill, which is only a few kilometers thick in
most of the western Salton Trough. Steep microseismic alignments are well developed
beneath most of the larger active faults and penetrate basement to the base of the
seismogenic crust at 10—14 km.

We hypothesize that the major structural and kinematic adjustments at ca. 0.5—
0.6 Ma resulted in major changes in slip rate within the San Jacinto and San Felipe
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fault zones that are likely to explain the inconsistent slip rates determined from geo-
logic (1-0.5 m.y.; this study), paleoseismic, and geodetic studies over different time
intervals. The natural evolution of complex fault zones, cross faults, block rotation,
and interactions within their broad damage zones might explain all the documented
and implied temporal and spatial variation in slip rates. Co-variation of slip rates
among the San Jacinto, San Felipe, and San Andreas faults, while possible, is not
required by the available data.

Together the San Jacinto and San Felipe fault zones have accommodated
~25.5 mm/yr since their inception in early Pleistocene time, and were therefore slight-
ly faster than the southern San Andreas fault during the same time interval. If the
westward transfer of plate motion continues in southern California, the southern San
Andreas fault in the Salton Trough may change from being the main plate bound-
ary fault to defining the eastern margin of the growing Sierra Nevada microplate, as

implied by other workers.

INTRODUCTION

The Pacific-North America plate boundary south of the Big
Bend in the San Andreas fault is broad (~70-80 km wide), with
slip currently distributed between the southern San Andreas,
San Jacinto, San Felipe, and Elsinore faults and other smaller
structures in the Peninsular Ranges, Salton Trough (the name
applied to Coachella, Imperial, and Cerro Prieto valleys) and
Borderlands area (Fig. 1). The Agua Blanca and San Miguel
faults in northern Baja California may be broadly related to the
fault array because they also allow plate motion to bypass the
Big Bend in the San Andreas fault (Fig. 1, Allen et al., 1960).
The geologic evolution and present-day distribution of slip rates
across faults south of the Transverse Ranges are uncertain and
controversial. Some studies dating back to the 1960s suggest that
the San Jacinto fault zone carries a substantial portion of plate-
boundary slip (~17-22 mm/yr), similar to that of the adjacent San
Andreas fault (Table 1) (Coolidge in Sharp, 1967; Thatcher et al.,
1975; Savage and Prescott, 1976; Savage et al., 1979; King and
Savage, 1983; Sanders, 1989; Sanders et al., 1986; Morton and
Matti, 1993; Kendrick et al., 2002; Anderson et al., 2003; Fialko,
2006; Rockwell et al., 2006; Lundgren et al., 2009). Other stud-
ies suggest much slower slip rates across the San Jacinto fault
(8-12 mm/yr) (Sharp, 1981; Rockwell et al., 1990; Bennett et
al., 1996; McCaffrey, 2005; Meade and Hager, 2005; Fay and
Humphreys, 2005; Becker et al., 2005). Studies of slip rate can be
limited by the difficulty of correlating and dating offset geologic
features, particularly planar ones, by deformation that is distrib-
uted across broad damage zones, and by simplifying assumptions
about crustal rheology, localized slip, locking depth, effects of
post-seismic relaxation that are required to convert geodetic data
into slip rates, and by comparisons of slip rates over differing
time spans. Here we minimize or avoid some of these problems
by determining long-term geologic slip rates since inception of
the Clark, Coyote Creek, and San Felipe fault zones. In addition
to these lifetime slip rates, we present incremental slip rates since
the middle Pleistocene across segments of two faults.

The bulk of the Big Bend in the San Andreas fault formed
sometime between 12 and 6 Ma when the transform fault south
of the Transverse Ranges stepped from an offshore position into
the Gulf of California during capture of the Baja microplate by
the Pacific plate (Stock and Hodges, 1989; Nicholson et al., 1994;
Ingersoll and Rumelhart, 1999; Fletcher et al., 2007). After this
major reorganization, plate motion in the northern Salton Trough
was accommodated by slip on the southern San Andreas fault and
eastern California shear zone, with some strain being taken up by
the east-northeast—dipping West Salton detachment fault (Powell,
1993; Axen and Fletcher, 1998). Later, in late Pliocene to Pleis-
tocene time, dextral faults including the San Jacinto, San Felipe,
and Elsinore faults were initiated in the Peninsular Ranges and
Salton Trough. These dextral faults cut across, replaced, and
deactivated the West Salton detachment fault, and substantially
modified the slip budget of the southern San Andreas fault sys-
tem (Morton and Matti, 1993; Matti and Morton, 1993; Dorsey
and Axen, 2009; Steely et al., 2009).

The age of the San Jacinto fault zone is controversial. The
popular interpretation that it initiated at ca. 2-2.5 Ma is based on
widely cited late Quaternary slip rates of ~9-12 mm/yr at Anza
(Sharp, 1981; Rockwell et al., 1990), a rate that would require
~2-2.5 m.y. to produce the 24-29 km of right slip on the fault
(Sharp, 1967; Hill, 1984), if the slip rate at Anza is representa-
tive and was steady for its lifetime. Indirect evidence for this late
Pliocene initiation age is derived from an anticline in the west-
ern San Bernardino Mountains that was thought to have initiated
ca. 2-2.5 Ma near the subsurface lateral ramp and branch point
between the San Andreas and San Jacinto faults (Meisling and
Weldon, 1989; Weldon et al., 1993; Morton and Matti, 1993).
In contrast, stratigraphic and structural studies near San Ber-
nardino concluded that contraction and structural complexities
in San Gorgonio Pass led to initiation of the San Jacinto fault
zone between 1.4 and 1.2 Ma in order to partially bypass the east-
ern 55 km of the Big Bend in the San Andreas fault (Matti and
Morton, 1993; Morton and Matti, 1993; Albright, 1999). Early
Pleistocene initiation was also documented in the western Salton
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Trough (Johnson et al., 1983; Dorsey, 2002; Lutz et al., 2006;
Kirby et al., 2007; Dorsey and Axen, 2009). This latter view is
supported by reanalysis of stratigraphic and structural data and
documentation of a ca. 1.5 Ma, not 2-2.5 Ma initiation of the San
Bernardino anticline (Kenney, 1999; Kenney and Weldon, 1999).

Very different conclusions might be reached about the age of
the San Jacinto fault zone, if some of the higher slip rates inferred
from analysis of global positioning system (GPS) data sets and
interferometric synthetic aperture radar (InSAR) and geologic
studies were extrapolated at a steady rate back in time (Table 1;
Morton and Matti, 1993; Fialko, 2006; Lundgren et al., 2009).
One hypothesis that reconciles the seemingly conflicting slip rates
proposes that the San Jacinto fault quickly accelerated and slipped
faster than the southern San Andreas fault between ca. 1 Ma

33°N

32°N

and 100 ka, and then slowed to its current rate (Bennett et al.,
2004). This model reconciles some of the slow late Pleistocene
to Holocene slip on the San Jacinto fault based on paleoseismic
and neotectonic studies (8—12 mm/yr) with a faster long-term
rate implied by the young initiation ages of Morton and Matti
(1993) and supported by Kenney (1999). It does not reconcile the
discrepancy between the faster slip rates inferred by most recent
analyses of GPS data sets and the slower rates of paleoseismic
and neotectonic interpretations (Table 1).

The large disparity between slip rates derived from differ-
ent data sets and over different time scales motivated our study to
determine the time of initiation and long-term average slip rates
of the San Jacinto and San Felipe fault zones in the western Salton
Trough. The age of fault initiation places critical constraints on the
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Figure 1. Regional fault map showing the linkage of the San Jacinto fault and San Felipe fault with each other, San
Andreas fault, Brawley seismic zone, and Imperial faults farther to the southeast. Modified from many sources, includ-
ing Jennings (1977, 1994), Janecke et al. (2004), Kirby (2005), Hudnut et al. (1989), Axen and Fletcher (1998), Steely
(20006), Lutz (2005), Kirby (2005), Pacheco et al. (2006), Janecke, unpublished mapping. San Felipe fault zone (SFFZ) is
counterclockwise to most other strike-slip faults; SAFZ—San Andreas fault zone; SJEZ—San Jacinto fault zone; EF—
Elsinore fault; BSZ—Brawley seismic zone; [IF—Imperial fault; [H—Indio Hills; MH—Mecca Hills; SFFZ—San Felipe
fault zone; SGP—San Gorgonio Pass; STB—San Timoteo Badlands; PS—Palm Springs. Oblique-slip detachment faults

include the West Salton detachment fault (WSD).
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fault-displacement field and slip partitioning through time and is
important for assessing seismic hazards in southern California.
This paper presents, summarizes, and interprets three com-
plementary data sets: (1) prior stratigraphic and magnetostrati-
graphic studies by our group (Kirby, 2005; Kirby et al., 2007;
Lutz, 2005; Lutz et al., 2006; Steely, 2006; Steely et al., 2009;
Belgarde, 2007; Janecke and Belgarde, 2008) that define the ini-
tiation ages of three separate faults and describe many detailed
data sets that cannot be reproduced here; (2) abundant new and
revised data for total offsets across three dextral faults, optically
stimulated luminescence dating of sediment on pediment within
the fault zones, and in-depth structural analysis of the fault zones;
and (3) data from two unpublished theses (Belgarde, 2007;
Forand, 2010) and the unpublished prepublication manuscripts
in partly published theses of Kirby (2005) and Steely (2006). We
present the estimates of displacement from NE to SW across seg-
ments of the Clark and Coyote Creek faults of the San Jacinto
fault zone and the San Felipe fault zone in the southwest. We
calculate slip rates from these data, and explore the implications
of the slip rates and structural geometries of the fault zones for
understanding plate-boundary kinematics, seismic hazards, and
the distribution of slip rates at time scales from the present-day to
10° yr. A separate study (Janecke and DeMets, 2010) addresses
how the inception of the new dextral faults reflects a widespread
reorganization of the North American plate boundary.

STRUCTURAL GEOLOGY OF DEXTRAL FAULT
ZONES IN THE WESTERN SALTON TROUGH

The San Jacinto, San Felipe, and Elsinore fault zones lie
southwest of the San Andreas fault and cut obliquely across the
northern Peninsular Ranges and western Salton Trough (Figs.
1-3). Each fault zone consists of separate faults connected by
steps, branch points, and transrotational linkages (Figs. 1-3;
Sharp, 1967; Sanders, 1989; Kirby, 2005; Kirby et al., 2007;
Lutz, 2005; Lutz et al., 2006; Steely, 2006, Belgarde, 2007).

San Jacinto Fault Zone

Estimates of total right-lateral slip across the San Jacinto
fault zone in the Peninsular Ranges and Salton Trough vary from
19 to 29 km (Sharp, 1967; Bartholomew, 1970; Hill, 1984; Matti
and Morton, 1993; Janecke et al., 2005b; Forand, 2010). Near
the western margin of the Salton Trough the major strands of the
San Jacinto fault zone are the Buck Ridge, Clark, and Coyote
Creek faults (Figs. 2 and 3; Dibblee, 1954, 1984; Sharp, 1967,
1975). The dextral Buck Ridge fault diverges from the Clark fault
near Anza and reconnects at the southern tip of the Santa Rosa
Mountains by bending to a more southerly strike and becoming
the normal-oblique Santa Rosa fault NW of branch point (Figs.
2 and 3; Dibblee, 1954, 1984; Belgarde, 2007; this study). Our
mapping east of Clark Lake shows that Dibblee was correct in
connecting the Buck Ridge and Santa Rosa faults in the SE Santa
Rosa Mountains even though Sharp (1967) and most subsequent

workers (e.g., Jennings, 1994) rejected this interpretation (Figs.
2 and 3; Janecke and Belgarde, 2008; plate 1 in Belgarde, 2007;
Forand, 2010). The Santa Rosa fault consists of several mappable
SW-dipping strands near its SE branch point with the Clark fault
that are embedded within a kilometer-scale breccia zone of tonal-
ite and mylonite in the southern Santa Rosa Mountains (Fig. 3;
Sharp, 1967; Janecke and Belgarde, 2008; Belgarde, 2007). Short
fault scarps are preserved on strands of the Buck Ridge and Santa
Rosa fault zones, and block rotation, distributed faulting, and
kilometer-scale breccia zones characterize the rocks between the
Buck Ridge and Clark fault NW of Clark Lake Valley (Janecke,
unpublished mapping, 2008).

The Clark strand of the San Jacinto fault has 16.8 +3.7/-6.0 km
of right separation based on offset crystalline rocks (Sharp, 1967;
Bartholomew, 1970; Forand, 2010). This slip estimate includes all
the slip across the SE part of the Clark fault plus much of the slip
on the Buck Ridge fault in the Santa Rosa Mountains (Figs. 2A and
2B; Janecke et al., 2005a; Belgarde, 2007).

Despite having roughly 17 km of right separation near Clark
Lake, the Clark strand is difficult to locate in the Salton Trough
southeast of the Santa Rosa Mountains and is typically depicted
as terminating near there in Smoke Tree Canyon and Palo Verde
Wash (Figs. 1-3) (Dibblee, 1954, 1984; Sharp, 1967, 1972b,
1975, 1981; Bartholomew, 1970; Sanders, 1989; Pettinga, 1991;
Sanders and Magistrale, 1997). New field studies, structural anal-
ysis, gravity and magnetic gradients, and mapping for this study
show that, instead, the Clark fault is a zone of widely distributed
faulting and folding SE of the Santa Rosa Mountains and unequiv-
ocally continues 20-25 km SE of its previously inferred termina-
tion point to within ~3 km of the crossing NE-striking Extra fault
zone at the surface (Figs. 1-3; Dibblee, 1984; Hudnut et al., 1989;
Kirby, 2005; Kirby et al., 2007; and Belgarde and Janecke, unpub-
lished mapping, 2006; Belgarde, 2007). This new interpretation
is based on recognition that the Clark fault is a zone of widely
distributed faults and folds SE of the Santa Rosa Mountains and
required a detailed mapping to identify its highly complex dis-
persed elements (Kirby et al., 2007; Belgarde, 2007; Janecke and
Belgarde, 2008). Folded Pleistocene and Holocene sedimentary
rocks occupy the zone between the SE tip of the Clark fault zone
and the Extra fault zone in the SE San Felipe Hills (Figs. 3 and 4;
Kirby, 2005; Kirby et al., 2007; S.U. Janecke, unpublished map-
ping). The traditional interpretation—that there is very little slip
across the Clark fault SE of Smoke Tree Canyon—is incompatible
with the strongly folded and faulted Upper Pliocene and Pleisto-
cene sedimentary rocks in the SE San Felipe Hills (Kirby, 2005).
The fault zone is very broad and splays out to a width of at least
18 km perpendicular to the strike of the main strands (Belgarde,
2007; Kirby et al., 2007).

Boundaries between structural segments of the dextral Clark
fault coincide with bends and steps in the fault zone, branch
points, crossing blocks of sinistral faults, and changes in struc-
tural style, and include a newly defined Tarantula Wash seg-
ment in the San Felipe Hills (Fig. 2B). To avoid confusion we
adopt this name in place of the original name “San Felipe Hills
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segment” of Belgarde (2007). We modified the positions of
boundaries between structural segments (Fig. 2B) based on
our mapping of each fault zone but retained many of the names
of segments from Sanders (1989) and Sanders and Magistrale
(1997). Figure 2 shows the structural segments of the Clark fault
(by color), as well as those of the Coyote Creek and central San
Felipe fault zones (triangles).

The Coyote Creek fault is the most continuous strand of the
San Jacinto fault zone within the Salton Trough (Sharp, 1967;
Sanders, 1989; Sanders and Magistrale, 1997; Dorsey, 2002; Jan-
ecke et al., 2005a, 2005b; Steely, 2006). The Coyote Creek fault
(Fig. 2A) was previously thought to have ~4—6 km of right slip
(Sharp, 1967; Bartholomew, 1970; Dorsey, 2002). It terminates
to the northwest in tonalite of the Peninsular Ranges batholith
~20 km northwest of the Salton Trough without a direct surface
connection to the Clark fault (Sharp, 1967). Rotated normal,
thrust and sinistral-oblique faults provide the surface connec-
tion between the Clark and Coyote Creek faults at the NW part
of Coyote Ridge (Sharp, 1979), whereas some oblique dextral
faults perform this function in the SE part of the ridge (Figs. 2A,
2B, and 3; Janecke and Forand, plate in Forand, 2010). Small
steps and lateral bends have uplifted sedimentary and crystalline
rocks along the Coyote Creek fault between Coyote Ridge and
the Superstition Mountains (Fig. 2). Southeast of the Superstition
Hills and Superstition Mountain, the Coyote Creek fault zone
lacks surface expression and its location was poorly constrained
until three NW-trending microseismic alignments were identi-
fied along the fault zone, verifying that the San Jacinto fault zone
branches from the NW end of the Imperial fault (Fig. 1; Magis-
trale, 2002; Shearer et al., 2005; Lin et al., 2007). At least one
fault strand projects southeastward toward the Cerro Prieto fault
(Fig. 1; Magistrale, 2002; Lin et al., 2007).

Our 1:12,000-1:40,000 scale mapping, photogeologic and
satellite-based mapping, as well as the distribution of precisely
relocated earthquakes (Shearer et al., 2005; Lin et al., 2007) all
show that the dextral fault array in the Peninsular Ranges and
southwest Salton Trough is a >50-km-wide fault web and map-
scale fault mesh (Figs. 1-3). This fault mesh is far more complex
and interconnected than existing maps depict (e.g., Jennings,
1994, Fig. 3). The highly faulted region contains a small number
of continuous right-lateral fault zones (master faults such as the
Buck Ridge, Clark, Coyote Creek, San Felipe, Earthquake Val-
ley, and Elsinore faults) that are surrounded and connected by a
complex mesh of shorter, smaller offset, left-lateral, normal, and
thrust faults, and many large and small folds (Fig. 3). We refer
to these shorter faults between the master faults as connector,
cross, or rung faults depending on their geometry. Folds deform
some of the crystalline rocks (e.g., Kirby et al., 2007; Steely et
al., 2009) but are far more common and well developed in the
sedimentary basin fill.

The presence of this very complex fault and fold mesh com-
plicates analysis of the kinematic and geometric relationships
between dextral faults and makes it difficult to confidently assign
every structure to a specific fault zone (Figs. 2 and 3). Defor-

mation occurs in domains that are separated by abrupt lateral
changes in fault patterns. This suggests that slip amounts and slip
rates are likely to vary considerably along strike of the princi-
pal faults as strain is transferred to and from adjacent structures.
We address this issue by being as site-specific as possible in our
analysis and by emphasizing that displacement values and age
controls apply to particular structural and rupture segments of
the dextral faults and may not apply to adjacent parts of the fault
(e.g., Table 2).

Clark Fault Zone

Right Slip across the Clark Fault Zone in Crystalline Rocks

Sharp (1967) determined that the Clark strand of the San
Jacinto fault zone in the Clark Valley area has ~14—15 km of right
separation based on offset crystalline rocks (but see below for
a revised value). This slip magnitude is widely accepted but is
low relative to separations along the remainder of the Clark fault
(Sharp, 1967). Farther to the northwest, five offset markers are
correlable across the Clark fault (Sharp, 1967). The right sepa-
rations of these marker units are very similar to each other: 24,
23.2,21.9,22.9, and 23.5 km from southeast to northwest (Sharp,
1967). These separations average 23.1 km. We remapped and
remeasured the southeasternmost of these offset plutons (with
24 km of right separation [Sharp, 1967]) using Landsat, Google
Earth, and Sharp’s original map. Our analysis confirms the origi-
nal report of Sharp (1967) (Fig. 2) and refines the displacement of
the northern edge of the Coahilla pluton to 23.4 km (Fig. 2, red
lines). The equivalent pluton on the northeast side of the Clark
fault is called the Clark Valley pluton and its northwest edge is
well exposed along Rock House Canyon (Sharp, 1967). After
addition of separation across the adjacent part of the Coyote Creek
fault at Monkey Hill (2.3 km; Sharp, 1967), this sums to a total
right separation of 25.6 km on the San Jacinto fault zone where it
enters the Clark and Borrego Valleys in the northwest part of our
study area (Fig. 2; NW part of Fig. 3). This value contrasts with
that of Blisniuk et al. (2010), who inferred a significant decrease
in total bedrock offset along the Clark fault from Anza to Rock-
house Canyon. We address the sources and implications of this
discrepancy in the Discussion section of this paper.

Previous estimates of right separation across the Clark fault
along the Santa Rosa segment (SRS, Fig. 2B) range from ~14.4
to 22.4 km based on a displaced east-dipping mylonite zone
(Sharp, 1967; Bartholomew, 1970; Erskine, 1985). Possible right
drag and folding within the damage zone of the Clark fault was
suspected to increase the right separation measured by Sharp
(1967) to 18 km (Janecke et al., 2005a), but field and structural
analyses show that the largest folds in the damage zone of the San
Jacinto fault zone have ductile overturned limbs, and are there-
fore Cretaceous folds that are unrelated to the brittle Quaternary
San Jacinto fault zone (Fig. 5; Forand, 2010).

Careful mapping of the marker succession (tonalite, marble,
and migmatite) on either side of the Clark fault yields a new esti-
mate of 16.8 +3.7/-6.0 km for the right separation on this fault
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Figure 3. Geologic map of the western Salton
Trough overlain on Landsat image. Inset map
shows relationship of the region to major dextral
faults in southern California. Compiled from
Dibblee (1954, 1984, 1996), Rogers (1965),
Winker (1987), Winker and Kidwell (1996),
Treiman and Lundberg (1999), Heitman,
(2002), Lilly (2003), Kirby (2005), Belgarde
(2007), Steely (2006), Lutz (2005), Kairouz
(2005), Sharp (1967), Shirvell (2006), and S.U.
Janecke unpublished mapping (2001-present);
Axen, unpublished mapping (2006); Dorsey
unpublished mapping (2002-2006); Forand,
unpublished mapping (2008). BB—Borrego
Badlands; BM—Borrego Mountain; BS—
Borrego Syncline; CCF—Coyote Creek fault;
CM—Coyote Mountain; EQVF—Earthquake
Valley fault zone; FCM—Fish Creek Moun-
tains; FCMF—Fish Creek Mountains fault;
FCVB—Fish Creek—Vallecito basin; HCF—
Hellhole Canyon fault; MB—Mescal Bajada;
OB—Ocotillo Badlands; PLF—Powerline
fault; PR—Pinyon Ridge; SCA—Salton City
anticline; SF—Sunset fault; SFF—San Felipe
fault; SFA—San Felipe anticline; SFHF—San
Felipe Hills fault; SMA—Split Mountain an-
ticline; SPF—Squaw Peak fault; SR—Santa
Rosa fault; TCS—Tubb Canyon syncline;
TBM—Tierra Blanca Mountains; TMFZ—
Torrez Martinez fault zone; VF—Vallecito
fault; VLF—Veggie Line fault; VM—Vallecito
Mountains; WP—Whale Peak; WSDF—West
Salton detachment fault; YRA—Yaqui Ridge
anticline. For clarity, we show most of the
complex fault mesh in the Clark fault zone SE
of the Santa Rosa Mountains (Belgarde, 2007)
with thinner fault lines. cgl-—conglomerate;
Trav.—travertine.

»
'

Figure 4. Stratigraphy of the Fish Creek—
Vallecito and San Felipe-Borrego subbasins.
Data were synthesized from many sources,
including Dibblee (1954, 1984, 1996); Wood-
ard (1963, 1974); Winker and Kidwell (1996);
Dorsey (2002, 2006); Dorsey et al. (2007); Kai-
rouz (2005); Kirby (2005); Lutz (2005); Steely
(2006); Shirvell (2006); Belgarde (2007); this
study. Pz—Paleozoic; Mz—Mesozoic; SSS—
syn-strike-slip.
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(Table 2; Figs. 4 and 5; Forand, 2010), 2.4 km more than the
14.4 km of Sharp (1967). This slip estimate has a large uncertainty
due to the Quaternary cover between the bedrock marker succes-
sion and the Clark fault and the possible changes in the strike of
the marker succession beneath the Quaternary deposits (Forand,
2010). We used Sharp’s low slip value in our prior calculations of
slip rate (Janecke et al., 2005a, 2005b, 2010), so those estimates
should be updated to the new values reported here.

A southwest-down component of slip across the Santa Rosa
segment of the Clark fault would decrease the right slip calcu-
lated from this separation by at most a few kilometers. We argue
that this is a secondary and minor component of the total right
separation across the Clark fault for several reasons. First, the
Clark fault has both NE-up and SW-up scarps along the 25-km-
long trace for which this measurement was made, and therefore
does not show consistent SW-down motion since late Pleistocene
(Sharp, 1972b; Belgarde and Janecke, 2007; Belgarde, 2007; this
study). Second, the structural relief across the fault zone in the
SE Santa Rosa Mountains is small relative to its dextral offset,
because the same stratigraphic units are exposed NE and SW of
the central main traces of the fault within the Cenozoic basin (Fig.
3; Dibblee, 1984; Bartholomew, 1970; Belgarde, 2007; Kirby et
al., 2007). Third, the one focal mechanism of a moderate earth-
quake that nucleated on this part of the Clark fault zone shows
dominant right slip and only ~5% dip slip (Sanders et al., 1986;
Doser, 1990). The M 6.2 1954 Arroyo Salado earthquake (also
known as the Salada Wash earthquake) had a slip vector raking
either 5° + 6° or 0° from horizontal (Sanders et al., 1986; Sand-
ers, 1989; Doser, 1990). There were similar small to negligible
dip-slip components of deformation evident in focal mechanisms
from a handful of other moderate earthquakes that nucleated on
the Clark fault nearby (Sanders and Kanamori, 1984). Fourth, a
gravity gradient with consistent southwest-side down displace-
ment suggests that at most ~20% dip-slip cumulative displace-
ment (3 km versus 16.8 km) along the fault in Clark Lake Valley.

Right Slip across the Clark Fault Zone in
Sedimentary Rocks

It is presently difficult to quantify the total surface slip
across the Clark fault zone in the Salton basin since its inception
because much of the offset is localized along bedding planes and
is distributed across a myriad of small-displacement faults that
span at least 18 km perpendicular to the fault zone (Figs. 2 and
3; Janecke et al., 2005a, 2005b; Belgarde and Janecke, 2006;
Belgarde, 2007). In the SE San Felipe Hills, however, we have
estimated a minimum slip amount since ca. 0.5 Ma based on
analysis of folded Pleistocene sedimentary rocks (Kirby, 2005).
Faults at the southeast tip of the Clark fault in the southeast San
Felipe Hills do not cut the Pleistocene Ocotillo and Brawley for-
mations at the surface, but instead slip is transferred to several
domains of tight folds with up to 35% N-S shortening (domains
A-D in Fig. 6; Heitman, 2002; Lilly, 2003; Kirby, 2005; Kirby et
al., 2007; Belgarde, 2007). Some displacement may also transfer
southwest to the Coyote Creek fault along several newly mapped

sinistral faults SW of the Powerline fault (Fig. 3). These left-
lateral faults cut Pleistocene pediment deposits, have degraded
scarps along contractional and extensional parts of their traces,
and produce barriers to groundwater that are reflected in vegeta-
tion lineaments and contrasting soil moisture (Janecke, unpub-
lished mapping, 2007).

Folding strains in the SE part of the Clark fault zone, in the
Tarantula Wash structural segment, are localized east of each
fault tip and north of the inferred subsurface intersection between
the Clark and Extra fault zones (Figs. 3 and 6). The folds likely
formed from the transformation of dextral slip into N-S short-
ening as the Clark fault strands die out to the SE at the surface
(Fig. 6) (Feragen, 1986; Wells and Feragen, 1987; Heitman,
2002; Lilly, 2003; Kirby, 2005; Kirby et al., 2007). Some addi-
tional shortening and reorientation of fold axes occurred where
SE-moving fault blocks NE of the Clark fault strands impinge
against the crossing Extra fault zone. Folding strains are much
higher adjacent to the tips of dextral fault strands than elsewhere
in the San Felipe Hills and domains B and C have the highest per-
cent strains (20% and 35%, Fig. 6; Kirby, 2005; Belgarde, 2007).

Folding near the intersection of the Clark and the Extra fault
zones produced a total of at least 3 km of north-south shortening
in SE of the tip of three central principal strands of the Clark fault
zone in the Tarantula Wash segment (Fig. 6) (Kirby, 2005; Bel-
garde, 2007). Making simple geometric assumptions about the
relationship between folding and the SE tip of the right-lateral
strike-slip fault zones in the Tarantula Wash segment of the Clark
fault (e.g., Wells, 1987) (Fig. 6), we calculate that this folding
strain was produced by 5.6 + 0.4 km of right slip across this part
of the Clark fault zone (Table 2; Kirby, 2005). This estimate is
a minimum because right slip on the other two principal fault
strands was not included, some strain may be transferred to the
SW onto the Coyote Creek fault instead of being transferred into
the folds, and some dextral strain could be blind beneath fault
zone. In particular, fairly substantial folding strains in domain
A, east of the SE tip of the San Felipe Hills fault (Fig. 6), are not
included in our analysis because that domain shortened over a
protracted period of time, and we cannot separate the strain of
the paleo—San Felipe anticline (early to middle Pleistocene) from
strains produced east of the SE tip of the younger cross-cutting
San Felipe Hills strand of the Clark fault (middle Pleistocene to
Holocene). Gravity data suggest as much as 2 km of right separa-
tion of the basement-cover contact on the north flank of the San
Felipe anticline across the San Felipe Hills fault (Fig. 7).

The absence of growth strata across the crest and troughs
of the closely spaced folds in the Tarantula Wash segment of the
Clark fault zone shows that the closely spaced folds must postdate
all the deformed strata there except for the much younger pedi-
ment deposits, strath terraces, and Lake Cahuilla sediment (Reitz,
1977; Kirby, 2005; Belgarde, 2007). The youngest deformed
unit, the Brawley Formation, forms an arcuate outcrop belt along
the edges of the Tarantula Wash segment of the Clark fault. This
makes the folds younger than the youngest Brawley Formation
(ca. 0.5-0.6 Ma, see below) (Kirby, 2005). The closely spaced
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Figure 7. Residual isostatic gravi-
ty map of the San Felipe anticline
where the Coyote Creek and San
Felipe Hills faults cross it. Brown
dots show the locations of maxi-
mum horizontal gravity gradi-
ents. Black dots are gravity mea-
surements. Blue crosses show
edges of magnetic body, which
produces a magnetic high on the
east side of the Coyote Creek
fault. The lower figure shows
the correspondence between the
gravity field and mapped struc-
tures in Figure 3.
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*In situ water content, dry when measured in lab, assumed 3 + 3% as representative of burial history. Error on De is 1 standard deviation (SD). Error on age includes
random and systematic errors calculated in quadrature. Age analysis using the single-aliquot regenerative-dose (SAR) procedure of Murray and Wintle (2000) on 90—

150 pm quartz sand using 2-mm aliquots.
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gradational and variable margins that include interleaved strongly
sheared and weakly sheared rocks. On the southwest side of the
Coyote Creek fault, the distinctive bedrock marker succession
strikes N91° W and dips 84° S (o, = 10.7; N = 7), and the atti-
tude of the pluton margin and the enclosing metamorphic rocks
are very similar over a trace length of at least 2 km, except where
north-striking faults displace the contact (Fig. 5). The metamor-
phic wall rocks envelope the biotite-hornblende—bearing tonalite
pluton. This smooth and regular geometry is expected in the wall
rocks of mesozonal to catazonal plutons, like the Coyote Creek
pluton, that were emplaced into migmatitic country rock under
upper amphibolite facies conditions (Buddington, 1959; Theo-
dore, 1967, 1970; Sharp, 1967).

On the northeast side of the Coyote Creek fault, the mar-
ble, migmatite bodies and their foliations strike N50° E and dip
42° SE (0, = 10° N = 6) in their closest exposures to the fault
(within 0.5 km from the buried fault trace). About 0.5 km farther
north the migmatite adjacent to the pluton strikes north and then
north-northwest and dips between 55° and 65° ENE (Theodore
and Sharp, 1975). Still farther north, the NNW strike of the plu-
ton wall and its adjacent metamorphic and mylonitic rocks per-
sists northward through Coyote Mountain with a fairly uniform
strike (Theodore and Sharp, 1975). Smaller offset dextral faults
between the Coyote Creek and Clark fault displace the marker
succession right laterally between 1 and 2.5 km (Forand, 2010).
Although these faults are shown in Figure 5, they were not added
to the displacement estimate in Table 2 because our analysis is
incomplete. Altogether the mapping, field, and structural data
indicate that the pluton margin and wall rocks are steep, smooth,
and gently curving where the Coyote Creek fault cuts across
them, and all lithologic units have a moderate to steep dip with a
concave NW surface trace.

No correction for elevation was applied because exposures of
the marble marker bed are at the same elevation (~300 m) where
they are closest to the fault on the NE and SW side of the Coyote
Creek fault zone. By bracketing the range of plausible trends of
bedrock fabrics across the covered area, the dextral separation
across the Coyote Creek fault is bracketed between 2.2 and 4.8 km
(3.5 = 1.3 km) with two preferred estimates of ~2.8 and 4.3 km.
One preferred estimate (~2.8 km) was measured by projecting
each thin marble layer to the fault using the average attitude in
nearby exposures and by inferring that the concave NW bend was
located at the Coyote Creek fault. The ~4.3 km estimate of right
slip is based on projecting the marble layer assuming that the
bend is located halfway between the two offset exposures and
therefore ~1 km SW of the Coyote Creek fault (Fig. 5).

Strike-slip displacement produced most of the right separa-
tion of these units because the marker marble, the contact of the
pluton, and the foliation in the migmatites are moderately dip-
ping to vertical near the fault zone. Therefore vertical displace-
ments produce little right-lateral separation of these steep units
and have almost no effect on our estimate of right-lateral slip.
Off-fault damage might increase this estimate of displacement
so this estimate refers to slip across the central main traces of the

fault zone and does not include any displacement in the adjacent
damage zone or from the newly mapped faults within Coyote
Mountain between the Clark and Coyote Creek fault (Forand,
2010). Offset linear markers are not available to provide an
unequivocal slip estimate, but slip may be in the 1-2 km range.

The Coyote Creek fault probably has some SW-side-down
slip near Coyote Mountain because restoring the right separation
on the offset marker succession to its pre-fault position does not
restore all of the relief across the fault zone at Coyote Mountain
(Sharp, 1967; Dorsey, 2002). Examination of precisely relocated
earthquake hypocenters (Lin et al., 2007) shows that the Coyote
Creek fault, like almost all of the strands of the San Jacinto fault
zone, dips steeply NE (Sanders, 1989; Belgarde, 2007; Janecke
and Belgarde, 2008). Hundreds of meters of SW-facing relief
remain after restoration of fault offset, and crystalline rocks on
the NE side of the fault restore opposite basin fill on the south-
west. It is unclear how much of this relief is due to SW-down
slip across the Coyote Creek fault and how much is the result of
vertical components of slip on the East and West Coyote Creek
faults nearby. Based on the minimum throw of a pediment sur-
face west of the West Coyote Mountain fault and northeast of the
main trace(s) of the Coyote Creek fault, we estimate the verti-
cal component of slip to be as much as 365 m. This is the relief
between the pediment surface NE of the Coyote Creek fault and
the alluviated surface of Upper Borrego Valley SW of the fault.
Approximately 350 m of vertical slip reduces the right slip by
35-420 m, and supports the interpretation that the vertical com-
ponent of displacement across the Coyote Creek fault is much
smaller than the ~3.5 = 1.3 km horizontal component. The pres-
ence of the early to middle Ocotillo Formation units on both
sides of the fault, 2—-6 km to the SE, along the Borrego Badlands
segment of the fault, further supports our estimated magnitude
of vertical slip because significant (>200 m, using data in Lutz,
2005) vertical slip would expose older units on the uplifted side
of the fault (Sharp, 1967; Sharp, 1972a, 1972b; Sharp and Clark,
1972; this study; Figs. 2B and 3).

Sharp (1967) mapped a distinctive steeply dipping sill on
opposite sides of the Coyote Creek fault near Monkey Hills
(<10 km NW of our displacement site) that has 2.3 km of right
separation (see upper left corner of Fig. 5). This low value rep-
resents displacement across both the main Coyote Creek fault
and the inferred northward continuation of the Veggie Line—
Henderson Canyon faults, and indicates that displacement across
the Coyote Creek fault decreases along strike to the NW.

Displacement near Borrego Mountain

Mapping near Borrego Mountain (Figs. 2B and 8; BMS) sug-
gests that the two main fault traces of the Coyote Creek in that
area fault have less right separation than they do along the Coyote
Ridge segment at Coyote Mountain (Steely, 2006). The Coyote
Creek fault in the Borrego Badlands and Borrego Mountain seg-
ments is probably ~0.3-0.5 m.y. younger than it is in the Coyote
Ridge segment (Lutz et al., 2006; see below). In this area two inde-
pendent methods constrain the right slip across the Coyote Creek
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fault to at most a few kilometers. A distinctive, broadly folded,
yellow-weathering sandstone bed in the Pliocene Palm Spring
Group lies just below the contact between the Olla and Diablo for-
mations and is displaced ~2.3 = 0.7 km across both major strands
of the Coyote Creek fault (Fig. 8). Key features of the sandstone
include its unusually large thickness, well-cemented character,
distinctive 1-2 cm poorly lithified concretions, position in the
stratigraphy, and weathering color. The range of possible separa-
tions varies with the strike of bedding used to project the marker
bed across ~3 km of alluvium (Fig. 8). Detailed mapping shows
only one marker bed to be present in the Pliocene stratigraphy on
the southwest side of the fault and reconnaissance mapping on
the NE side revealed one correlative bed. Faulting complicates the
geology on the NE side of the fault and removed most of the units
stratigraphically below the marker bed.

The topography and geology in the Borrego Mountain area
and the NE-side down component of slip documented during the
1968 Borrego Mountain earthquake near the offset marker bed
(Clark, 1972) suggest that some of the right separation of the north-
dipping marker is due to a NE-down vertical component of slip.
Therefore, the right slip must be somewhat less than the ~2.3 +
0.7 km of right separation of the planar marker bed.

Gravity data provide some additional constraints on the dis-
placement across the Coyote Creek fault because the Borrego
Mountain segment of the Coyote Creek fault displaces the early
Pleistocene San Felipe anticline (Kirby et al., 2007). Basement in
the core of the San Felipe anticline produces a strong gravity high
with an overall E-W trend (Fig. 7). Maximum horizontal gravity
gradients along the northern and southern limbs of the anticline
suggest ~2.3 and 2.8 km of right-lateral separation, if they reflect
a steep, moderately to steeply dipping basement contact on the
dipping limbs of the San Felipe anticline. Bedding dips in this
area rarely exceed 40° (Fig. 8), however, and Janecke interprets
the steep gravity gradients as locations of younger steep faults
that displace a gently dipping basement-cover contact. Interpreta-
tions of the gravity data are further complicated by the presence
of at least three generations of faults and folds in this area and
the possibility of buried faults, The oldest complicating structure
is a NW-trending Pliocene anticline with >400 m of structural
relief near Borrego Mountain that formed SW of the future Coy-
ote Creek fault (Steely, 2006). The west end of the younger early
Pleistocene San Felipe anticline refolded the older Pliocene Bor-
rego Mountain anticline at Borrego Mountain producing a highly
faulted elongate dome. Faults adjacent to the Coyote Creek fault
and the northeastward continuation (?) of the late Miocene to
Pliocene Vallecito Frontal fault (Fig. 3) also may also have pro-
duced gradients in the gravity and magnetic field near Borrego
Mountain (Fig. 7).

The early Pleistocene crest of the San Felipe anticline is
likely the most robust offset marker of strain across the Coyote
Creek fault zone because the hinge is a line that constrains true
offset across the fault. The planar north- and south-dipping limbs
of the anticline provide separations that are less robust estimates
of slip because there is ambiguity regarding vertical displace-

ments whenever planar features are offset. Gravity gradients,
however, locate moderately to steeply dipping density contrasts
(Grauch and Cordell, 1987), and gravity data are not as effective
at defining the locations of a relatively flat and horizontal density
contact at the hingeline of the anticline.

Gravity data clearly rule out a large lateral displacement
(>3.5-5 km) but are ambiguous about the magnitude of right slip
near Borrego Mountain (Fig. 8). The E-W-trending peak of the
gravity high, which we interpret as the crest of the Pleistocene San
Felipe anticline, shows little right or left separation. An estimate
of separation based on gravity in this area awaits additional grav-
ity measurements on the southwest side of the Coyote Creek fault.

Magnetic anomalies are not useful for identifying displace-
ments because the NE side of the Coyote Creek fault has rela-
tively magnetic rocks that are absent on the SW side (Fig. 7).
The absence of its offset equivalent suggests that the Borrego
Mountain segment of the Coyote Creek fault localized along the
NE margin of a less magnetic La Posta—type pluton and its more
magnetic country rock. Closely spaced pegmatite-aplite dikes in
the tonalite at Borrego Mountain occur in the border phase of the
La Posta—type pluton in the San Isidro Mountains, farther west
(Holk et al., 2006). The absence of an offset magnetic anomaly on
the southwest side of the fault may also be related to a much older
(pre—Peninsular Ranges batholith) history of the San Jacinto fault
as suggested by geophysical and isotopic data to the northwest
(Langenheim et al., 2004).

The overlap between the geologic data (2.3 = 0.7 km of
right slip) and the geophysical analysis (~2.3-2.8 km) shows that
the large displacements of the Clark fault zone are not present
along the Coyote Creek fault. We use the geologic estimate (2.3 +
0.7 km) as our preferred estimate to calculate slip rates in Table 2
because the geophysical estimates are too uncertain.

Geologic mapping suggests that the small slip deficit at Bor-
rego Mountain (1-2 km) relative to the Coyote Ridge segment
cannot be due to undetected dextral strike-slip faults near the
main strand of the Coyote Creek fault near Borrego Mountain
(Figs. 3 and 8) (Steely, 2006; Steely et al., 2009). We considered
the possibility that additional slip may be localized on two newly
identified but poorly exposed dextral faults located ~4 km NE
and 5-7 km SW of the main strand of the Coyote Creek fault in
the Borrego Mountain area (Fig. 3, the Squaw Peak and Veggie
Line faults), but this is unlikely because these two faults have
branch points NW and SE of the displaced yellow-weathering
marker bed, respectively (Figs. 3 and 8). The offset marker lies in
an area where neither adjacent fault can add strain to the Coyote
Creek fault zone.

The Squaw Peak fault (SPF, Fig. 3) branches east from the
main strand of the Coyote Creek fault ~1.5 km southeast of a
major restraining bend in the Coyote Creek fault. It curves to
the southeast for ~15 km and reconnects to the main trace of
the Coyote Creek fault in the SE Ocotillo Badlands. Much of
the fault is covered, but its existence is documented by faulted
pediment-related deposits along its NW end, microseismicity
downdip of its surface trace (Belgarde, 2007), and uplift of late
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Cenozoic sedimentary rocks on its W side. A gravity gradient and
the western 8 km of the northern edge of a magnetic body coin-
cide with the NW part of the Squaw Peak fault (Fig. 7).

The main shock of the 1968 Borrego Mountain earthquake
nucleated 3 km northeast of the Borrego Mountain segment of
the Coyote Creek fault within the Squaw Peak fault zone (Fig. 3;
Allen and Nordquist, 1972; Sharp and Clark, 1972). Aftershocks
of this earthquake and microseismicity that continues today form
a steeply NE-dipping plane beneath the trace of the Squaw Peak
fault at 8—12 km depth (Hamilton, 1972; Shearer et al., 2005;
Janecke and Belgarde, 2008). This correlation confirms that the
Squaw Peak fault exists in this area, is active, and penetrates to
the base of the seismogenic crust at 12 km. Overall, the Squaw
Peak fault is an oblique-dextral fault with a SW- and W-up com-
ponent of slip that exhumed hills and faulted and folded basin
fill and basement between the main trace of the Coyote Creek
fault and the Squaw Peak fault. Several E-W—striking strike-slip
faults connect the Coyote Creek fault and the Squaw Peak fault
and form a fault array of E-striking strike-slip faults connect-
ing between master NNW-striking dextral faults (Sharp, 1972b;
Kirby, 2005; Steely, 2006; Steely et al., 2009).

The second newly identified fault within the Coyote Creek
fault system is the Veggie Line fault that lies southwest of the
main strands of the Coyote Creek fault and west of Borrego
Mountain (Figs. 3 and 8; Steely et al., 2009). The name of the
Veggie Line fault is based on NW-trending vegetation lineaments
in the Borrego Sink area that appear to coincide with its trace(s).
It strikes ~320°.

This NW-striking strike-slip fault is mostly covered by
unfaulted alluvium, but it is well expressed geomorphologically
and in the gravity and magnetic fields (Steely, 2006). A gravity
gradient along the Veggie Line fault is consistent with a SW-
down component of slip across it, and the magnetic field shows a
slight 2-3 nanoTesla magnetic high along its trace (Steely, 2006).

The Veggie Line fault bounds the SW margin of a dozen
active northeast-trending folds and small thrust faults in the Bor-
rego Sink fold belt (Figs. 2 and 3; Dibblee, 1984; Ryter, 2002;
Steely et al., 2009; this study). This fold belt is ~2.5-3 km wide
along the structural grain and ~5 km long across strike. Deforma-
tion affects the Diablo Formation and overlying middle Pleisto-
cene to Holocene surficial deposits, and some of the oblique-thrust
faults preserve scarps. Elongate ridges with relief of up to 20-30
m coincide with the active fault-cored folds (Dibblee, 1984; Ryter,
2002). The NE-striking faults in the fold belt define the rungs of
a ladder-like fault mesh between the master Coyote Creek fault in
the NE and the master Veggie Line fault in the SW (Figs. 3 and 8).

Small earthquakes occur in the Borrego Sinks area (Shearer
et al., 2005) and Quaternary fault scarps are present along thrust
and strike-slip faults in the Borrego Sink fold belt (Ryter, 2002;
this study). From this we infer that the Veggie Line fault currently
transfers slip across the Borrego Sink fold belt to the adjacent
traces of the Coyote Creek fault zone, as also inferred by Ryter
(2002). It may also have been active in early to middle Pleisto-
cene time (see below).

The Veggie Line fault has a trace at least 5 + 1 km long SW
of the Borrego Sink fold belt. Its NW continuation is uncertain
NW of the Borrego Sink fold belt, but it probably continues NW
along the same strike directly to the Henderson Canyon fault (Fig.
3). Engel and Schultejann (1984) mapped the Henderson Canyon
dextral fault in reconnaissance, and we observe a minimum of
1-2 km of mismatch of rock types across its SE end (Janecke and
Dorsey, unpublished mapping). Some of the strain of the Veggie
Line fault probably transfers westward to the Hell Hole Canyon
fault zone, and ultimately SW to the San Felipe fault zone. This
transfer occurs across the large Tubb Canyon syncline and the
small active out-of-syncline blind thrusts on the south flank of the
syncline (Fig. 3; Steely, 2006).

The southeast tip of the Veggie Line fault (a master fault)
coincides roughly with (1) the western end of the early to middle
Pleistocene San Felipe anticline; (2) the southwest end of the
SE-most fold of the Borrego Sink fold belt (connector faults);
and (3) the NE end of a buried normal fault of a horsetail fan of
faults (connector faults) emanating from the NW end of the Sun-
set dextral-oblique fault (a master fault) (Figs. 2B and 3) (Lutz et
al., 2006; Steely, 2006; Kirby et al., 2007). These multiple link-
ages could reflect temporal changes in the connections between
faults and/or the partitioning of slip southeastward from the Veg-
gie Line fault onto more than one adjacent structure.

Including the Veggie Line and Squaw Peak faults widens
the Coyote Creek fault zone from O to 2 km to ~8 km perpen-
dicular to the local strike near Borrego Mountain (Figs. 2 and
3). Farther to the SE, beyond the Ocotillo Badlands, the Coyote
Creek fault may return to the single-stranded geometry for ~20
km (Fig. 2) and then broadens again to encompass the Supersti-
tion Mountains and Superstition Hills faults. Mapping between
the Ocotillo Badlands and Superstition Mountains, however, has
documented a second fault ~4 km farther NE with an unknown
displacement history (T.K. Rockwell and students, unpublished
mapping, 2007). There are many significant structural changes
along the strike of the Coyote Creek fault system, and many seg-
ments that have been mapped as narrow, single-stranded faults
are composed of multiple active strands spaced up to 8 km apart
(Kirby, 2005; Steely, 2006; Belgarde, 2007; this study).

San Felipe Fault Zone

Structural Geometry

The San Jacinto and Elsinore fault zones are commonly inter-
preted as the main dextral faults of the Peninsular Ranges, but the
intervening San Felipe fault is another long and continuous fault
(Dibblee, 1954, 1984; Todd, 1977, 2004; Lowman, 1980; Magis-
trale and Rockwell, 1996; Steely, 2006; Steely et al., 2009). More
than 160 km long, the San Felipe fault has a sigmoidal map trace
and projects toward the Elsinore fault in the northwest and the
San Jacinto fault zone in the southeast (Fig. 1). In the NW this
fault has also been called the Agua Caliente and Murrieta Hot
Springs fault zones (Rogers, 1965). Most of the fault strikes more
westerly than the San Andreas, San Jacinto, and Elsinore faults
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(Fig. 2). Structural segment boundaries along the fault coincide
with major bends, steps, and branch points and include a major
9-km-wide double left step and fault bend at Yaqui and Pinyon
ridges (Fig. 9). The San Felipe fault steps left to the short Sunset
fault and then steps to the ~30 km long Fish Creek Mountains
fault (Figs. 2B and 9; Steely et al., 2009).

The Fish Creek Mountains fault bounds the northeast edge
of the Vallecito and Fish Creek mountains (Figs. 2 and 3). These
two mountain blocks separate the San Felipe—Borrego subba-
sin in the north (SFBB, Fig. 2A) from the Fish Creek—Vallecito
subbasin in the south (FCVB, Fig. 2A) within the much larger
Salton basin (Fig. 11). Little of the Fish Creek Mountains fault is
exposed, but it must have a significant northeast-side-down slip
component northeast of the Fish Creek Mountains in addition to
an inferred dextral sense of displacement because it separates
a sedimentary basin ~3 km deep estimated from gravity data
(Biehler and Rothstein, 1979; Langenheim and Jachens, 1993)
beneath Lower Borrego Valley from uplifted fault blocks with up
to 1.9 km of topographic relief (Fig. 3). The magnitude of right
slip across the Fish Creek Mountains fault is not known.

The San Felipe fault zone south of Pinyon and Yaqui ridges
branches, steps, and connects to several adjacent structures.
Overall the fault zone steps left ~9 km and consists of numer-
ous short, en echelon strands that splay from a central, more
easterly-striking fault zone (Figs. 2 and 3). This complex geom-
etry makes it difficult to identify the central main strands of
complex faults where continuous scarps are lacking. Most of the
strain in the San Felipe fault zone transfers northeastward across
the double contractional stepover to the Sunset fault and the Fish
Creek Mountains fault (Fig. 2; Steely, 2006). Slip through this
oblique left step resulted in uplift and deformation of syntec-
tonic deposits shed from the fault zone during the first half of its
development (Steely, 2006; Steely et al., 2009). Some strain also
transfers south via cross faults toward subsidiary faults SE of the
Earthquake Valley fault zone in an extensional stepover zone that
connects to a still-active segment of the West Salton detachment
fault on the northeast flank of Whale Peak (Fig. 2; Magistrale and
Rockwell, 1996; Steely, 2006; Steely et al., 2009; Kairouz, 2005;
Axen et al., 2006). Cross faults also connect the San Felipe fault
zone northward to the Veggie Line-Henderson Canyon fault and
San Felipe anticline.

Reconnaissance studies suggest that the San Felipe fault
zone has been less active than the San Jacinto and Elsinore fault
zones in the late Pleistocene and Holocene (Magistrale and
Rockwell, 1996; Steely, 2006; Steely et al., 2009). It produces
little microseismicity and has no documented Holocene rup-
tures (Shearer et al., 2005; U.S. Geological Survey Quaternary
Fault and Fold Database, accessed 2008). Newly identified fault
scarps are present along the Fish Creek Mountains and Sunset
faults (Steely et al., 2009; this study), but the age of last slip is
uncertain there. In contrast, two structural segments and several
subsidiary faults of the San Felipe fault south of Yaqui Ridge
and Pinyon Mountain ruptured in latest Pleistocene time and
produced fault scarps ~5 m high (T. Rockwell, 2006, oral com-

mun.; Steely, 2006). About 7 km of fault scarps are distributed
across five strands of the San Felipe fault zone, including a fault
scarp on an east-dipping fault on a connector fault along the west
edge of Mescal Bajada (Steely, 2006; Steely et al., 2009; Axen,
unpublished mapping, 2006).

The San Felipe fault zone has dominantly dextral offset with
some vertical displacement in contractional and extensional seg-
ments. Slickenlines on the main fault trace near the boundary
between the Pinyon Ridge and Mescal Bajada segments (Fig. 9)
are subhorizontal and show that this vertical strand of the fault is
dominantly a dextral fault (Steely et al., 2009). South-down fault
scarps several meters high along the Pinyon Ridge segment of the
fault and northeast-down scarps on north and northwest-striking
fault splays south of the Mescal Bajada segment reflect some ver-
tical displacements (Steely et al., 2009). Some of the right sepa-
ration of the east-dipping markers is probably related to north-up
reverse slip and folding north of the Pinyon Ridge and Mescal
Bajada segments. Eastward the vertical component of displace-
ment drops to zero in the Mescal Bajada segment, where cross
sections disallow significant (<~0.3 km) vertical displacement
across the Mescal Bajada segment farther east (Steely, 2006).
Vertical separations are >600 m and NNE-side down across the
Sunset fault (Steely et al., 2009).

Displacement

We estimate that the San Felipe fault zone at Pinyon and
Yaqui ridges has between 4 and 12.4 km of right slip based on
three separate measurements (Fig. 9). Because our three esti-
mates measure slip in the same place—the Mescal, Bajada, and
Pinyon Ridge fault segments—they should produce a similar
result. The first estimate is based on correlation of the older
folded West Salton detachment fault across the San Felipe fault
zone. This fault is low angle and deformed by younger strike-
slip faults. As a result there is large uncertainty in the estimate
of right separation, which ranges from 6.5 to 12.4 km (Figs. 3
and 9; Steely 2006; G. Axen, unpublished data, 2006). South of
the fault we project an overturned part of the detachment fault
(Axen, unpublished mapping, 2006) across ~2-2.5 km of allu-
vium to the San Felipe fault trace. On the N side of the San
Felipe fault zone the low-angle detachment is eroded at its cut-
off point, but diagnostic altered and brecciated rocks in the dam-
age zone closely constrain its original location (Fig. 9). Verti-
cal displacements of a gently dipping surface can produce large
right separations, but subhorizontal slickenlines from nearby
exposures of the San Felipe fault, and negligible vertical motion
across the Mescal Bajada segment of the San Felipe fault, sug-
gest that the right separation is probably close to the right slip
(Steely et al., 2009).

A second estimate of >4 km to 6.5 km right slip is based
on the separation of the western base of the Eastern Peninsu-
lar mylonite zone across the fault (Fig. 9). This estimate has a
few kilometers of uncertainty because the gradational base of
the eastern Peninsular Ranges mylonite zone spans a consider-
able thickness of rock (>500 m; Sharp, 1979; this study). The
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Figure 10. Conceptual model of strike-slip fault-bend folds showing how the length of the fold parallel to its hingeline is equivalent to the
displacement past a bend in the adjacent fault. (A) illustrates the progressive evolution of folds adjacent to a smaller bend (left) and larger
bend (right). Stage 1 to stage 3 showing how folds form parallel to strike-slip faults and shortening is proportional to the width of the steps
in the fault zone (CD). Stage 1: Initiation of folds north of fault bends. Vertical faults are assumed in all models. Creation point of the fold
is at the bend, and the youngest part of the fold is always located here. Stage 2: Folds grow as deforming north side of fault moves past the
bend. Oldest part of the fold is translated lateral along the fault zone. Stage 3: Faults break to surface in en echelon pattern. Notice that the
lengths of the folds parallel to their axis are identical, but the amount of shortening perpendicular to the strike-slip fault varies. Less shortening
occurs adjacent to smaller perturbations. (B) and (C) define parameters along a right- and left-lateral fault-bend fold. (B) Right-lateral fault
with a weaker NE side than SW side. Fold is shortened by distance CD. AD—shortening required to clear the left step; displacement past
bend in fault—AA”; length of fault-bend fold—AA”; particle path—A to A” to A” to A””; CD—magnitude of the left step across both bends;

CD—shortening required to clear the left step; displacement past bend in fault—AA”. (C) Left-lateral fault with NW side that is weaker than
SE side.

»
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Figure 11. Paleogeographic map of the Ocotillo and Brawley formations during early slip across the San Felipe and San Jacinto fault zones (ca.
1 Ma). Slip has been accumulating on the new dextral faults for a few hundred thousand years and produced a closed local basin in the central
Borrego Badlands, between adjacent fault-related uplifts. The outline of this basin coincides with the maximum extent of the mudstone lithofa-
cies of the Ocotillo Formation from Lutz et al. (2006). The mudstone lithofacies records suspension settling of clay and silt in a low-energy,
marshy palustrine or lacustrine environment punctuated by input of fine sand from fluvial, or possibly fluvial-deltaic distributary channels during
river floods (Lutz, 2005). A bajada formed NE of the newly uplifted Fish Creek and Vallecito Mountains, and was formed from uplifted sediment
and basement SW of the fault. Note that the triangular distribution of the finest deposits in the Borrego Badlands area (after Lutz et al., 2006) is
predicted by this fault geometry. The Coyote Creek fault zone SE of Coyote Mountain (CM) did not form until after an additional reorganization
ca. 0.6-0.5 Ma. Twelve kilometers were restored across Clark fault, and 2 km were restored across the Coyote Creek fault. Notice that these
facies relationships, patterns of uplift and subsidence, paleocurrent directions, and locations of basin margins are well explained by an early
Pleistocene inception of the faults and are difficult to explain with the alterative late Pliocene inception. For simplicity, there was no restoration
of rocks SW of the San Felipe fault zone. Latitude and longitude marks apply to present locations of rocks on NE of Clark fault and SW of the
Coyote Creek fault. BB—Borrego Badlands; BM—Borrego Mountain; CM—Coyote Mountain; CF—Clark fault; HVLF—Henderson—Veggie
Line fault; OB—Ocotillo Badlands; OWW—Oil Well Wash; SP—Squaw Peak. Paleocurrents and facies from Lutz et al. (2006) (measured at
black circles), Kirby et al. (2007), and Steely et al. (2009).
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mylonite zone is diffuse and variable in character, and has inter-
leaved deformed and undeformed rocks, particularly where
metasedimentary rocks are present.

A third estimate of right slip (6.4-9.5 km) interprets the
fault-parallel Yaqui Ridge antiform as resulting from shortening
north of a bend in the San Felipe fault at the boundary between
the E-striking Mescal Bajada and WNW-striking Pinyon Ridge
fault segments (Fig. 9). We infer that folding north of the Mescal
Bajada segment results from the bend and contraction in the fault
zone. If the Yaqui Ridge antiform is a fault-bend antiform, as we
interpret, its length is directly related to the amount of right slip
across the fault (Fig. 10; also discussed below).

The lengths of other fault-parallel anticlines that form by
fault-bend folding in strike-slip fault zones can be directly related
to the slip across the fault since creation of the fault bend (Fig. 10;
Meisling and Weldon, 1989; Weldon et al., 1993; Kenney 1999;
Kenney and Weldon, 1999; Morton, 1999; Kendrick et al., 2002).
This process produces flower structures and folds and faults that
could be misinterpreted as “strain partitioned” above geometric
complexities in the fault zone. It also produces a direct record of
the displacement across the fault zone (Fig. 10).

If our structural analysis is correct, the length of the Yaqui
Ridge anticline is equivalent to the right slip across the San
Felipe fault zone. The length of the anticline ranges from 6.4
to 9.5 km depending on whether the damage zone structurally
above the West Salton detachment fault is folded in exposures
southeast of the detachment fault (Fig. 9). Although large-scale
folding of the damage zone is certainly possible, superposed
damage adjacent of the nearby Sunset fault could produce a
“folded-looking” damage zone where none exists. This third
slip estimate is high and overlaps within errors with the other
two slip estimates (Fig. 12). This suggests that our geometrical
model and right-slip estimates are robust despite the fairly large
uncertainty envelope. About 6.5 km of right slip agree with all
three slip estimates (Fig. 12). Right slip may range from 4 to
12.4 km. Mapping farther to the west could refine these esti-
mates and test our hypothesis.

San Felipe fault near Yaqui Ridge

Preferred slip estimate

Yaqui Ridge antiform as fault-bend fold

Offset gradational base of mylonite zone

I—.— Offset West Salton detachment fault

5 10 15 20 25 km
C N TN S

Figure 12. Graphical comparison of three independent estimates of
right slip across the Mescal Bajada and Pinyon Ridge segments of
the San Felipe fault zone. Refer to Figure 9 for locations of features.
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Folds within the Dextral Fault Zones

Folds in the western Salton Trough vary in scale, spacing,
dominant trend, relationship to faults, and degree of shortening.
Some of the folds are measures of dextral strain and were used
earlier to estimate displacement across the Clark and San Felipe
faults. Most folds either trend nearly E-W or parallel the NW-
striking dextral faults. Folds with other orientations are less com-
mon and localized in specific areas parallel to N-striking normal
and NE-striking left-lateral faults. Large map-scale folds tend to
be singular named structures, whereas more closely spaced folds
form trains of subparallel folds and occur in domains that are a
few kilometers in dimension (Heitman, 2002; Lilly, 2003; Kirby,
2005; Steely, 2006; Belgarde, 2007).

The San Felipe anticline (SFA, Fig. 3) is the largest and
most significant of a half dozen basin-scale folds (Dibblee, 1954,
1984; Heitman, 2002; Lilly, 2003). It trends E-W and was most
active from ca. 1.1 to ca. 0.6 Ma (Lutz et al., 2006; Kirby et al.,
2007). It lies within the San Jacinto fault zone between the SE
tip zone of the Clark fault and the Extra fault in the east and the
southeast tip of the Veggie Line fault in the west. The west half
of the anticline extends west across the Coyote Creek fault, and
has been displaced right laterally by it (Figs. 3 and 7). The San
Felipe anticline produced discrete small subbasins and depocen-
ters within the larger San Felipe-Borrego subbasin when it was
active and deflected rivers to parallel its axis (Fig. 11, Lutz et al.,
2006; Kirby et al., 2007).

Other E-trending map-scale folds include the Grave’s Wash
anticline, the Carrizo Wash syncline, and a large faulted unnamed
anticline east of Whale Peak that has a smaller syncline on part
of its crest (Figs. 2 and 3) (Dibblee, 1996; Kairouz, 2005). NW-
trending fault-parallel folds include the Split Mountain anticline,
the Borrego syncline, the Yaqui Ridge antiform, the Church
Ridge antiform, and Salton City anticline (Dibblee, 1954, 1984,
1996; Kirby, 2005; Steely, 2006; Shirvell, 2006; Belgarde, 2007).
The basin-scale folds contrast with hundreds of smaller closely
spaced folds within the sedimentary basins that both parallel the
larger dextral faults and trend oblique to them. The latter geom-
etry is somewhat more common. Flexural slip and detachment
folding produced this group of folds (Wells, 1987; Feragen,
1986; Wells and Feragen, 1987; Heitman, 2002; Lilly, 2003;
Kirby, 2005; Belgarde, 2007).

How Robust Are the New Slip Estimates?

The consistent 21.9-23.4 km estimates of right separation
across the Clark fault documented at five locations by Sharp
(1967) provide a useful constraint on the new separation estimates
reported here (Table 2). The Clark fault branches northwest of the
Salton Trough, and some of its displacement transfers southeast-
ward onto the Coyote Creek fault (Sharp, 1967, 1972a, 1972b,
1979; Sharp and Clark, 1972). The sum of displacement across
the Coyote Creek fault and Clark fault at cross-strike positions
should therefore sum to ~22-25.6 km, if slip is as consistent as



High Geologic Slip Rates of the San Jacinto and San Felipe Fault Zones 27

Sharp’s analysis suggest. The 16.8 +3.7/—6.0 km separation across
the Clark fault (Forand, 2010) and 3.5 =+ 1.3 km across the Coyote
Creek fault have almost the ideal spatial location for this test, and
they sum to 21.3 +5.0/=7.3 km. Because this value is very similar
to the separations calculated by Sharp (1967) a little farther to the
northwest along the Clark fault, we have additional confidence in
the accuracy of these slip estimates. Addition of the poorly quanti-
fied small slip across the Mid Ridge fault would likely raise the
total slip to 21.8-23.8 km near Coyote Mountain (Fig. 5).

The displacement data of Sharp (1967) and this study thus
demonstrate that the Clark fault and the Clark—Coyote Creek fault
pair have fairly consistent amounts of separation along their cen-
tral 50 km. These results conflict with Blisniuk et al. (2010), who
reported that there is a “decrease in total bedrock displacement
(Sharp, 1967) from Anza (22-24 km)” that parallels decreasing
latest Quaternary slip rates southeastward.

BASIN ANALYSIS AND FAULT ACTIVITY
Structural Setting of the Study Sites

Integrated basin analysis, magnetostratigraphy, and struc-
tural studies provide ages of initiation for six segments or faults
of the San Felipe and San Jacinto fault zones (Table 4). Our four
study areas all lie within the San Jacinto or San Felipe fault zone
but differ in their structural position relative to the West Salton
detachment fault and in their proximity to the master dextral fault
zones. The Ash Wash section (Fig. 13) is located in the footwall
of the now-inactive West Salton detachment fault and is deformed
by dextral and sinistral strands of the Coyote Creek fault zone.
The oldest basin fill in this area provides a minimum age of the
Coyote Creek fault because, prior to dextral faulting, the foot-
wall of the detachment fault was being exhumed, uplifted, and
eroded, and therefore there should be no syndetachment basin
fill. We also consider the implications of a possible lag time
between initiation of the Coyote Creek fault and onset of related
sedimentation in the new fault zone. Exposures of Pleistocene
sedimentary rocks at the three other field sites are situated in the
hanging wall of the West Salton detachment fault, and therefore
preserve both late Miocene to Pleistocene syndetachment strata
and Pleistocene to Holocene postdetachment strata (Figs. 3 and
4; Dibblee, 1954, 1984; Winker and Kidwell, 1996; Dorsey et al.,
2006a, 2006b, 2007; Lutz et al., 2006; Kirby et al., 2007; Steely,
2006; Steely et al., 2009). In each of these areas, we examined the
stratigraphic, sedimentologic, and structural record for evidence
of when the West Salton detachment fault became inactive and
the San Jacinto and San Felipe faults started to deform the Salton
Trough and Peninsular Ranges.

The three basinal sites are located in the Sunset Wash area,
the Borrego Badlands, and the San Felipe Hills (Fig. 3). The
deposits at Sunset Wash are exhumed within a double-left step-
over along the San Felipe fault zone (Figs. 2 and 3). The Borrego
Badlands (BB, Fig. 3) lie between the Santa Rosa segment of the
Clark fault in the northeast and the Borrego Badlands segment of

the Coyote Creek fault in the southwest. The East Coyote Moun-
tain fault is located west and NW of the Borrego Badlands site
(Lutz et al., 2006). The San Felipe Hills are located in a more
distal setting relative to the other sites and preserve the southeast
tip zone of the Clark strand in the Tarantula Wash and Arroyo
Salada structural segments (Kirby, 2005; Belgarde, 2007). The
Tarantula Wash segment is NW of the intersection between the
northeast-striking sinistral-normal Extra fault and the SE tip of
the Clark fault (Figs. 2 and 3).

Stratigraphy of Pleistocene and Holocene Deposits

Tens to hundreds of meters of early to middle Pleistocene
sediment are exposed in both the Salton Trough and adjacent to
the San Jacinto, San Felipe, and Elsinore faults where they cross
the Peninsular Ranges (Fig. 3) (Dibblee, 1954, 1984; Rogers,
1965; Sharp, 1967; Dorsey and Roering, 2006). Some of these
deposits preserve a record of initial slip on the dextral faults of
this region and overlie up to 1-1.5 km of syndetachment lacus-
trine mudstone and siltstone of the Borrego Formation in the
San Felipe-Borrego subbasin (Fig. 4; Dorsey, 2002; Lutz et al.,
2006; Kirby et al., 2007). Pleistocene coarse alluvial conglomer-
ate and sandstone in the western parts of the Salton Trough are
assigned to the Ocotillo Formation, whereas age-equivalent sand-
stone, siltstone, and mudstone in the central to eastern parts of
the basin are assigned to the Brawley Formation (Dibblee, 1954,
1984, 1996; Lutz et al., 2006; Kirby et al., 2007). In the Peninsu-
lar Ranges, the equivalent sedimentary unit is called the Bautista
beds (Frick, 1921; Sharp, 1967).

Prior to our study, the Pleistocene age of the Ocotillo and
Brawley formations was known from vertebrate biostratigraphy,
chemical correlation of ashes near the top of the Ocotillo Forma-
tion with the 0.76 Ma Bishop and ca. 0.74 Ma Thermal Canyon
ashes, and reconnaissance magnetostratigraphy (Brown et al.,
1991; Remeika and Beske-Diehl, 1996; Jefferson and Remeika,
1995). Our more detailed magnetostratigraphy in the Borrego
Badlands and San Felipe Hills refined these ages and showed
that the Ocotillo and Brawley formations were deposited rapidly
starting at the beginning of the Jaramillo subchron, ca. 1.1 Ma,
and that deposition continued until ca. 0.6-0.5 Ma (Lutz et al.,
2006; Kirby et al., 2007). Deposition ended during the Brunhes
magnetochron, sometime after 0.76 Ma. Magnetostratigraphic
studies in three widely separated areas record nearly instan-
taneous arrival of coarse sand and gravel of the Ocotillo and
Brawley formations across the San Felipe-Borrego subbasin at
ca. 1.1 Ma. Continuing studies confirm this age assignment in
a fourth location (Remeika et al., 2008). Basin-wide subsidence
and sediment accumulation SW of the Salton Sea ended ca. 0.5—
0.6 Ma and was followed by transpressional deformation, uplift,
and exhumation that is clearly related to the active dextral fault-
ing along the San Jacinto and San Felipe fault zones.

Middle Pleistocene to Holocene pediment and terrace
gravels and pebbly sand overlie folded and faulted early to
middle Pleistocene sedimentary rocks and older rocks along
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an angular unconformity in most depocenters SW of the Salton
Sea. The pediment-related deposits are lithologically and mor-
phologically identical to strath terraces along the active streams
but are located higher in the landscape and cannot be related
to any modern stream. These thin pediment-related depos-
its and their upper surfaces are broadly warped and faulted
in some areas but are much less folded and faulted than the
underlying strata (Reitz, 1977; Dibblee, 1996; Heitman, 2002;
Kirby, 2005). Dips are so low that it is difficult to discriminate
between original depositional dips and younger tilting of the
pediment-related deposits.

Optically stimulated luminescence (OSL) dating of five peb-
bly sandstone samples from widely separated parts of the highest
(oldest) widespread pediment-related deposits of the San Felipe—
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Borrego subbasin in the SE Santa Rosa Mountains are ca. 18-62
ka (late Pleistocene) (Table 3). These pediment-related deposits
are 5-30 m above the modern drainages (Belgarde, 2007; Jan-
ecke et al., 2010). We sampled the stratigraphically lowest part
of the pediment-related deposits that was not contaminated by
the underlying Pliocene basin-fill deposits. Beryllium surface
exposure dating of a small remnant of a faulted pediment surface
nearby produced an age of ca. 35 ka (Le et al., 2008) that is con-
sistent with the OSL ages from sample 1. There is no physical
continuity between the pediment-related deposits dated by OSL
and the surface dated using Be exposure dating, so it is difficult to
make a more detailed comparison between the results of the two
methods. There are small erosional remnants of higher pediment-
related deposits as much as ~100 m above the active drainages.

High Surface w/ Thick Old Soil

Structural
interpretation

Flow parallel to
the Coyote Creek
fault

Flow parallel to
the Coyote Creek
fault

Flow across the

fault Figure 13. Relationships in Pleistocene
sandstone and conglomerate along the
Coyote Creek fault zone at Ash Wash.
These indicate initiation of strike-slip
faulting ca. 0.8-0.9 Ma. New interpre-
tations are italicized. Modified from
Dorsey (2002). Sst—sandstone; cgl—
conglomerate; fs—fine sand; cs—coarse
sand; gr—granule.

Drainage divide
shifts to the NW
and paleocurrents
change from
NWward to SEward

Coyote Creek fault
initiates, stream flows
NW along the fault
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Dating Initiation of the San Jacinto and San Felipe Fault
Zones in the Western Salton Trough

Thickness patterns, the marked increase in grain size of the
sandy to conglomeratic Ocotillo and Brawley formations rela-
tive to the underlying mud-rich Borrego Formation, coarsening
toward dextral-oblique faults at the margins of the San Felipe—
Borrego subbasin, presence of recycled pebbles to cobbles of
older basin-fill deposits, and angular unconformities at the base
of and within these two formations, all clearly show that widely
separated parts of the San Jacinto and San Felipe fault zone initi-
ated in early Pleistocene time and then changed their geometries
in middle to late Pleistocene time. Most of the detailed obser-
vations and data sets that support this interpretation are pub-
lished elsewhere (Lutz et al., 2006; Kirby et al., 2007; Steely,
2006; Steely et al., 2009) and are summarized here in tabular
form (Table 4). Below we highlight additional interpretations and
expand on prior analyses.

These data sets were used to reconstruct the San Felipe—
Borrego subbasin to a time early in the history of the San
Jacinto and San Felipe fault zones (Fig. 11) and show that
deposition was strongly controlled by the new fault sys-
tems. Evidence for structural control on deposition includes
(1) thickness variations in the Pleistocene deposits that record
basin tilting; (2) lateral coarsening toward new basin-bounding
dextral-oblique faults at the margins of the San Felipe-Borrego
subbasin; (3) recycled clasts in the Ocotillo Formation that
were eroded from older basin-fill deposits; and (4) locally
developed angular unconformities at the base of—and progres-
sive unconformities within—the Ocotillo and Brawley forma-
tions (Table 4 and Fig. 11).

The timing of regional deformation in the new fault zone is
recorded by rapid progradation of the conglomeratic and sandy
Ocotillo and Brawley formations over the mud-rich Borrego For-
mation across a large area at 1.1 Ma (Lutz et al., 2006; Kirby et
al., 2007). We considered the possibility that Pleistocene climate
changes produced the sedimentary signal in the basinal deposits,
but rejected that hypothesis because angular unconformities can-
not be produced by changing climates nor would recycled clasts
or lateral thickening toward faults and away from growing fault-
related anticlines result from climate change (Lutz et al., 2006;
Kirby et al., 2007; Steely et al., 2009). Progressive unconformi-
ties do not result from climate change nor will changing climate
deflect rivers to flow parallel to the crests of growing anticlines.
The Ocotillo Formation thickens by several factors toward the
Santa Rosa segment of the Clark fault of the San Jacinto fault
zone (Lutz et al., 2006), thickens toward cross faults within the
San Jacinto fault zone, and has its thickest preserved section
within the San Felipe fault zone (Steely et al., 2009). None of
these structural controls on deposition could result from climate
change. Finally, climate change is not documented in the western
USA in the early Pleistocene, with the major changes occurring
earlier in the Pliocene, between ca. 3.0 and 2.5 Ma (sources in
Lutz et al., 2006).

We include the possibility of a lag time between earliest
fault activity and arrival of the stratigraphic signal in the basin
(gravel progradation) by adding 0.2 m.y. to derive an upper age
limit of 1.3 Ma for initiation of the San Jacinto and San Felipe
faults. Based on modeling studies that indicate a basinal response
time of ~50 k.y. for changes in sediment flux from the uplift-
ing footwall of an active normal fault (e.g., Allen and Densmore,
2000), we infer that 0.2 m.y. substantially overestimates the
time required for gravel to prograde into the basin in response
to new fault-related uplift and erosion. Including a lag time of
0.2 m.y. is consistent with the presence of a thin conglomerate
and sandstone unit 90 m below the base of the Ocotillo Forma-
tion in the Borrego Badlands that contains a few clasts of sand-
stone reworked from Pliocene basinal deposits. If the sedimenta-
tion rate in the basal Ocotillo formation applies to the uppermost
Borrego Formation, the age of this lens is ca. 1.2 Ma. We err on
the conservative side and include a time lag that is twice as long
as indicated by this evidence.

Another alternative hypothesis suggests that significant slip
on the dextral fault zones occurred prior to 1.1-1.3 Ma within
the Borrego Lake basin and produced no sedimentary signal.
We reject this “silent fault” hypothesis for two main reasons:
(1) because the change in facies, grain size, flow directions, dep-
ositional environments, dramatic thickening patterns, and basin
boundaries are so abrupt at the base of the Ocotillo and Brawley
formations, it is highly unlikely that the San Jacinto fault zone
could have been both “depositionally silent” during deposition
of the Borrego Formation and then abruptly became “deposition-
ally exuberant” during deposition of the Ocotillo and Brawley
formations. A gradational pattern of sedimentary change is pre-
dicted by this silent fault hypothesis, yet none is present (Lutz
et al., 2006; Kirby et al., 2007; Steely et al., 2009). The 0.2 m.y.
lag time discussed above already accounts for the possibility of a
silent fault, even though it is not supported by the data.

Finally, our research and abundant prior studies show that
strike-slip faults usually produce a sedimentary record in adja-
cent basins despite their dominantly horizontal translation (e.g.,
Crowell, 1974, 2003; Sylvester and Smith 1976; Christie-Blick
and Biddle, 1985). Janecke made a survey of the modern strike-
slip faults in the Salton Trough (excluding the completely buried
Brawley seismic zone) and found that every strike-slip fault has a
noticeable vertical component along half or more of its trace (Table
5). On average 75% of the fault traces (560 km of the 740 km
in the Salton Trough) produce clear basinal responses. The Cerro
Prieto fault, for example, has uplifted the basin fill on its north-
east side and confines the lower delta of the Colorado River on its
SW side along 160 of its 200 km trace length. The San Andreas
fault is the basin-bounding fault along its 200 km trace length
from Cajon Pass to the Salton Sea and produced major changes
in thickness of coeval deposits in the Mecca Hills (Sylvester and
Smith, 1976; Sheridan and Weldon, 1994). The San Jacinto fault
connects spaced uplifts that lie ~20 km apart and average ~15 km
in length. Half of its trace length bounds uplifts that are detect-
able at the surface, and additional buried uplifts are likely in the
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TABLE 5. TRACE LENGTHS OF ACTIVE DEXTRAL FAULTS IN THE SALTON BASIN
AND THE PORTIONS THAT LACK DETECTABLE VERTICAL COMPONENT OF SLIP

Fault Total No uplift
Clark in basin 50 km 7 km (14%)
San Andreas fault from Cajon 200 km >10 km (>5%)
Pass to the Salton Sea
Cerro Prieto fault 200 km 40 km, only where it is buried by
very young sediment of the
Colorado River delta (<20%)
Imperial fault 62 km 30 km (48%)
Coyote Creek fault zone, two 130 km (Coyote Creek fault and Superstition Mountains 77 km (<59%)
parts strand, following Lin et al. [2007] to the Imperial fault) 19 km (<38%)

50 km (of the Superstition Hills fault following seismic
alignments of Lin et al., 2007) to the Imperial fault

Elsinore fault in basin

Totals

50 km

742 km

0 km (0%)

183 km (25%)

Salton basin. A perfect strike-slip fault with no bends, steps, or
misalignment with the regional stress field lacks a sedimentary
signal (like the one required for the San Jacinto fault zone to
have slipped silently during deposition of the upper Borrego For-
mation), yet few of the dextral faults of southern California are
perfectly straight. Complexities are particularly common along
young emergent faults (like the San Jacinto fault would have
been if it was active before 1.1 Ma), along faults with widespread
block rotation, cross faults, and other interactions. All in all, this
analysis casts serious doubt on the silent fault hypothesis.

CHANGES AFTER INITIATION OF THE SAN
JACINTO AND SAN FELIPE FAULT ZONES

Early San Jacinto Fault Zone

Formation of the San Felipe Anticline within the Early San
Jacinto Fault Zone

The San Felipe anticline is one of the structures of the early
San Jacinto fault zone that dates the inception of the fault zone
to ca. 1.1-1.3 Ma (Kirby et al., 2007). It was abandoned and
cross-cut by the Borrego Badlands and Borrego Mountain seg-
ments of the Coyote Creek fault zone after ca. 0.6 Ma (Lutz,
2005; Lutz et al., 2006; Kirby, 2005; Kirby et al. 2007; Steely,
2006; Steely et al., 2009). The San Jacinto fault zone was much
wider when the San Felipe anticline was uplifting within the
fault zone.

The original geometry and age of the San Felipe anti-
cline are recorded in an angular unconformity and progressive
unconformity in the Ocotillo and Brawley formations (Lutz et
al., 2006; Kirby et al., 2007). The angular relationships beneath
the Ocotillo Formation show that the San Felipe anticline was
a broad E-W-trending anticline with gently north- and south-
dipping limbs. A gravity high, which corresponds closely to
the crest of the Pleistocene San Felipe anticline, is modified by
younger structures of the Coyote Creek fault zone (see above).

Clark Fault

Santa Rosa Segment of the Clark Fault

The Borrego Badlands are bounded by active faults of
the San Jacinto fault zone, the Clark fault in the NE, and the
Coyote Creek fault in the SW. Highlands uplifted by several
of these faults abruptly became major suppliers of sediment
between 1.0 and 1.1 Ma where previously mudstone and fine
sand accumulated in a low-energy lake (Fig. 11) (Lutz et al.,
2006). Uplift on the East Coyote Mountain fault began to shed
coarse sediment eastward into the former Borrego Lake basin
at 1.1 Ma (Lutz et al., 2006). This fault is currently a cross
fault between the Clark and Coyote Creek faults, so we inter-
pret its activity as early slip within the San Jacinto fault zone.
Older basin-fill deposits exhumed by slip on the Santa Rosa
and Arroyo Salada segments of the Clark fault were eroded and
recycled into a new depocenter in the eastern Borrego Badlands
starting ca. 1.0 Ma (Fig. 11; Lutz et al., 2006). These depos-
its fine rapidly southwestward into a much smaller local playa
lake basin in the Borrego Badlands area that was rimmed by
coarser alluvial sediment shed from growing folds and faults
of the San Jacinto and San Felipe fault zones starting 1.1-
1.3 Ma (Fig. 11). The Ocotillo Formation thickens to the NNE
by a factor of 2-3 toward the San Jacinto fault zone and away
from the crest of the San Felipe anticline (Lutz et al., 2006).
These data provide evidence that the Santa Rosa segment of the
Clark fault and the East Coyote Mountain fault propagated to
the surface at ca. 1.0 and 1.1 Ma, respectively. The San Felipe
anticline was active at the same time to the south (Table 4; Lutz
et al., 2006; Kirby et al., 2007).

Initial Blind Slip on the Tarantula Wash Segment of
the Clark Fault

The base of the Brawley Formation is a disconformity in the
eastern and SE San Felipe Hills and conformable in most other
locations (Figs. 2 and 11; Dibblee, 1984; Kirby et al., 2007).
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The exposure belt of the Brawley Formation in this area coin-
cides with the southeastern tip of the Clark fault in its Tarantula
Wash structural segment. The disconformity is tightly folded
near the Clark fault zone, yet there are no thickness changes
in the Brawley Formation across the crests and troughs of the
many small, closely spaced folds except for structural changes
due to flexural-slip, out-of-syncline thrusting, and detachment
folding. Broad-scale lateral changes in thickness, like those
documented in the Borrego Badlands (Lutz et al., 2006), are
possible but difficult to assess because the rocks in the San
Felipe Hills are so strongly deformed by faults and folds.

We infer that the disconformity beneath the Ocotillo and
Brawley formations resulted from formation of a broad, flat-
topped, northwest-trending anticline above a blind Clark fault
starting ca. 1.1 Ma (Kirby et al., 2007). Simulation of strike-slip
faulting in a heterogeneous clay-rich sedimentary basin (Rich-
ard et al., 1989, 1991) illustrates the type of deformation that
developed early in the evolution of a strike-slip fault (8 cm stage;
Fig. 14A). This geometry is a good match for the relationships
documented at ca. 1.1 Ma in the San Felipe Hills above the SE
tip of the Clark fault (Fig. 11; Kirby 2005; this study).

More intense near-surface deformation began later, after
the end of deposition of the Ocotillo and Brawley formations,
and produced closely spaced folds and short discontinuous
strike-slip and oblique-slip faults that are organized into sepa-
rate domains of faults and folds, en echelon sets, disorganized
map-scale “breccia” zones, transrotational fault blocks, and
fault-fold systems with many cross faults (Figs. 2 and 3, Dib-
blee, 1986; Reitz, 1977; Dronyk, 1977; Kirby, 2005; Belgarde,
2007; Belgarde and Janecke, 2007). This phase resembles the
more deformed 20 cm stage in the analogue model (Fig. 14B;
Richard, et al., 1989). These field and map relationships are
consistent with ongoing slip on the Tarantula Wash segment of
the Clark fault in the subsurface at ca. 1.1 Ma or slightly ear-
lier beneath a broad anticline. Some strands of the Clark fault
zone likely propagated upward after ca. 0.5-0.6 Ma (Kirby et
al., 2007; this study). As the analogue model and our mapping
illustrate, it is likely that some of the slip that accumulated at
depth across the Clark fault in the Arroyo Salada and Taran-
tula Wash segments is distributed onto a myriad of small faults,
folds, and décollement surfaces within the mud-rich sedimen-
tary rocks of the Salton basin. This process has produced a
strike-slip fault that is “hidden,” “effectively blind,” and appears
“under-slipped” at the surface relative to depth, despite a large
amount of deformation being expressed across a broad area at
the surface (Fig. 14).

We cannot quantify the rotal slip at the surface in the
Arroyo Salada and Tarantula Wash segments since inception of
the Clark fault because it is so widely dispersed in the fault’s
damage zone (=18 km wide) and because much of it is local-
ized along bedding planes where offset markers are lacking.
There is so much pervasive, strong deformation in the field,
however, and at least 5.6 km of right slip since ca. 0.5 Ma (see
above), that a large fraction of the strain in the crystalline rocks

is probably present in the highly deformed mud-rich damage
zone around the Clark fault in the Salton basin. The strongly
folded and faulted Upper Pliocene and Pleistocene sedimentary
rocks in the SE San Felipe Hills are difficult to explain with the
alternative end-member interpretation of a rapid southeastward
decrease in strain.

Coyote Creek Fault

Coyote Ridge Segment of the Coyote Creek Fault

Initiation of the Coyote Creek fault is recorded in early to
middle Pleistocene deposits in the Coyote Badlands (Bautista
beds) between the main trace of the Coyote Creek fault and
the smaller Box Canyon fault around Ash Wash (Figs. 3 and 5;
Dorsey, 2002). These sedimentary rocks nonconformably over-
lie Cretaceous plutonic rocks and pre-Cretaceous metamorphic
wall rocks, in the footwall of the Cenozoic West Salton detach-
ment fault. The Bautista beds consist of sandstone, conglomerate,
megabreccia, and at least three ash beds (Fig. 13). The 400-m
thickness of this sandy to conglomeratic succession is compa-
rable to the thickness of the Ocotillo and Brawley formations in
the San Felipe-Borrego basin. The Brunhes reversal (0.78 Ma)
and Bishop ash (0.76 Ma) clearly indicate an early to middle
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Figure 14. Progressive changes in a deforming anisotropic sedimen-
tary succession above a basement strike-slip fault (from Richard et
al., 1989). An early blind geometry evolves into a complex volume
of faulted and folded sedimentary rocks with increasing displace-
ment on the basement fault. A broad flat-topped anticline overlies
the blind fault (A) With increasing slip, dispersed smaller faults and
folds propagate to the surface (B) We infer that the disconformity at
the base of the Brawley Formation in the San Felipe Hills (Fig. 11)
reflects deformation similar to (A).
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Pleistocene age for the sediment around 100 m in the section
(Fig. 13) (Dorsey, 2002). Another ash at 188 m in the section is
more likely to be the widespread Lava Creek B ash (0.64 Ma),
than the Thermal Canyon ash (0.74 Ma) as inferred by Dorsey
(2002), because an ash along stratigraphic strike to the south-
east was subsequently correlated chemically to the Lava Creek
B ash (Fig. 13; A. Sarna-Wojcicki and R. Kesler, 2006, written
commun.). Attempts to directly date the ash at 188 m in the mea-
sured section at Ash Wash failed due to the absence of zircons or
other datable minerals, and altered of volcanic glass prevented a
chemical analysis.

If the ash at 188 m in the measured section is the Lava Creek
B ash, then the sediment accumulation rate is roughly 0.7 mm/yr
above the Bishop ash (Fig. 13), consistent with a weakly con-
strained sediment accumulation rate estimated for the interval
between the Bishop ash and the base of the Brunhes subchron
(0.7 = 0.7 mm/yr). Applying a sediment accumulation rate of
0.7 mm/yr to the entire section at Ash Wash suggests onset of
deposition at approximately ca. 0.8-0.9 Ma and cessation at ca.
0.3-0.4 Ma. Fanning dips that first appear in the section at 150 m
(Dorsey, 2002) (ca. 0.7 Ma) probably record a structural change
within the fault zone after its inception.

Paleoflow within the Coyote Creek fault zone was initially
toward the NW, parallel to the fault, and changed progressively
to northeastward and southeastward, recording a full reversal of
flow direction through time (Dorsey, 2002). We infer that this
reversal resulted from northwestward retreat of the drainage
divide between the Salton Trough and the west-sloping Peninsu-
lar Ranges along the San Jacinto fault zone (Dorsey and Roering,
2006). We interpret the fault-parallel trend of sediment transport
at the beginning and end of deposition to reflect flow guided by
the NW-SE structural grain of an aggrading half graben within
the San Jacinto fault zone (Fig. 13).

The significant thickness of the deposits, the presence of
coarse bouldery conglomerates in the section, fanning dips, 180°
change in paleoflow, and several megabreccia bodies, are all
consistent with tectonism in the Coyote Creek fault zone during
deposition of the entire succession of the Bautista beds. This con-
clusion is a departure from the previous interpretation of Dorsey
(2002) of initiation of the Coyote Creek fault after ca. 0.6 Ma.
Because the Coyote Canyon area is situated in the previously
uplifting and eroding footwall of the West Salton detachment
fault, a period of subsidence related to creation of a new strike-
slip fault would likely be required to drop the surface below base
level and begin accumulating sediment. Based on this we infer a
short lag time (~100-200 k.y.) between fault initiation and onset
of Bautista beds deposition. We therefore interpret the data from
the Coyote Canyon area to record formation of the Coyote Ridge
segment of the Coyote Creek fault zone slightly before ca. 0.9
Ma, possibly around the same time as initiation of the Clark and
East Coyote Mountain faults at 1.0-1.1 Ma farther to the SE.
Structural changes in the Coyote Creek fault zone produced the
oldest fanning dips at ca. 0.7 Ma, and later caused exhumation
and erosion of sediments after ca. 0.3-0.4 Ma (Dorsey, 2002).

Borrego Badlands and Borrego Mountains Segments and
Their Possible Precursors

The central strands of the Coyote Creek fault near the Bor-
rego Badlands and Borrego Mountain (Figs. 2B and 3) probably
initiated later, at ca. 0.6 Ma, based on evidence presented by Lutz
et al. (20006). If the apparent continuity of Pleistocene strata on
either side of these two segments of the fault zone is correct, then
slip on the Coyote Creek fault must have bypassed this area and
utilized a different set of structures before ca. 0.6 Ma (Lutz et al.,
2006). The low (2.3 + 0.7 km) right separation measured across
the Borrego Mountain segment of the Coyote Creek fault (Steely,
2006; this study) relative to 3.5 km measured at Coyote Moun-
tain is consistent with these segments of the fault being ~0.3—
0.5 m.y. younger than the Coyote Ridge fault segments.

The Veggie Line fault and its along-strike continuation, the
Henderson Canyon fault, are the most likely mapped structures
to have bypassed the Borrego Mountain area in early Pleistocene
time. These two faults may have localized the slip in the evolving
San Jacinto fault zone before the Borrego Badlands and Borrego
Mountains segments of the Coyote Creek fault cut across the San
Felipe anticline (Fig. 11). If so, the Veggie Line and Henderson
Canyon faults connected the NW end of the Coyote Ridge seg-
ment of the Coyote Creek fault to the west end of the San Felipe
anticline. It may also have provided a connection between the
San Jacinto fault zone and the San Felipe fault zone by way of
connector faults and the Sunset fault.

This inferred fault-fold connection is difficult to prove but is
consistent with evidence for greater slip rates across San Felipe
anticline and parts of the San Felipe fault zone in the early to
middle Pleistocene than later on. The ~1.3 km of early Pleisto-
cene north-south shortening measured in the western half of the
San Felipe anticline (Kirby, 2005) requires only ~1.7 km of right
slip across the Veggie Line—Henderson Canyon fault zone to pro-
duce it by strain transfer (Figs. 6 and 11). This magnitude of slip
is well within the plausible range across this fault. Because much
of the area around the Veggie Line fault is buried beneath Holo-
cene cover, it is difficult to further test and verify the existence of
these possible linkages in the early to middle Pleistocene.

San Felipe Fault Zone

The basal contact of the Ocotillo Formation in the San Felipe
fault zone at Sunset Wash is an angular unconformity (10°-15°)
where it overlies north-dipping Pliocene Diablo and Canebrake
formations (Steely, 2006; Steely et al., 2009). Either erosion of
Borrego and/or Hueso formations occurred prior to deposition
of the Ocotillo Formation, or the Borrego and Hueso formation
were never deposited in this area. Using a conceptual model of
Gawthorpe et al. (1997) and Sharp et al. (2000), we interpret
these relationships to record a period of monoclinal folding
above the upward propagating tip of the San Felipe fault zone
starting between ca. 1.1 and 1.3 Ma (Steely, 2006; Steely et al.,
2009). Voluminous arkosic and recycled sediment shed from the
uplifted Fish Creek and Vallecito Mountain block first appeared
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in the adjacent San Felipe-Borrego subbasin at 1.1 Ma (Table
4; Lutz et al., 2006; Kirby et al., 2007; Steely et al., 2009). This
probably marks the time when the San Felipe fault zone propa-
gated to the surface and produced a steep, fault-bounded moun-
tain front that exposed crystalline rocks for the first time in this
part of the Salton basin (Steely, 2006).

The San Felipe fault zone, like every dextral fault in this
area, has changed its geometry since its inception. About 600 m
of sediment that accumulated within a stepover of the fault zone,
is now being folded, uplifted, and exhumed (Steely et al., 2009).
We infer that exhumation began at roughly the same time that it
did in dated sites farther north, sometime after ca. 0.6-0.5 Ma,
but we are unable to date it directly along the San Felipe fault
zone at Sunset Wash.

Insights into Structural Reorganizations from Lithology,
Provenance, Paleocurrents, and Depositional Environment
of Basinal Deposits

Paleocurrent, provenance, grain size data, and facies pan-
els show that most of the coarse sediment in the Ocotillo and
Brawley formations was derived from a newly formed intraba-
sinal highland along the San Felipe fault zone. This highland
consists of the Fish Creek and Vallecito Mountains and the
transpressive Yaqui Ridge antiform within a double left-step
and contractional bend in the San Felipe fault zone (Kirby et al.,
2007; Lutz et al., 2006; Steely, 2006; Steely et al., 2009). Fault
blocks uplifted along the San Jacinto fault zone in the SE Santa
Rosa Mountains and Coyote Ridge were also an important new
source of sediment in the NW part of the San Felipe-Borrego
subbasin (Lutz et al., 2006). Pebbles, cobbles, and some boul-
ders of tonalite clasts and feldspathic sand dominate the Oco-
tillo and Brawley formations, unlike the underlying Borrego
Formation, which consists mostly of mudstone, siltstone, and
sandstone derived from the Colorado River (Guthrie, 1990;
Lutz et al., 2006; Kirby et al., 2007).

The presence of abundant cemented sandstone clasts recy-
cled from older Pliocene formations indicates that part of the
Pliocene sedimentary basin that formed above the West Salton
detachment fault during transtension was uplifted and exhumed
during deposition of the Ocotillo and Brawley formations (Lutz
et al., 20006; Kirby et al., 2007; Steely, 2006). Paleoflow was
to the NE near the Fish Creek and Vallecito Mountains (Steely,
2006), eastward parallel to the intrabasinal San Felipe anticline,
and northeast in a fluctuating deltaic system east of the eastern
end of the San Felipe anticline near Oil Well Wash (Fig. 11)
(Kirby et al., 2007). In the Borrego Badlands, paleoflow was
more complex, but the southern areas consistently record north
to NE flow away from the uplifted crystalline rocks along the
San Felipe fault zone and across the west tip of the San Felipe
anticline (Lutz et al., 2006). Elsewhere in the Borrego Badlands,
coarse sediment was shed to the east from uplifted crystalline
rocks west of the East Coyote Mountain fault during early depo-
sition of the Ocotillo Formation (ca. 1.1-1 Ma), and to the south-

west from the northeast side of the Clark fault starting before ca.
1 Ma (Lutz et al., 2006). These relationships show that the San
Felipe fault zone initiated between ca. 1.3 and 1.1 Ma, propa-
gated to the surface ca. 1.1 Ma, experienced a period of fault-
related uplift and folding. Starting after 0.5-0.6 Ma, faulting
inverted a formerly subsiding area within the fault zone (Table
4; Steely et al., 2009). The oldest sedimentologic evidence for
the San Jacinto fault zone is also ca. 1.1 Ma or slightly older,
with other segments producing their first sedimentary signal at
ca. 1.0, ca. 0.8, and ca. 0.6 Ma (Table 4).

Younger Deformation

Detailed stratigraphic analysis reveals major structural
changes in the past 0.5 m.y. in the Borrego Badlands, San Felipe
Hills, Coyote Badlands, and San Felipe fault zone. In each of the
basinal study sites, widespread subsidence and gentle tilting and
folding across widely spaced large folds took place during depo-
sition of early Pleistocene deposits (Ocotillo, Brawley, and Bau-
tista formations). Deposition ended ca. 0.5-0.6 Ma, when closely
spaced folds and faults began to strongly deform the Ocotillo,
Brawley, and Bautista formations, perhaps as seen in Figure 14B.
Slight deformation affects overlying late Pleistocene to Holocene
pediment gravel and sand and eolian deposits. Former basinal
areas are now being exhumed in the San Felipe Hills, Borrego
Badlands, Coyote Badlands, and Sunset Wash areas. All of these
sites lie within or adjacent to the San Jacinto and San Felipe fault
zones where structural fault geometries result in local uplift and
subsidence. Initiation of the San Felipe and San Jacinto faults
separated the ~2100 km? San Felipe—Borrego subbasin from the
much larger Salton supradetachment basin (Kirby et al., 2007;
Steely et al., 2009). After ca. 0.5 Ma the San Felipe—Borrego sub-
basin was further subdivided into even smaller depocenters in the
Upper and Lower Borrego Valleys and Clark Lake Valley, each
with areas of <200, <400, <85 km? (Fig. 3). The rest of the San
Felipe-Borrego subbasin has been exhumed and is undergoing
pedimentation (Figs. 3 and 11).

These data indicate major structural adjustments of the
San Felipe, Coyote Creek, and Clark faults after ca. 0.6—
0.5 Ma. These changes modify the entire upper crust and cannot
be localized to the thin sedimentary basin fill because the basin
fill is at most a few kilometers thick in our study areas yet faults
shift their locus and main central strands by up to 13 km at that
time. Microseismic alignments are well developed along the San
Jacinto fault zone and show that most of the larger active faults
penetrate to the base of the seismogenic crust at 10-14 km and
have fairly consistent steep dips (Shearer et al., 2005; Lin et al.,
2007; Belgarde, 2007; Forand, 2010). Changing fault networks
in crystalline bedrock cut by the San Jacinto fault zone are less
well documented but also suggested by the presence of many less
active fault strands adjacent to the central Holocene ones (Sharp,
1967). All of this provides evidence that the changing fault pat-
terns are deep-seated, fundamental changes in fault systems,
not superficial changes limited to weak cover rocks. Significant
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structural changes redistributed strain onto new right- and
left-lateral faults and folds far removed from the older central
fault strands. In some instances, the fault zones simplified, but
often fault patterns became more complex and broader after ca.
0.5 Ma (Fig. 11).

DISCUSSION
Summary of Results from the Western Salton Trough

Early Pleistocene reorganization of faults in the Western
Salton Trough area produced a radical change from low-energy
deposition in a large perennial lake, which formed the fine-
grained Borrego Formation to alternating alluvial fan, fluvial,
deltaic, nearshore lacustrine and eolian environments recorded
in the Ocotillo, Bautista, and Brawley formations (Fig. 11; Table
4). The West Salton detachment fault was structurally dissected
and became inactive ca. 1.3—1.1 Ma when segments of the San
Jacinto and San Felipe fault zones cut across it. This dissection
produced basement-cored folds like the San Felipe anticline and
Yaqui Ridge anticline within the new dextral fault zones. Dif-
ferential uplift of the Peninsular Ranges in the footwall of the
detachment ceased, and continued subsidence and deposition in
its hanging wall became localized adjacent to faults and folds
of the newly formed San Felipe and San Jacinto fault zones. In
the hanging wall of the West Salton detachment fault, the origi-
nal, much larger Salton supradetachment basin broke up into
the smaller San Felipe-Borrego subbasin in the north and Fish
Creek—Vallecito subbasin in the south (Fig. 3). Intervening high-
lands grew along the San Felipe and San Jacinto fault zones.
Deposition ceased in the Fish Creek—Vallecito basin shortly after
0.9 Ma (Dorsey et al., 2011), but deposition of the Ocotillo and
Brawley formations continued at a high rate in the San Felipe—
Borrego subbasin until ca. 0.5-0.6 Ma. In the subsiding former
footwall of the detachment fault in the Peninsular Ranges, sand-
stone and conglomerate of the Bautista beds accumulated on a
pre-Pleistocene erosion surface near the developing San Jacinto,
San Felipe, and Elsinore fault zones. Areas farther from the dex-
tral faults continued to be the sites of erosion and/or pedimenta-
tion in the Peninsular Ranges in the Pleistocene. The San Felipe
fault zone may have propagated to the surface slightly before the
San Jacinto fault zone, but a difference in age cannot be discerned
with the available data.

Folding has been a component of deformation within the
San Jacinto and San Felipe fault zones since their inception, and
produced the basin-scale San Felipe, Split Mountain, and Yaqui
Ridge anticlines and Borrego syncline starting in the early Pleis-
tocene. The scale and style of folding evolved and changed sig-
nificantly after the end of deposition of the Ocotillo and Brawley
formations in the middle Pleistocene (compare Figs. 14A and
14B). Hundreds of closely spaced folds started to form at that
time, basin-wide deposition ceased southwest of the Salton Sea,
and exhumation and pedimentation began to dominate the San
Felipe-Borrego subbasin.

The changes at ca. 0.5-0.6 Ma may reflect a natural pro-
gression of evolving fault zones that are embedded in a mud-rich
sedimentary basin. The analogue model of Richard et al. (1989)
(Fig. 14) illustrates this hypothesis. Alternatively, it is possible
that a more contractional mode of dextral faulting was initiated
at ca. 0.5-0.6 Ma. The fact that most of the San Jacinto and San
Andreas fault zone SE of their branch point currently dips steeply
to the northeast and has a small reverse northeast-side-up compo-
nent of slip (Sanders and Magistrale, 1997; Lin et al., 2007; Bel-
garde, and Janecke, 2007; Fuis et al., 2007) is consistent with the
latter interpretation but does not require it. Both interpretations
are plausible, and more detailed structural studies are needed in
the Peninsular Ranges and Salton Trough to resolve this question.
Careful analysis of focal mechanisms to determine whether there
is a consistent contractional component of the ongoing deforma-
tion would support the second hypothesis. Examination of adja-
cent dextral faults in the Superstition Hills and Durmid Hill areas
may reveal evolutionary patterns that are more consistent with
one of these hypotheses.

The sedimentary signal of input from the San Felipe fault
zone has been much greater than that of the San Jacinto fault zone
in our area of study. This may be due to enhanced contractional
deformation and uplift along the central WNW-striking fault seg-
ments of the San Felipe fault zone near Yaqui and Pinyon ridges
and the Fish Creek Mountains. There was also a significant verti-
cal component of southwest side up across the Fish Creek Moun-
tains fault. Because the San Felipe fault zone produced more ver-
tical uplift than the less oblique San Jacinto fault zone, the San
Felipe fault zone had a greater impact on the subsidence, depo-
sition, and facies patterns in the San Felipe-Borrego subbasin
than the San Jacinto fault zone. The vertical slip component of
the San Felipe fault zone exhumed broad expanses of crystalline
rocks near our study sites, whereas much of the San Jacinto fault
zone is still encased in basinal deposits where we studied it. Nev-
ertheless, numerous indicators of activity on both faults appear
abruptly in the basinal record in the early Pleistocene.

Total Slip and Age of the San Jacinto Fault Zone

Our finding that the northwestern margins of the Coahuilla
pluton (SW of the fault) and Clark Valley pluton (NE of the fault)
are offset ~23.1 km along the Clark fault (Fig. 2) contradicts a
recent assertion that this part of the fault has only 14.5-17 km
of total bedrock displacement (Blisniuk et al., 2010). This dis-
crepancy is important because it bears on the age and evolution
of the San Jacinto fault zone. The estimate of Blisniuk et al.
(2010) substantially underestimates total bedrock offset in this
area because it matches mafic mineral assemblages within the
zoned pluton instead of matching the more distinctive margins of
the pluton (compare fig. 2 of Blisniuk et al., 2010, to plate 1 of
Sharp, 1967). In contrast, the bold red lines on either side of the
Clark fault in Figure 2A (this paper) represent bedrock separa-
tion of at least 23.1 km that is obtained using well-mapped, cor-
relative intrusive contacts of Sharp (1967, plate 1). Combining



High Geologic Slip Rates of the San Jacinto and San Felipe Fault Zones 37

their late Quaternary slip rate and estimate of total bedrock offset,
and assuming that slip rate has been constant since fault initia-
tion, Blisniuk et al. (2010) suggested that the San Jacinto fault
zone may have initiated at ca. 1.8 + 0.5 Ma, significantly earlier
than the 1.1-1.3 Ma age documented above. Their analysis is
unconvincing because it is based on a weak compositional cor-
relation and on assuming that a fault zone with documented two
fold changes in slip rate (Blisniuk et al., 2009) instead had a con-
stant slip rate since its inception. Perhaps more importantly, late
Quaternary slip rates are based on offsets averaged over only a
small fraction (<3—5%) of the total lifetime of the fault zone. It is
unlikely that late Quaternary slip rates are a reliable measure of
the lifetime behavior of a fault zone of latest Pliocene to earliest
Pleistocene age.

Comparison to the Northwestern San Jacinto Fault Zone

Our results are consistent with those of Morton and Matti
(1993), Matti and Morton (1993), and Albright (1999). Based
on analysis of Pliocene—Pleistocene deposits in the San Timo-
teo Badlands along the northwestern part of the San Jacinto fault
zone (Fig. 1), these studies estimated an age of ca. 1.2-1.4 Ma
for initiation of the San Jacinto fault SE of its branch point with
the San Andreas fault. They inferred that the San Jacinto fault
formed as a result of increasing structural complexity, crustal
convergence, and resistance to strike-slip motion through San
Gorgonio Pass, a major restraining bend and left step between the
Coachella Valley and Mojave sections of the San Andreas fault.

Initiation of the NW San Jacinto fault zone at ca. 1.2-1.4 Ma
is similar to and slightly older than the initiation age of ca. 1.1-
1.3 Ma that we document for the oldest segments of the San Jacinto
fault zone in the western Salton Trough. Uncertainty in initiation
ages and possible short lag times between tectonic changes and
the first appearance of a signal in the stratigraphic record suggests
that fault initiation was either synchronous in the NW and SE or
propagated very rapidly to the SE along the fault zone. In either
case, our work confirms the young age of the San Jacinto fault
and the high average lifetime slip rates that those ages imply (e.g.,
Morton and Matti, 1993; Matti and Morton, 1993; Albright, 1999;
Kendrick, et al., 2002). It is noteworthy that the end of deposition
in the San Timoteo area between 0.5 and 0.8 Ma overlaps with the
0.5-0.6 Ma end of deposition and onset of widespread exhuma-
tion and folding in the western Salton Trough. This could record a
regional kinematic change at that time.

Lifetime and Interval Fault Slip Rates

We use the age of initiation of slip across segments of the
Clark, Coyote Creek, and San Felipe fault zones, combined
with the new estimates of dextral slip, to calculate lifetime and
incremental slip rates for individual faults and the fault zone as a
whole (Fig. 15; Tables 2 and 4). Several of the slip estimates are
based on offsets of east-dipping planar or folded marker units.
For east- to SE-dipping markers, significant SW-down motion

across a NW-striking strike-slip fault will increase the right sepa-
ration. We discuss the impact of possible vertical components of
slip above and show that impacts are small to modest.

Clark Fault

Lifetime Slip Rate. When the lifetime slip across the Santa
Rosa segment of the Clark fault of 16.8 +3.7/-6.0 km (Forand,
2010) is divided by the preferred age of 1.05 Ma (and plausi-
ble age between 1.0 and 1.3 Ma, (Table 2), it yields a slip rate
between 8.3 and 20.5 mm/yr. The preferred and most likely value
is 16.0 +4.5/=7.7 mm/yr across the Clark fault since the early
Pleistocene. The unequal positive and negative errors reported
here (see Table 2) result from dividing a displacement estimate
with an uncertainty by an age with its own uncertainty and from
the geologic constraints that rule out symmetric projections of
the marker succession toward the fault (Figs. 3 and 5). Slip-rate
estimates that report equal error bars assume that either age or
displacement is perfectly known.

The lifetime slip rate across the Clark fault of 16.0 +4.5/
—7.7 mm/yr is a slip rate for almost all of the displacement across
the Buck Ridge, Santa Rosa, and Clark fault zones because the
offset marker succession used to measure displacement is located
east of the branch points between the Clark and Santa Rosa
strands of the San Jacinto fault zone in the SE Santa Rosa Moun-
tains. Minor offsets within the damage zone may be missing from
this estimate.

Interval Slip Rate. We calculate a post—0.55 Ma slip rate of
>10.2 +7/-3 mm/yr across the Tarantula Wash segment of the
Clark fault by assuming that >5.6 + 0.4 km of right slip across
the Clark fault produced closely spaced folds near the fault tips,
and that folding began 0.55 + 0.2 m.y. and continues today (Table
2 and Fig. 6) (Kirby, 2005). As noted above, the >5.6 = 0.4 km

Clark, Clark Valley and

o| Santa Rosa segments
—&— Coyote Creek fgult, Coyote Ridge segment
o A
% San Felipe fault|near Yaqui Ridge
5  San Jacinto fault|zone, sum of CCF, BR and CB
0 25 mm/yr
l
5 20
é o minimum rate Clark, TW segment
o
o
£ -o Coyote Creek fault, Borrego Mountain segment

Figure 15. Graphical comparison of lifetime (top) and incremental (be-
low) slip rates across segments of faults of the San Jacinto and San Fe-
lipe fault zones. See Table 2 for additional data. CCF—Coyote Creek
fault; BR—Buck Ridge; CF—Clark fault; TW—Tarantula Wash.
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estimate of right slip is a minimum because it does not include
deformation in the NE part of the Clark fault zone, the strain from
one of the Tarantula Wash segment’s largest dextral faults (San
Felipe Hills fault), block rotation, or blind deformation (Figs. 3
and 6). Slip across the San Felipe Hills fault cannot be quantified
because some of the folding at the tip of the San Felipe Hills fault
overlaps spatially with folding produced earlier in the Pleistocene
San Felipe anticline (Fig. 3).

It is possible that tight folding at the tips of fault strands in
the Tarantula Wash segment spanned less than ~0.5-0.6 m.y.,
perhaps only 0.5-0.3 m.y., because late Pleistocene pediment-
related deposits are much less folded than the Brawley and
Ocotillo formations within the Clark fault zone and because
folding may not have initiated immediately after the end of
Brawley deposition. It is also plausible that tight folding began
right above the Clark fault zone before the end of deposi-
tion of the Brawley Formation, and later spread outward from
the central fault strands in a manner depicted in the analog
models of (Figs. 3, 11, and 14; Richard et al., 1989). Because
no deposits of the Brawley Formation are preserved directly
above the central strands of the Clark fault zone in the Taran-
tula Wash segment, we applied a large uncertainty of 0.2 m.y.
to the duration of the tight folding (0.55 + 0.2 Ma).

The resultant slip rate of >10.2 +7/-3 mm/yr across the
Tarantula Wash segment of the Clark fault since ca. 0.55 Ma
underestimates the slip rate because it is likely that some strain
is taken up by distributed faulting and block rotation that can-
not currently be quantified. In addition, some of the displacement
across the Clark fault may still be focused in crystalline rocks
at depth. We do not know the proportion of the strain that has
propagated to the surface into folds and faults and the proportion
localized at depth in the SE part of the Tarantula Wash segment
of the Clark fault.

Coyote Creek Fault

Lifetime Slip Rate. Total slip across the Coyote Creek
fault in the Coyote Ridge segment is well constrained at 3.5 +
1.3 km, based on correlation of a distinctive biotite-hornblende—
bearing tonalite and its wall rocks (as explained above). Four
kilometers of displacement of some of the same contacts were
reported by Sharp (1967), and this value was reduced slightly
to 3.5 = 1.3 km by our more detailed mapping and correlation
across the fault. Dividing the plausible range of displacements
(2.2 km to 4.8 km) by the age of the fault (0.8—1.1 Ma) yields
a lifetime slip rate of 4.1 +1.9/-1.7 mm/yr (Table 2). This is a
significant reduction from the prior estimate (10 mm/yr, Dorsey,
2002) (Figs. 15 and 16).

Interval Slip Rates. Along the Borrego Mountain and Bor-
rego Badlands segments, we calculate a minimum interval slip
rate across the Coyote Creek fault zone of >3.8 + 1.2 mm/yr since
creation of this part of the fault zone at ca. 0.6 Ma (Table 1). This
interval slip rate of >3.8 + 1.2 mm/yr overlaps with the lifetime
rate of 4.1 +1.9/~1.7 mm/yr calculated along the Coyote Creek
fault in the Coyote Ridge segment (Table 2 and Fig. 15).

San Felipe Fault Zone

The San Felipe fault zone near Pinyon Ridge has between 4
and 12.4 km of right slip, with 6.5 km being our preferred esti-
mate (Fig. 12). This is more displacement than across most of the
central and southern Elsinore fault (~2—-3 km), all of the Coyote
Creek fault, and all of the Earthquake Valley fault (which dis-
places a pluton margin ~2.5-3 km) (Rogers, 1965; Todd, 1977,
2004; this study; Magistrale and Rockwell, 1996). The San Felipe
fault zone may carry much of the extra 8-9 km of displacement
across the NW end of the Elsinore fault (McCulloh et al., 2000;
Langenheim et al., 2006) that does not persist to the central and
SE Elsinore fault zone, as suggested by Magistrale and Rockwell
(1996). In their model, slip across the NW Elsinore fault is trans-
ferred onto the SE San Jacinto fault zone by the San Felipe fault
zone. More data are required to test this hypothesis.

Right slip has accumulated across the contractional Pinyon
Mountain and Mescal Bajada segments of the San Felipe fault
zone since ca. 1.1-1.3 Ma (Steely, 2006), indicating a lifetime
right slip rate of ~5.4 +5.9/-~1.4 mm/yr. Such a high lifetime
slip rate is unexpected for a fault with no documented Holocene
fault scarps and no microseismicity (Steely, 2006; Lin et al.,
2007; Table 2). The San Felipe fault is not currently included in
compilations of active faults in southern California (e.g., South-
ern California Earthquake Center and U.S. Geological Survey
fault databases (http://www.data.scec.org/faults/sofault.html;
http://earthquake.usgs.gov/regional/qfaults/ca/sta.html) nor in
the Working Group’s report (http://www.wgcep.org/), yet it is
unequivocally an active Quaternary fault zone that has produced
surface ruptures in the past (Steely, 2006; Steely et al., 2009;
this study).

The small number of Quaternary fault scarps on the Fish
Creek Mountains and Sunset faults relative to other parts of the
San Felipe fault zone around Mescal Bajada and Pinyon Ridge
(and southward near Whale Peak) (Kairouz, 2005; Steely, 2006;
Steely et al., 2009; this study) are consistent with more latest Qua-
ternary activity on extensional parts of the San Felipe fault zone
than on the contractional stepover near Yaqui Ridge. Alternation
of activity levels and switching between extensional connector
faults and contractional steps of the San Felipe fault zone could
produce this pattern, in a manner grossly similar to that proposed
by Bennett et al. (2004) for the San Andreas and San Jacinto fault
zones, and by Dolan et al. (2007) for the San Andreas, Eastern
California shear zone, and Garlock fault systems. Whatever the
process, it must produce slip rates in the latest Quaternary that
are much lower than the lifetime average across the San Felipe
fault zone.

Total Lifetime Slip Rate across the San Jacinto Fault Zone

Addition of the lifetime slip rate across the Clark fault and
Buck Ridge—Santa Rosa faults in the Santa Rosa segment (16.0
+4.5/-7.7 mm/yr) and the nearby Coyote Ridge segment of
the Coyote Creek fault (~4.1 +1.9/~1.7 mm/yr) yields a time-
averaged slip rate of 20.1 +6.4/~9.4 mm/yr across most of the San



High Geologic Slip Rates of the San

Jacinto fault zone at the western edge of the Salton basin (Table
2). Future field studies may increase these estimates slightly, if
unquantified dextral slip across the Henderson Canyon fault is
significant, and if it can be confirmed that there is roughly 1-2 km
of right slip across one to three faults between the Clark and Coy-
ote Creek fault in the Coyote Mountain area (Forand, 2010).
Our calculated lifetime geologic rate of 20.1 +6.4/-9.4 mm/yr
approaches or exceeds slip rates determined for the southern San
Andreas fault since the late Pleistocene (e.g., compare to van
der Woerd et al., 2006; Lundgren et al., 2009; Behr et al., 2010)
and overlaps with the faster group of prior estimates for the San
Jacinto fault zone (Table 1). Our finding of a high long-term slip
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rate across the San Jacinto fault zone may suggest that the fre-
quency of large earthquakes could be greater than that predicted
when one only considers the Holocene rates from paleoseismic
and neotectonic studies—provided that the fault zone had a
grossly time-invariant slip rate (but see below).

The Coyote Creek fault has a low lifetime slip rate of ~4.1
+1.9/-1.7 mm/yr at Coyote Ridge (Table 2). This rate is low in
absolute value and low when compared with that of the Clark fault
nearby (16.0 +4.5/-7.7 mm/yr) (Table 2). This rate is also low
(but within uncertainty) when compared with a recent inversion
of InSAR and GPS data, which show a slip rate of 12 + 9 mm/yr
across the Coyote Creek fault (Lundgren et al., 2009). It is lower
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than a preliminary paleoseismic rate of 6 mm/yr from the Bor-
rego Mountain segment of the fault (Verdugo et al., 20006).

Comparison of Slip Rates

In the Salton Trough the Coyote Creek fault has a more con-
tinuous and well-defined trace than the Clark fault, despite much
greater displacement across the Clark fault (~16.8 +3.7/-6.0 km
versus ~1-5 km) (Table 1). The Clark fault zone widens to>18 km
in the Salton basin, and its fault traces radiate >90° in the Arroyo
Salada and Tarantula Wash segments (Belgarde, 2007; Janecke
and Belgarde, 2007, 2008), whereas the maximum width of the
Coyote Creek fault zone is ~8 km where the Veggie Line and
Squaw Peak faults in the Borrego Badlands and Borrego Moun-
tain segments of the Coyote Creek fault zone accommodate some
displacement. The fault zone is ~5.5-7 km wide in the Supersti-
tion Mountain and Superstition Hills faults, but nowhere does its
width approach that of the Clark fault zone in the Arroyo Salada
and Tarantula Wash segments (Figs. 1-3).

The Coyote Creek fault zone has nucleated more M>6 earth-
quakes in historic time and has experienced creep events dur-
ing regional earthquakes, whereas the Clark fault has not (Sharp,
1972a, 1972b, 1982; Sharp and Clark, 1972; Clark, 1972; Sand-
ers, 1989; Hudnut and Clark, 1989; Hudnut et al., 1989; Rymer et
al., 2002; Rymer, 2000). Oddly, the slightly younger, slower, and
more seismically active Coyote Creek fault has the more “mature-
looking” and continuous fault trace than the slightly older and
much faster Clark fault within the Salton basin. Concepts of fault
simplification with increased age (Wesnousky, 1990; Stirling et
al., 1996) do not predict these relationships. We caution against
applying these conceptual models to all fault zones, particularly
in areas like the Salton Trough and Peninsular Ranges where
abundant cross faults continually roughen the adjacent master
faults as they interact. Inheritance may also contribute to the
complex geometry of the fault zone (Langenheim et al., 2004).

The lifetime slip rate across the San Felipe fault zone of ~5.4
+5.9/-1.4 mm/yr is unexpectedly high. It is roughly twice that
of the southern Elsinore fault (2.5-3 mm/yr = 2.5 km/0.9 Ma;
Rockwell et al., 1990), twice the rate of the Coyote Creek fault
near Borrego Mountain (>2.5. to 3.3 mm/yr), and greater than the
rate on the Coyote Creek fault along the Coyote Ridge segment
(4.1 +1.9/-1.7 mm/yr, Table 2). Our analysis of the San Felipe
fault clearly shows that lesser known faults have accommodated
significant strain during the past 1-1.5 Ma. Such faults can have
high lifetime slip rates, are active, and appear to have variable
slip rates during their lifetimes. Thus they have the potential to
produce large future earthquakes, possibly similar to the 1992
Landers earthquakes in magnitude and character (Sieh et al.,
1993; Spotila and Sieh, 1995; Zachariasen and Sieh, 1995).

No GPS-based or InSAR-based analysis has considered the
San Felipe fault zone explicitly, but it is plausible that some of
the strain accumulation recorded in the area by Lundgren et al.
(2009) is localized on the San Felipe fault zone. We speculate
that the decadal slip rate (12 + 9 mm/yr) interpreted across the

Coyote Creek fault by Lundgren et al. (2009) is due to the addi-
tion of strain adjacent to both the Coyote Creek and San Felipe
fault zones. These two faults lie within 1-20 km of one another
in the area of Lundgren et al.’s (2009) analysis, and resolving
strain onto separate San Felipe and/or the Coyote Creek faults
may require higher resolution of data than is currently available.
The sum of the lifetime slip rates across the Coyote Creek and
San Felipe fault zones of 9.5 +7.8/=3.7 mm/yr (Table 2) overlaps
Lundgren et al.’s (2009) loading rate of 12 + 9 mm/yr.

It is challenging to compare our geologic slip rates with
prior results because of the large range of GPS-based, paleoseis-
mic, neotectonic, and geologic slip estimates for the San Jacinto
fault zone over different periods of observation and using dif-
ferent methods (Table 1). Paleoseismic and neotectonic studies
have documented Holocene slip rates as low as 1 mm/yr and as
high as 23 mm/yr near Anza and along the Coyote Creek fault
(Table 1). The possibility that up to 75% of dextral strain is local-
ized in deforming rocks in the damage zone next to principal slip
surfaces—as it is in the Arroyo Salada and Tarantula Wash seg-
ments of the Clark fault (e.g., Sieh, 1984; Salyards et al., 1992;
Weldon et al., 2002; Rockwell et al., 2002; Shelef et al., 20006;
this study), and the very distributed pattern of active faulting
along both the San Felipe and San Jacinto fault zones (Figs. 2, 3,
and 6)—could introduce a bias toward lower slip rates in paleo-
seismic and neotectonic studies that sample only the central parts
of a deforming fault zone (Table 1). Because there is a tendency
for most (but not all, e.g., Verdugo et al., 2006) paleoseismic and
neotectonic slip rates to be lower than rates determined using
other methods (e.g., Tables 1-3), this bias might be real.

GPS-based slip rates measure the elastic strain that might
also accumulate as permanent strain in damage zones. Therefore
GPS-based slip rates may have a bias toward higher slip rates
than paleoseismic studies, provided that significant permanent
slip is localized in damage zones adjacent to the main slip sur-
faces. Inversions of GPS data depend critically on the model
parameters, so some differences are expected between our life-
time geologic slip rates and GPS-based estimates. It is notewor-
thy that a recent integrated GPS and InSAR inversion yielded
a modern slip rate of 19-21 mm/yr across the San Jacinto fault
zone (Fialko, 2006), which is indistinguishable from the lifetime
rate determined here. This comparison suggests the possibility of
relatively uniform slip rates through time. Other comparisons are
more suggestive of changing slip rates through time.

Prior geologic analyses have produced slip-rate estimates
that are among the highest of the different methods (>20 mm/yr).
These have very large uncertainties and are controversial (Table
1) (Morton and Matti, 1993; Matti and Morton, 1993; Kendrick
et al., 2002). Inversions of InSAR and GPS data sets have pro-
duced inconsistent slip-rate values, ranging from low values of
9 + 2 mm/yr (e.g., Bennett et al., 1996) to high values of 24 +
18 mm/yr (e.g., Fialko, 2006; Lundgren et al., 2009) despite anal-
ysis of similar data sets in some instances (Table 1). Our results
overlap within error with the majority of prior results from geo-
logic and GPS analyses and with few of the paleoseismic and
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neotectonic interpretations (Table 1) (Morton and Matti, 1993;
Kendrick et al., 2002; Anderson et al., 2003; Fialko, 2006; Rock-
well et al., 2006). From these data sets one could posit many
different time-varying, spatially varying, or even steady-state
slip-rate models without a compelling reason to favor one over
another. Clearly more analyses and detailed studies at different
time scales and spatial scales are needed before such compari-
sons become robust, especially in light of the extreme structural
complexity that we documented along these fault zones.

Variation of Slip Rates in Time and Space?

Long-term geologic slip rate is an especially critical param-
eter because any discrepancy between it and shorter-term slip
rates suggests changes in slip rate through time. Furthermore, it
is important to document whether the high slip rates calculated
over the lifetime of faults in southern California have been steady
since their initiation, experienced more random temporal varia-
tions, or perhaps had systematic, co-varying changes in slip rate
such as those hypothesized by Bennett et al. (2004) and Dolan
et al. (2007). Steady slip rates greatly simplify hazard analyses
and estimation of seismic risk because slip rates calculated over
different time intervals should be the same. We therefore exam-
ined our data set, prior estimates, each fault’s structural evolu-
tion, along with empirical and theoretical data from other faults
(Table 2), before concluding that the data are most consistent
with changing slip rates over time.

Some of the rates in Table 2 are suggestive of changing slip
rates over time. The San Felipe fault zone produced a high life-
time slip rate of ~5.4 +5.9/—1.4 mm/yr, yet the fault appears to be
much less active since the late Pleistocene (Steely, 2006; Steely
et al., 2009; this study). Further analysis of recently discovered
fault scarps along the San Felipe fault zone is needed to assess
its activity level in the latest Quaternary and to test our impres-
sion of a current low slip rate (Steely, 2006). We are confident,
however, that the fault zone is not slipping anywhere near the
overall lifetime average rate (i.e., there has been much less than
540 m of right slip in the past 100,000 years). This must be due
to a recent decrease in slip rate. Possible causes are speculative
but include a broadening of the fault zone as the contractional
stepover at Yaqui Ridge locked up. There are numerous active
faults that bypass this zone north and south of Yaqui Ridge (Fig.
3; Steely et al., 2009; this study) and persistent microseismicity
angling northeast across Pinyon Ridge (Lin et al., 2007) could be
part of this growing fault system. Transfer of strain onto the left-
lateral Hell Hole Canyon fault and then to active west-northwest—
striking faults north of Yaqui Ridge may be part of the expansion
of the fault zone laterally. The newer fault strands branch north
from the main central traces of the San Felipe fault zone along
the northwest end of Grapevine Canyon and southward near the
confluence of Grapevine Canyon and San Felipe Wash (Figs. 2
and 3). Both fault systems merge back with the central strands
of the San Felipe fault zone east of Yaqui Ridge along the Fish
Creek Mountains fault. Alternatively, the San Felipe fault zone

has been complex and broad since it formed, and the slowing
latest Quaternary slip rates on its central strands reflect simple
changes in slip rate with time.

The low slip rates reported by Le et al. (2008) and Blisniuk
et al. (2010) across individual fault strands in the Clark and Coy-
ote Creek fault zones, when combined with our data, also require
changing slip rates with time, as long as their study sites captured
enough of the widely distributed strain of the San Jacinto fault
zone (Figs. 2 and 3; Belgarde, 2007; Janecke and Belgarde, 2008;
Forand, 2010; Janecke et al., 2010) to be representative of its lat-
est Quaternary slip rates. Regardless of these important details,
the San Felipe and Clark fault zones both appear to show reduc-
tions in slip rate through time. Temporal changes in slip rate are
also recorded in the latest Quaternary data sets along identical
strands of the fault zone (Blisniuk et al., 2009).

The available data along the Coyote Creek fault zone (Table
2) are more consistent with steady slip rates because the lifetime
and ca. 0.5-Ma slip rates overlap within errors. The uncertainties
are large, however, and there are preliminary Holocene slip rates
along the Coyote Creek fault that are higher (6 mm/yr during the
past 1200 years; Verdugo et al., 2006) than either the incremental
(>3.8 = 1.2 mm/yr since 0.6 Ma) or lifetime (4.1 +1.9/—1.7 mm/yr
since 0.9-0.8 Ma) slip rate determined here. Verdugo et al.’s
(2006) 6 mm/yr estimate and our >3.8 mm/yr lifetime slip rates
are from the same rupture segment of the Coyote Creek fault
and might therefore record a meaningful acceleration of slip in
the Holocene.

The complex and evolving structural history of the Clark,
Coyote Creek, and San Felipe fault zones is much more likely to
produce time-varying deformation rates on individual faults than
constant slip rates. We believe it is unlikely that slip rates were
steady along these fault zones through time because all three
faults experienced major, deeply penetrating structural adjust-
ments since their initiation. These changes include the addition of
new fault segments (Borrego Mountain, Borrego Badlands, and
segments of the Coyote Creek fault), blind fault segments that
propagated to the surface during this time, fault geometries that
produced different types of folds at different stages of develop-
ment, and even reversals of the dip-slip component of deforma-
tion (Table 4).

Major structural changes affected every dextral fault in our
study in the Pleistocene (Fig. 11). The San Felipe fault zone illus-
trates the changes in fault geometry particularly well. Sediment
accumulated NE of the Sunset fault during the first half of its
history, then after ca. 0.6 Ma this stepover experienced uplift and
exhumation and additional shortening (Steely et al., 2009). More
recently, the slip rate on the main central segments has decreased,
and there is a suggestion that additional faults north and south of
Yaqui Ridge are expanding the fault zone up to ~8 km in width.
The Tarantula Wash segment of the Clark fault also evolved from
a blind fault with a broad flat-topped anticline above its trace at
ca. 1.1 Ma (perhaps like Fig. 14A), to a surface-breaking fault
in the NW half of the segment. After ca. 0.5-0.6 Ma, dozens of
closely spaced detachment folds and discontinuous strike-slip,
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normal and thrust faults formed in the SE half (as in Fig. 14B;
Belgarde, 2007; Kirby et al., 2007).

The Coyote Creek fault initiated and produced a cen-
tral fault-parallel graben along the Coyote Ridge segment that
accumulated ~150 m of sediment with little tilting. Subsequent
adjustments initiated a major tilting episode that was followed
at ca. 0.3-0.4 Ma by uplift and exhumation of the sedimentary
rocks within the fault zone (Fig. 6; Dorsey, 2002). The Bor-
rego Badlands and Borrego Mountain segments of the Coyote
Creek fault did not exist before ca. 0.6 Ma (Lutz et al., 2006),
and strain may have been accommodated instead by the Veggie
Line-Henderson Canyon fault, the San Felipe anticline, and the
Extra fault (Fig. 14 and Table 4). Later the Borrego Badlands
and Borrego Mountain segments formed and cut across the early
and middle Pleistocene San Felipe anticline. These were major
adjustments, and it is highly unlikely that slip rates could have
been uniform across individual faults and fault segments within
such evolving and changing fault zones. Faults are fractal (Okubo
and Aki, 1987), and we predict that unsteady changes in slip rate
also characterize these fault zones at the 100-k.y., 10-k.y., and
1-k.y. time scale as they respond to smaller geometric and struc-
tural adjustments than the ones documented here.

Changes in slip rate and clustering of events have been
documented along the San Andreas fault (Weldon et al., 2004;
Dolan et al., 2007), the Clark fault, and the Coyote Creek fault
at multiple sites (Middleton, 2006; Rockwell et al., 2006; Blis-
niuk et al., 2009). The northern San Andreas fault system near
San Francisco Bay has also experienced major changes in activ-
ity within its fault array (Graymer et al., 2002). There “activity
on any single fault zone in the system has been sporadic, and
alternating periods of activity and inactivity have been recorded
on at least some of the fault zones” (Graymer et al., 2002,
p. 1471). Parts of the Garlock fault appear to vary temporally in
their activity level (Meade and Hager, 2005). Fault and fold pat-
terns in the Mecca Hills and Durmid Hill show that the southern
San Andreas fault also has old fault strands that likely resulted in
rate changes as the fault system changed from one fault system
to another and possibly back again (Sheridan and Weldon, 1994;
Janecke, unpublished mapping).

Theoretical and empirical analyses also predict time-
varying slip rates along fault zones. Slip rates can be expected
to vary in time as a result of earthquake clustering, progres-
sive changes in recurrence times, geometric complexities and
reorientation of faults over geologic time scales, viscoelastic
effects, and/or blind slip (Bennett et al., 2004; Becker et al.,
2005; Dolan et al., 2007). Climate can drive tectonic processes
and climate systems cycle at many different time scales (Mont-
gomery et al., 2001). Suppressed or increased slip rates due to
lithospheric rebound and loading and unloading by distant con-
tinental ice sheets or by Lake Cahuilla may produce transients
in the deformation field much as flexure due to highstands of
Lake Bonneville nearly stalled the Wasatch Fault during the last
glacial and pluvial (Hampel and Hetzel, 2006; Luttrell et al.,
2007). All these processes influence slip rates. Thus fault slip

rates that are measured on different fault segments over differ-
ent time periods, during different climate regimes, and within
a network of evolving and interacting faults, are unlikely to be
constant through time. Accordingly, it is potentially misleading
to predict the age of a fault by dividing its total displacement by
a slip rate determined from a short period of time, as has been
done for many years in the San Jacinto and Elsinore fault zones
(e.g., Blisniuk et al., 2010).

Implications for the Southern San Andreas Fault System

The southern San Andreas fault was the main large strike-slip
fault in southern California prior to early Pleistocene initiation of
the San Jacinto, San Felipe, and other dextral faults farther to
the southwest. This major reorganization expanded the southern
San Andreas fault system to its current width of 75-80 km (San
Andreas to Elsinore fault) from a width of roughly 20-30 km
(San Andreas and West Salton detachment faults). Assessing the
timing of this reorganization, and the amount of Pacific—North
American strain that is no longer localized on the main strand
of the San Andreas fault system has profound implications for
seismic hazards, fault kinematics, and evolving plate boundary.
We predict that studies along the San Andreas fault in Coachella
Valley and near San Bernardino will show that slip rates there
decreased by roughly half in the early Pleistocene when the San
Jacinto and San Felipe fault initiated. Together the San Jacinto
and San Felipe fault zones have accommodated slightly more
plate motion (~25.5 mm/yr) than the southern San Andreas fault
since their inception at ca. 1.1-1.3 Ma. If the westward transfer of
plate motion continues in southern California, the southern San
Andreas fault in the Salton Trough may change from being the
main plate boundary fault to defining the eastern margin of the
growing Sierra Nevada microplate, as suggested by Meade and
Hager (2005). The transformation of the southern San Andreas
fault, south of the Transverse Ranges, from the principal plate
boundary fault to the southern section of the Eastern California
shear zone is a major change that will transform the dynamics of
the fault network. Alternatively, if switching of activity between
the San Andreas and Eastern California shear zone fault systems
occurs regularly (Dolan et al., 2007), very different dynamics are
predicted. Further research into the past behavior of the southern
San Andreas fault, south of the Transverse Ranges, may illumi-
nate this question. The early Pleistocene reorganization of faults
that we document along the San Jacinto and San Felipe fault
zones is now known to have affected the entire Salton Trough—
Gulf of California corridor from Cajon Pass south to the Alarcon
ridge (~1500 km long) and is the subject of current research (Jan-
ecke and DeMets, 2010).

CONCLUSIONS

This study documents early Pleistocene (ca. 1.3—-1.0 Ma)
initiation of the San Jacinto and San Felipe fault zones in the
western Salton Trough, where they cross-cut the West Salton
detachment fault and its supradetachment basin. The earliest
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pulses of gravel input from different segments of the Clark and
Coyote Creek fault zone range in age from ca. 0.9 to ca. 1.1 Ma,
recording onset of fault activity at that time. We consider a pos-
sible short lag time of 0.2 m.y. that could increase the age of
the fault zones to ca. 1.3 Ma. The Borrego Mountain and Bor-
rego Badlands structural segments of the Coyote Creek fault
probably developed after ca. 0.6 Ma and accumulated ~2.3
km of right slip. Initiation of the San Felipe fault zone at 1.3—
1.1 Ma resulted in uplift of the large Fish Creek—Vallecito
Mountains fault block and progradation of alluvial gravel and
sand (Ocotillo and Brawley formations) ~25 km northeast
across the former perennial Borrego Lake.

Total lifetime slip rates across segments of the San Jacinto
and San Felipe fault zones sum to >25.5 +12.6/-9.3 (Table 2).
This sum exceeds all reported slip rates from the southern San
Andreas fault. Our analysis thus shows that starting in early
Pleistocene time more than half of the Pacific-North American
plate motion shifted southwestward from the northeast margin of
the Salton Trough into the Peninsular Ranges and central-western
Salton Trough. Discrepancies between lifetime, minimum,
0.5-m.y., paleoseismic, neotectonic, and geodetic slip rates reveal
a general lack of consensus regarding the distribution of slip rates
across the southern San Andreas fault system in space and time,
and show that our understanding of this system is incomplete at
most time scales.

The modern geometries and kinematics of the San Felipe
and San Jacinto fault zone did not develop until after the end
of Ocotillo and Brawley deposition at ca. 0.6-0.5 Ma, and these
faults have continued to change and evolve to the present. Despite
the young age of the San Jacinto fault zone (1.1-1.3 Ma), it has
already undergone one major structural adjustment, formed and
abandoned a major basement-cored anticline, created and then
largely bypassed a subsidiary fault, and changed its dominant
style of folding in the Salton Trough. Although the five slip rates
reported here for segments of the San Felipe and San Jacinto
fault zones can be interpreted in different ways, the compelling
evidence for episodic and changing deformational styles is more
consistent with time-varying slip rates since the early Pleistocene
than with steady-state models. The lifetime slip rates across the
San Jacinto fault zone exceed most previous short-term estimates
from paleoseismologic analyses but are consistent with higher
rates based on GPS, triangulation, and long-term geologic rates
to the northwest. Some of the difference could be due to off-
fault damage that is not sampled by some paleoseismic studies.
Changing fault geometries probably changed slip rates many
times within this complex mash of faults.
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