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ABSTRACT

The Quaternary Tectonic and Structural Evolution

of the San Felipe Hills, California

by

Stefan M. Kirby, Master of Science
Utah State University, 2005

Major Professor: Dr. Susanne U. Janecke
Department: Geology

We examine the transition between extension and strike-slip in the San Felipe
Hills, western Salton Trough, southern California using new and compiled geologic
mapping, measured stratigraphic sections, magnetostratigraphy, and structural analysis.
A 625 m measured scction describes the Borrego, Ocotillo, and Brawley formations in
the SE San Felipe Hills and constrains a regional disconformity and correlative angular
unconformity at ~ I Ma. Sedimentation rates for the Brawley Formation above the
disconformity range from 1.0 to 1.2 mm/yr, paleoflow was to the ENE. The Brawley
Formation consists of three interbedded lithofacies; (1) fluvial and fluvio-deltaic, (2)
lacustrine, (3) and colian deposits. Changes in facies, provenance, and paleoflow, with
deposition of Ocotillo and Brawley formations record onset and evolution of cross cutting

strike-slip faults other than the San Jacinto fault zone in the western Salton Trough at ~ 1

Ma.




Since deposition of the Brawley Formation (~ 0.5 Ma), rocks of the San Felipe

Hills have been uplifted and complexly deformed. New data suggest that strands of the
Clark fault persist SE of its previously mapped termination, transferring slip into folded
rocks in the central and southern San Felipe Hills. Equivalent right lateral slip from

folding for the Clark fault in the San Felipe Hills is 5.6 km. Minimum slip rates for the

Clark strand are between 9 and 11 mm/ycar. Since ~ 0.5 Ma, evolving strands of the San

Jacinto fault zone, including the Coyote Creck and Clark faults, have deformed rocks of

the San Felipe Hills.
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CHAPTER 1

INTRODUCTION

The evolution of the North American-Pacific plate boundary in the Salton Trough
arca of southern California is complex and incompletely understood. Within the western
Salton Trough carly extension was localized on the West Salton detachment fault but
sometime after ~2.5-3 Ma cross cutting strike-slip faults replaced the west Salton
detachment as the active structures in this area (Axen and Fletcher 1998). The San
Jacinto fault zone was the principal cross-cutting dextral strike-slip fault. The relative
amount, interaction, and timing of extension and strike-slip motion are poorly constrained
in the arca.

We examine this transition between extension and strike-slip deformation in the
western Salton Trough with new 1:48,000 scale geologic mapping in the San Felipe Hills
in approximately 2.5, 7.5 minute quadrangles (Plate 1). This map compiled detailed
1:6,000 scale mapping in the southeast San Felipe Hills (Heitman 2002; Lilly 2003) with
new mapping across the rest of the San Felipe Hills. A 625 m detailed measured scction
describes the Borrego, Ocotillo and Brawley formations in the southeastern San Felipe
Hills (Plate 2). A 245 m measured section of the coarse lateral equivalent of the Brawley
Formation, the Ocotillo Formation, was described in the Ocotillo badlands to constrain
basin-wide changes and lateral facies variation among these units. A major angular
unconformity and lateral correlative disconformity beneath these units was constrained

structurally and stratigraphically constrained for the first time. The results of the

measured sections, map relations, new magnetostratigraphic dating of the Brawley




(8]

Formation are presented in chapter 2 and provide new constraints on the initiation and
reorganization of the southern San Jacinto fault zone during the last ~ 1 to 1.5 Ma.

Current total plate motion across the plate boundary 1s broadly distributed cast to
west at the latitude of the Salton Sea, with much of the slip localized along strands of the
San Jacinto fault zone. Previous geologic mapping, microseismicity, focal
mechanismsand geophysical data all show significant changes in the characteristics of the
San Jacinto fault zone along strike in the western Salton Trough.

The San Jacinto Fault zone is a southeastward widening zone within the western
Salton Trough and includes the Coyote Creck, Clark, Superstition Hills, Superstition
Mountain faults (Sharp 1967). Initiation of slip on the San Jacinto fault zone to the north
necar its junction with the San Andreas may have begun at 1.5 Ma (Morton and Matti
1993) or 2.5 Ma (Meisling and Weldon 1989). Within the San Felipe Hills, Plio-
Quaternary sediments are strongly deformed by a complex series of folds and faults
southeast of the previously mapped termination of the surface trace of the Clark fault. To
the south, the Superstition Hills and Superstition Mountain faults may be accommodating
slip adjacent to a broad zone of clockwise transrotation (Hudnut ct al. 1989). The onset
of slip on the southeast portion Clark fault has not been adequately dated.  Also,
interactions among the active strands of the southern San Jacinto fault zone and in
particular the Clark fault, the complex deformation within the San Felipe Hills and
transrotation to the south has not been explored by previous studies.

To constrain the structural style, onset of slip, and right-lateral slip amount in the

San Felipe Hills, the geologic map was divided into fold domains based on similar fold

geometries. Average trend and plunge of fold axes, interlimb angles, strain rates,




J

shortening, and shortening rates were calculated for each domain. Transects through
relevant fold domains were used to calculate the total N-S shortening and amount of
equivalent dextral slip on the Clark fault plane oriented 305° NW that is required to
produce this amount of shortening.  These data along with new and compiled geologic
mapping arc presented in chapter 3. To constrain the gcometries and interactions of the
fault strands of the southern San Jacinto fault zone 3 carlicr models for the geometry of
the Clark fault in the San Felipe Hills and its relation to the Superstition Hills fault to the
south are considered in chapter 3. Minimum fault slip rates are calculated, time of
reorganization and initiation of the fault zone are identified, and a new kinematic model

of the current San Jacinto fault zone are presented in chapter 3.
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CHAPTER 2
STRATIGRAPHY AND DEPOSITIONAL SETTING OF THE
BRAWLEY FORMATION: INSIGHTS INTO INITIAL STRIKE-SLIP
DEFORMATION IN THE WESTERN

SALTON TROUGH'

Abstract

The evolution of the North American-Pacific plate boundary in the Salton Trough
arca is complex and incompletely understood. We examine this evolution and the
transition between extension and strike-slip movement in the western Salton Trough with
new 1:48,000 scale geologic mapping in the San Felipe Hills in approximately 2.5, 7.5
minute quadrangles (Plate 1). This map compiled new mapping across the San Felipe
Hills with detailed 1:6,000 scale mapping in the southeast San Felipe Hills (Heitman
2002; Lilly 2003). A 625 m detailed measured section describes the Borrego, Ocotillo
and Brawley formations in the southeastern San Felipe Hills. Magnetostratigraphy in this
section shows that the Brawley Formation was deposited between 1.07 Ma and 0.61 Ma
+0.02 Mato 0.52 Ma + 0.03 Ma. A 245 m measured scction of the coarse lateral
equivalent of the Brawley Formation, the Ocotillo Formation, in the Ocotillo Badlands
shows rapid westward coarsening of these units.

Plio-Pleistocene sedimentary rocks in the San Felipe Hills, Salton Trough record

an abrupt change from older, open, perennial lake beds to cyclic alluvial fan, fluvial-

' Coauthored by Stefan M. Kirby, Susanne U. Janecke, Rebecca J. Dorsey, Bernard A.

Housen, Victoria Langenheim, and Kristin McDougall-Reid.
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deltaic, and marginal lacustrine deposits at 1.07 Ma. The ~1680 m thick lacustrine
claystone, mudstone, and sandstone of the Borrego Formation in the San Felipe Hills
preserve almost no marginal lacustrine deposits and formed in a large perennial lake. A
regional disconformity and laterally equivalent angular unconformity at the crest of a 15
km long, cast-west trending basement-cored anticline separate the Borrego Formation
from the overlying Ocotillo Formation and its fine-grained equivalent, the Brawley
Formation. This east-west trending anticline is interpreted as the first evidence for
transpressional deformation within the previously transtensional southwest Salton
supradetachment basin.

The Ocotillo Formation is dominated by alluvial fan and braided stream facies,
with lesser amounts of fluvial and minor lacustrine facies deposited conformably on the
underlying Borrego Formation in the Ocotillo Badlands. The Ocotillo Formation fines
and thins to east-northeast as it interfingers with the Brawley Formation in the eastern
San Felipe Hills.

The Brawley Formation consists of three interbedded lithofacies: fluvial to deltaic
sandstone with cross-bedding and weak calcic palcosols; lacustrine mudstone, claystone,
and marlstone with 0.5 to 1.5 m deep desiccation cracks, rare evaporite minerals, and
locally abundant microfossils; and eolian sandstone with large scale (~ 3-4 m high) high-
angle cross stratification. Microfossils include marine and lagoonal forams, and
lacustrine ostracods, micromollusks, and charophytes. Sandstones include ~60 % biotite-
rich arkose derived from local tonalite plutons (L suite), and ~ 40 % sublitharenite

derived from the Colorado Plateau (C suite). Sediment transport was to the E to NNE in

the San Felipe Hills. Sedimentation rates in the Brawley Formation average about 1.0




mm/yr + 0.1 mm/yr to 1.2 mm/yr + 0.2 mm/yr. Clastic Brawley Formation sediments
accumulated in an ecphemeral stream and delta system on the western margin of the
Salton Trough while evaporites accumulated offshore in the basin center near the
southeast Salton Sea (Herzig et al. 1988).

Deposition of the Ocotillo and Brawley formations occurred in a basin controlled
by strike-slip faults that cut across the West Salton detachment fault and predate the
current, fully formed San Jacinto fault zone. The end of deposition of the Brawley and
Ocotillo formations and the first closely spaced folds occurred between 0.61 Ma + 0.02
Ma and 0.52 Ma + 0.03 Ma . This abrupt change at ~ 0.6 Ma, south and west of the
Salton Sca, reflects reorganization of the basin duc to changes in gecometry and

kinematics of the San Jacinto fault zone in the San Felipe Hills.

Introduction

Tectonic Background

I'he Late Miocene to Recent evolution of the North American-Pacific plate
boundary in the Salton Trough is complex and incompletely understood. Throughout
most of this evolution dextral strike-slip motion has occurred on the San Andreas fault
system along the castern margin of the Salton Trough (Atwater 1970; Axen and Fletcher
1998; Oskin and Stock 2003). Within the western Salton Trough early extension was
localized on the West Salton detachment fault but sometime after 3 Ma cross cutting
strike-slip faults including the San Jacinto fault zone and the Elsinore replaced the west

Salton detachment as the active structures in this area (Sharp 1967; Frost et al. 1996;

Axen 1998; Axen and Fletcher 1998; Dorsey and Janecke 2002; Steely et al. 2004; Axen




Dibblee (1954, 1984) noted large-scale lithologic relationships, including facics
changes and angular unconformities, which hinted at significant changes in basin
architecture during deposition of the late Miocene to middle Pleistocene aged
stratigraphic section within the San Felipe Hills. Changes in depositional patterns and
the presence of an angular unconformity that separates the Ocotillo Formation from older
units in some arcas (Dibblee 1954, 1984; Reitz 1977) may record a major basin
reorganization in the western Salton Trough. The transition from slip on the West Salton
detachment fault (Axen and Fletcher 1998) to active slip on strands of the San Jacinto
fault zone may have produced the angular unconformity and changes in facies. Complex
folding, north-south shortening and faulting of the late Cenozoic stratigraphic section
started during the deposition of the upper portion of the sedimentary section, with most
deformation postdating the deposition of the Ocotillo and Brawley formations (Dibblee
1954, 1984; Morley 1963; Dronyk 1977; Wagoner 1977; Reitz 1977; Feragen 1986;

Wells 1987; Heitman 2002; Lilly 2003; Steely et al. 2004; Kirby et al. 2004; this study)

The goal of this study is to better quantity and understand the stratigraphic
connection between basin-controlling faults, large folds and the sedimentary section and
to examine evidence for the transition from extension and transtension across the now
inactive and exhumed West Salton detachment fault system, to on-going strike-slip

within the San Jacinto fault zone in the western Salton Trough.

Stratigraphic Overview
The carly transtension succession exposed in the San Felipe Hills includes the

Latest Miocene (?) to Pliocene marine Imperial Group and its lateral nonmarine
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equivalents at Borrego Mountain, and the overlying Pliocene fluvial-deltaic Diablo and
Olla formations of the Palm Spring Group (Winker and Kidwell 1996; Axen and Fletcher
1998; Steely et al. 2004) (fig. 2-4). Interfingering with and conformably overlying the
Diablo Formation in the San Felipe-Borrego basin is the thick lacustrine Borrego
Formation. The Borrego Formation may have been deposited during a poorly dated and
understood transition between transtensional deformation and later transpression and
strike-slip related deformation or during the final phases of regional transtension on the
West Salton detachment fault (Janecke ct al. 2004; Dorsey et al. 2004; Steely et al.
unpublished data) (fig. 2-4). Altogether this transtensional to transitional succession is up
to 4195 m thick and 1s well exposed in the San Felipe Hills and the Borrego Mountain
arca (Dibblee 1954, 1984; Morley 1963; Reitz 1977; Wagonner 1977; Dronyk 1977;
Feragen 1986; Wells 1987; Heitman 2002; Lilly 2003; this study) (figs. 2-2, 2-3, 2-4).
These units were likely deposited in a basin that was at least partially the result of oblique
top-to-the-cast extensional slip on the west Salton detachment fault (Steely et al. 2004;
Axen ct al. 2004), because the sandstones and mudstones of the Imperial and Palm Spring
groups change laterally into boulder conglomerate of the Canebrake Formation at the
detachment fault (Dibblee 1954, 1984; Winker 1987; Winker and Kidwell 1996, 2002;
Axen and Fletcher 1998; Dorsey and Janecke 2002; Steely et al. 2004) (figs. 2-2, 2-4).
The San Andreas fault on the NE side of the basin probably also localized the basin at
this time.
Directly above the Borrego Formation in the San Felipe-Borrego basin there 1s an

abrupt change in lithology and sedimentary environment at the base of the Ocotillo and

Brawley formations (Dibblee 1954, 1984; Dorsey 2002; Lutz et al. 2003; this study) (figs.
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2-3,2-4). There are significant lithologic differences between the Ocotillo Formation and
the underlying Imperial Group, Diablo and Borrego formations in the San Felipe Hills
(Dibblee 1954, 1984; Reitz 1977; Heitman 2002; Lilly 2003; Lutz and Dorsey 2003).

The Ocotillo Formation within the Ocotillo and Borrego badlands and the San Felipe
Hills is a pebble to cobble conglomerate and pebbly sandstone with lesser fine-grained
sandstone and mudstone, whereas the underlying units range from claystone to sandstone
(Dibblee 1954,1984; Bartholomew 1967; Reitz 1977; Remieka and Beske-Dichl 1996;
Heitman 2002; Lilly 2003; Lutz et al. 2003).

A major basin-wide change in grain size is recorded at the base of the Ocotillo
and Brawley formations, but this contact was described as a conformable and nearly
imperceptible stratigraphic transition in the eastern San Felipe Hills (Dibblee 1954, 1984;
Dronyk 1977; Wagoner 1977). On the south flank of the San Felipe anticline and in the
Superstition Hills and Superstition Mountain area this contact is an angular unconformity
(Dibblee 1954, 1984; Reitz 1977) (figs. 2-3, 2-4). The nature of this contact and the
stratigraphic changes across it in the San Felipe Hills, are the subject of this paper.

Within the western Salton Trough the Ocotillo Formation and its fine-grained
lateral equivalent (the Brawley Formation) overlie either an angular unconformity,
disconformity, or conformable contact (Dibblee 1954, 1984) (figs. 2-2, 2-3). Previous
workers have inconsistently described this contact in and near the San Felipe Hills
(Dibblee 1954, 1984; Morley 1963; Bartholomew 1968; Dronyk 1977; Reitz 1977,
Wagoner 1977; Feragan 1986; Wells 1987; Heitman 2002; Lilly 2003). In the

southwestern San Felipe Hills, an angular unconformity was first described by Dibblec

(1954,1984) and later confirmed by other workers (Morley 1963; Reitz 1977; Dorsey et




al. 1999) (figs. 2-3, 2-4). Reitz (1977), Heitman (2002), and Lilly (2003) noted
conformable contacts beneath the Ocotillo Formation in Tarantula Wash a short distance
cast of arcas of angular unconformity. In the eastern San Felipe Hills previous workers
describe the basal contact of the Brawley formations as conformable with, and nearly
indistinguishable from, the underlying Borrego Formation except where the coarse but
thin Ocotillo Formation coincides with the contact (Dibblee 1954, 1984; Dronyk 1977;
Wagoner 1977; Feragan 1986; Heitman 2002; Lilly 2003). Ncarby in the Ocotillo
Badlands to the southwest of the study arca the Ocotillo Formation 1s described as
conformable with the Borrego Formation with a 20 degree angular unconformity
apparent within the lower Ocotillo Formation (Dibblee 1984). To the west-northwest in
the Borrego Badlands the basal contact is described as conformable with the underlying
3orrego Formation (Dibblee 1954; Remicka and Beske-Dichl 1996; Lutz and Dorsey
2003) but 1s now recognized as a brief hiatus in a few areas (Lutz, 2005; Lutz et al.
2004). Bartholomew (1968) and Reitz (1977) suggested that some of the Ocotillo
Formation is correlative with the terrace and pediment deposits in the Borrego Badlands
and the San Felipe Hills respectively.

The lateral equivalent of the Ocotillo Formation, the Brawley Formation, is
poorly known. Dibblee (1954, 1984) briefly described it as the lacustrine equivalent of
the Ocotillo Formation, and indistinguishable from the underlying Borrego Formation
where a thin conglomerate bed at the base of the Brawley Formation is absent. Later
workers mostly accepted Dibblee’s (1954, 1984) description of the Brawley Formation in
the San Felipe Hills. Dronyk (1977) and Feragan (1986), mislocated the Brawley-

Borrego contact within the Brawley Formation and described the two units as
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indistinguishable. None of these workers completed any systematic study of lithofacies
and depositional environment in the Brawley Formation but produced detailed maps of

subunits in the Borrego and Brawley formations (Wagoner 1977; Dronyk 1977; Feragan
1986). Prior to this study the Brawley Formation in its exposures in the western Salton
Trough was considered to be lithologically similar to the Borrego Formation (Dibblee

1954, 1984; Dronyk 1977; Wagoner 1977).

Structural Overview

The structures controlling basin subsidence in the western Salton Trough have
cvolved through time and can be subdivided into at least three distinet phases. After a
poorly documented phase of extension in Miocene time and deposition of the Red Rock
and Elephant Trees formations south of the San Felipe-Borrego basin (Kerr 1984; Winker
and Kidwell 1996, 2002; Dorscy and Janecke 2002), the West Salton detachment fault
began to slip along the entire west-southwest margin of the basin (Axen and Fletcher
1998; Dorsey and Janecke 2002; Winker and Kidwell 2002; Steely et al. 2004).
Development of the first large basins of the western Salton Trough was controlled by
oblique, top-to-the-east dextral-normal slip on the west Salton detachment fault in the
west and the normal slip component on the San Andreas fault in the cast (Frost et al.
1996; Axen and Fletcher 1998; Steely et al. 2004; Axen et al. 2004). The West Salton
detachment fault accommodated a significant fraction of strike-slip and produced at least
onc basin-scale growth anticline with a northwest trend (Steely et al. 2004; Axen et al.
2004). The northwest trend of this syndetachment growth anticline differs from the east-

west and north-south trend of folds that formed during the younger phase of transpression

and strike-slip deformation (Axen ct al. 2004; Kirby et al. 2004; Steely ct al. 2004). We




will assume that major east-west trending folds or fold trains are the result of wrench
deformation within the San Jacinto fault zone because such orientations are inconsistent
with the detachment’s predicted and observed strain field, and because such east-west
trending folds are active in today’s strain ficld (Anderson et al. 2003).

Later, by Ocotillo time, slip on the San Jacinto fault zone and the southernmost
San Andreas fault, the Brawley seismic zone and the Imperial fault were the primary
controls on basin architecture (Janecke et al. 2004). A transitional phase of deformation
during deposition of the Borrego Formation might predate the present geometry of the
San Jacinto fault zone and there is some evidence that parts of the deactivated detachment
fault have been utilized by younger strike-slip faults (Pettinga 1991; Axen and Fletcher
1998; Dorsey and Janecke 2002; Axen et al. 2004; Steely et al. 2004).

Currently the San Felipe Hills are surrounded by dextral strands of the southern
San Jacinto fault zone (Dibblee 1954, 1984; Sharp 1967, 1981). The Clark fault may
enter the study area from the north-west, the Coyote Creek fault is located along the
southwestern margin of the study area, the San Andreas fault is ~40 km to the northeast,
and the Superstition Mountain and Superstition Hills faults are ~20 km to the south (figs.
2-2,2-3). Slip on these or other older dextral strands probably created the broad cast-
plunging San Felipe anticline which dominates the central San Felipe Hills, as well as the
innumerable smaller map scale folds throughout the San Felipe Hills (Dibblee, 1984;
Heitman 2002; Lilly 2003; Chapter 3) (fig. 2-3).

The San Felipe anticline is a broad east-west trending structure which partially
predates deposition of the Ocotillo and Brawley formations (Dibblee 1954, 1984; Chapter

3).  Prior work suggests that the San Felipe anticline postdates the deposition of the
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Diablo Formation (Dibblee 1954, 1984). The age and geometry of the anticline 1s refined

N

by this study.

Many open to gentle complex, and more closely spaced folds deform the limbs of
the larger San Felipe and Santa Rosa anticlines (Dibblee 1954, 1984; Morley 1963; Reitz
1977; Wells 1987; Feragen 1986; Heitman 2002; Lilly 2003) (fig. 2-3). We will show
that these folds all postdate deposition of the Ocotillo and Brawley formations and arc

consistent with the kinematics of the active strands of the San Jacinto fault zone (Chapter

2
Nt

Methods

To assess stratigraphic and structural relations within the San Felipe Hills new
1:24000-scale geologic mapping was completed and combined with previous detailed
mapping in the south central San Felipe Hills (Heitman 2002; Lilly 2003) in
approximately 2.5, 7.5 minute quadrangles. Mapping of the angular truncation bencath
the Ocotillo Formation in the western San Felipe Hills and south of Squaw Pecak 1s
quantified and used to produce a reconstructed cross-section (A-A7) of the palco-San
Felipe anticline at the time of initial deposition of the Ocotillo and Brawley formations.
The cross-section restores post Ocotillo Formation north-south shortening, but does not
restore slip on ecast-west striking strike-slip faults with uncertain offset. An additional
cross section (B-B’) was created for a transect just west of A-A’ to show the current
geometry of the San Felipe anticline. The approximate lateral extent of the angular

unconformity benecath the Ocotillo formation was mapped out and compared with the

causative structures. A 625 m detailed measured section was described through the
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Borrego, Ocotillo and Brawley formations in the south-castern San Felipe Hills to
characterize a disconformity and basin transition, and to provide the first detailed analysis
of the depositional environment of the Brawley Formation.

Magnetostratigraphic analysis constrains the age deposition of the Brawley
Formation in the San Felipe Hills, and we collected a total of 16 sites, spaced
approximately every 40 meters within the measured section, recovering between 4 and 7
samples per site. The drilled samples were oriented using both magnetic and sun
compasses; the declinations of the magnetic and sun compass all agreed to within a
degree. The magnetizations of the samples were measured using a 2-G 755 DC SQUID
magnetometer in a magnetically shielded room at Western Washington University, using
an & position rotation scheme. The samples were demagnetized using an initial low-
temperature treatment accomplished by immersion in liquid nitrogen. Little or no loss of
remanence was observed after this treatment. The samples were then either thermally
demagnetized (using an ASC-TD 48 oven), with 15 to 22 temperature steps, or by
alternating-field (a.f.) demagnetization (using a D-Tech D2000 a.f. demagnetizer), with 5
to 10 mT increments to a maximum ficld of 200 mT. The palecomagnetic data were
analyzed utilizing the PCA technique (Kirschvink 1980) to determine the directions of
magnetization components. The directional components were then analyzed using both
standard Fisher (1953) statistics, and the bootstrap methods of Tauxe (1998). These
results were then correlated with the magnetic polarity timescale of Cande and Kent
(1995) to determine the age of the top and bottom of the Brawley Formation, to date the

first major phase of growth on the San Felipe anticline, and to determine when the closely

spaced folding and related faulting first developed in the arca.  We compared our data
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with the upper 2 Ma of the magnetic polarity timescale because the correlative Ocotillo
Formation in the Borrego Badlands yields Irvingtonian fossils and contains the 0.76 Ma
Bishop ash (Remicka and Beske-Diehl 1996).

A 224 m of section from the Ocotillo Badlands through the Borrego and Ocotillo
formations was described by Dorsey and analyzed for facies, paleocurrents, and
provenance. The Oil Well Wash measured section is located 21 km to the east-northeast
of the measured section in the Ocotillo badlands. This allows more proximal and distal
facies to be compared within the same depositional basin.

Palcocurrent indicators were measured in exposures of the Brawley and Ocotillo
formations including the two measured sections.  Within the measured section samples
were collected and analyzed for microfossils by Kristin McDougall. Sandstone
provenance was noted when apparent in hand sample. Sands were subdivided into three

groups; Colorado River derived, locally derived, and mixtures of the two.

Results

Outcrop Locations

Within the San Felipe Hills the Ocotillo and Brawley Formations are exposed
throughout the southern and eastern portions of the study area (figs. 2-2, 2-3). The
primary exposures of Ocotillo Formation form an east-west trending belt along the
southern limb of the San Felipe anticline (figs. 2-2, 2-3). On the north limb of the San
Felipe anticline in the northwestern portion of the field area there are small exposures of

the Ocotillo Formation (fig. 2-3). Other exposures of the Ocotillo Formation exist,

immediately to the south and north of the study area, in the Ocotillo and Borrego

l=
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Badlands and the Seventeen Palms area (Dibblee 1954, 1984; Pettinga 1991) (fig. 2-2).
South of Squaw Peak the Ocotillo Formation extends castward as this unit interfingers
with the Brawley Formation in the southeastern San Felipe Hills (figs. 2-2, 2-3).

Outcrops of the Brawley Formation form an east-west trending belt east of the
Powerline fault in the southern San Felipe Hills. In the eastern San Felipe Hills
exposures of the Brawley Formation lic near and east of California State Highway 86,
and cxtending nearly to the Salton Sca (figs. 2-2, 2-3). To the south of the San Felipe
Hills the Brawley Formation has been uplifted and exposed in the Superstition Hills and
Superstition Mountain arcas (Dibblee 1954, 1984) (Fig. 2-2). The Brawley Formation is
in the subsurface to the cast and south of the study area (Severson 1987; Herzig et al.
1988)

[n the southeast portion of the San Felipe Hills, cast of the Powerline fault, the
Brawley interfingers with and grades westward into the Ocotillo Formation (Dibblee
1954,1984; this study) (figs. 2-2, 2-3). The contact between the two units was placed
above the highest conglomerate or pebbly sandstone (Girty pers. comm. 2003; this
study). A thin (5-25 m) widespread tongue of conglomerate and pebbly sandstone,
mapped as Ocotillo Formation, makes up the basal unit of the finer-grained Brawley
Formation in the southeastern San Felipe Hills (Dibblee 1954, 1984; Heitman 2002; Lilly
2003) (figs.2-3, 2-5). This basal conglomerate is replaced in the north by a locally

derived sandstone and grit in the eastern San Felipe Hills.

Borrego Formation
The Borrego Formation in the San Felipe Hills is up to 1680 m thick in the eastern

San Felipe Hills, and has a sharp upper contact with the overlying Ocotillo and Brawley




19

formations. The base of the Borrego Formation is transitional as it interfingers with the
underlying fluvial-deltaic Diablo Formation. In the north and central San Felipe Hills a
transitional map unit was used to identify arcas where Diablo and Borrego lithologies
interfinger in nearly equal amounts.

The Borrego Formation in the San Felipe Hills and Ocotillo Badlands consists of
fine-grain lacustrine claystone, mudstone, and siltstone with widely spaced interbedded
sandstones. The total voiume of sandstone 1s less than fifty percent, usually much less
than fifty percent (figs. 2-5, 2-6; plate 2). Red finely laminated to massive marly
claystone, and mudstonc are the primary lithology of the Borrego Formation. Lesser
grey claystone and thin marl up to 0.5 m thick are also present (figs. 2-5).

Sandstone beds in the Borrego Formation are up to 4 m thick and dominantly
sublitharenite derived from the Colorado River (Guthrie 1991; Winker and Kidwell
1996). The middle of the Borrego Formation in the eastern San Felipe Hills contains
scveral discontinuous beds up to 2 m thick of pebbly sandstone, with clasts dominated by
tonalite. In the southeastern San Felipe Hills a laterally continuous bed of conglomerate
that contains clasts of Diablo Formation sandstone and oyster shell fragments from the
marine Imperial Group is traccable for several kilometers in the middle to upper Borrego
Formation.

The Borrego Formation appears internally conformable at our map scale and does
not show evidence for syndepositional growth in the San Felipe Hills. Growth may be
apparcnt within the Borrego Formation to the north and northwest in the Borrego

Badlands (Dorsey unpublished data 2003). Landsat imagery that shows possible

convergence of beds within the Borrego Formation on the north flank of the San Felipe




anticline coincides with a zone of structural convergence and numerous dextral faults
(plate 3). Further stratigraphic work within the Borrego Formation throughout the
western Salton Trough is necessary to clarify these relationships.

The uppermost Borrego Formation was measured in the lower part of both the
Ocotillo Badlands section and the Oi1l Well Wash section.  This portion of the Borrego
Formation is exposed in the southeastern and castern San Felipe Hills and the core of the
anticline in the Ocotillo Badlands beneath the Ocotillo and Brawley formations (figs. 2-3,
2-5, 2-6; plate 2). Both of the scctions started in the upper Borrego Formation.  The O1l
Well Wash measured section describes up to 128.5 m of the Borrego Formation and the

21.
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Ocotillo Badlands measured section describes m.
The Borrego Formation in both sections is dominated by claystone with lesser
mudstone and sandstone. In the Oil Well Wash section the claystone is gray to red or
pink and finely laminated to massive with thin up to several cm thick yellow weathering
marl. Sandstone in the O1l Well Wash measured section is composed of fine- to
medium-grained sublitharentite, which 1s characteristic of Colorado River-derived
sediments (Guthrie 1991) (fig. 2-5; plate 2). Sandstone beds are up to 5 m thick but more
commonly only 2-3 m thick displaying low-angle cross stratification and planar
stratification. Thin 10 cm thick gray silty-marl beds are also present in the Borrego
Formation. The upper 5 m of the Borrego Formation consists of interbedded very fine-
grained sandstone, siltstone, and thin 1-2 ¢cm thick laminated micrite.  One prominent

interval of desiccation cracks in red claystone occurs in the upper 15 m of the Borrego

Formation in Oil Well Wash.
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The upper Borrego Formation in the Ocotillo Badlands is dominated by massive
to finely laminated red claystone (fig. 2-15). One 2 m thick bed of horizontally stratified
pebbly sandstone is interbedded in red claystone S m below the contact with the Ocotillo
Formation. Clast composition of this bed 1s dominated by tonalite from the eastern
Peninsular Ranges. No soil structures or desiccation cracks were observed in the
uppermost Borrego Formation in the Ocotillo Badlands and the contact with the
overlying Ocotillo Formation is interbedded and conformable.

Microfossils in the Borrego Formation included ostracods, micromollusks,
diatoms, rare planktonic forams, and plant fragments (fig. 2-5; table 2-1) (McDougall
unpublished data 2004). Microfossil assemblages indicate freshwater to occasionally
brackish water lacustrine conditions. The Borrego Formation accumulated in a quiet and
relatively clear, shallow (< 20 m), near-shore environment in a pool/lake/lagoon setting
(McDougall unpublished work 2004). Water for this system was provided by saline
(marine) and freshwater sources (McDougall unpublished work 2004).

The rocks of the Borrego Formation accumulated in a perennial lacustrine setting
with sandstone representing more proximal facies and claystone and mudstone
representing distal, open lacustrine facies and near shore environments. Further work is
necessary to characterize the sandstone facies in the Borrego Formation, but work to date

shows few marginal lacustrine deposits in the San Felipe Hills.

Ocotillo Formation
Overview
The base of the Ocotillo Formation is a angular unconformity in the western San

Felipe Hills and is a disconformity in the east, where the Ocotillo Formation interfingers
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with the Brawley Formation to the east and north (figs. 2-5, 2-6, 2-7). To the south
throughout the Ocotillo Badlands and in the measured section, the Ocotillo Formation
overlies the Borrego Formation along a sharp but conformable contact that has no
apparent soil development or erosional relief (figs. 2-3, 2-6). Clasts of the underlying
Borrego Formation are not present in the basal beds of the Ocotillo Formation. The
contact is diffcult to place in some areas.

Outcrops of the angular unconformity beneath the Ocotillo Formation occur
principally in the western San Felipe Hills as a relatively narrow cast-west belt on the
southern limb of the San Felipe anticline. The area underlain by angular unconformity
extends east to Tarantula Wash and probably continues to the west beyond the study areca.
To the cast of Tarantula Wash the Ocotillo Formation overlies the Borrego Formation in
disconformity (fig. 2-3). In the Tarantula Wash arca the base of the Ocotillo Formation
changes laterally from an angular unconformity to a disconformity across a 200-500 m
distance (fig. 2-3). This defines the castern extent of angular unconformity (fig. 2-3). On
the north limb of the San Felipe anticline there is one outcrop of the Ocotillo Formation
lying in angular unconformity on the Diablo Formation (fig. 2-3). 1Onclies in
disconformity on the transitional Diablo to Borrego unit (fig. 2-3). Near Seventeen
Palms, ~5 km to the north (Fig. 2-9), there are more extensive exposures of the Ocotillo
Formation that appear to be conformable on the Borrego Formation (Dibblee 1984;
Pettinga 1991; Bartholomew 1968). Post-Ocotillo folding and faulting has obscured the

contact relations of several outcrops of the Ocotillo Formation between Seventeen Palms

and the northwest edge of the study area and we have not studied them.




A well exposed section of the Ocotillo Formation was measured (by Rebecca
Dorsey) in the northern Ocotillo badlands. The Ocotillo Formation is 223.5 m thick in
the section there, but map data suggest a total thickness of ~450 m in the northern
Ocotillo badlands (fig. 2-6). The O1l Well Wash section contains just 16.5 m of distal

Ocotillo Formation (fig. 2-5).

Facies and sedimentary patterns
The Ocotillo Formation is characterized by conglomerate, pebbly to gritty

sandstone, sandstone, and lesser fine grain siltstone and mudstone (fig. 2-6). Within the

San Felipe Hills, moderately lithified pebbly arkosic sandstone is the dominant lithology
of the Ocotillo Formation, but medium-grained sandstone to mudstone are also important
components of the lower Ocotillo Formation. Sedimentary structures include shallow
channel fills with imbricated clasts and horizontal to low-angle stratification. The
Ocotillo Formation includes interbedded C-suite and L-suite sandstones, with L-suite
dominating over C-suite. Recycled clasts of the Diablo Formation with lesser amounts
of the Imperial Group, are common.

In the Ocotillo badlands, the base of the Ocotillo Formation was placed at the
base of the lowest conglomerate bed greater than 2 m thick (fig. 2-6). Directly above its
basal contact with the Borrego Formation, the Ocotillo Formation consists of massive to
horizontally stratified pebble to cobble conglomerate. Above the contact distinct beds of
sandy matrix-supported pebble to cobble conglomerates showing low-angle cross
stratification and occasional shallow channel scours generally less than Im thick

dominate the measured section (fig. 2-6).




A interval of red claystone and mudstone with lesser siltstone and sandstone
begins abruptly at 48.5 m in the measured section continuing up section to 77.5 m (fig. 2-
6). Bioturbation and gastropods were noted in the lower portion of this section. Sand-
filled desiccation cracks up to 1 m deep are present immediately below a planar bedded
sandstone interval near 65 m (fig. 2-6).

Conglomerate and pebbly sandstone overlie a sharp contact above a finer-grained

scction between 58.5 and 77.5 m (fig. 2-6). These beds are horizontally stratified and

(
similar to the section above the base of the Ocotillo Formation (fig. 2-6). Above this,
from 90 to 109 m the section contains [ine-grained cross-bedded sandstone with Colorado
River provenance (fig. 2-6). At 101.5 m in this mterval these sandstones are interbedded
with lesser red mudstones. The relative abundance and thickness of mudstone beds
increases up scction in this otherwise sandy section (fig. 2-6).

Above 109 m pebble to occasionally cobble conglomerate dominate, with
intervals of coarse sandstone and pebbly sandstones (fig. 2-6). The pebbly sandstone 1s
commonly crudely bedded showing weakly developed horizontal stratification with
stringers of pebbles set in sand-dominated beds. Minor claystone and mudstone beds up
2 m thick are interbedded with these deposits (fig. 2-6). Fine-grained deposits include
grey to white bedded and rippled siltstone and peach to red mudstone and claystone

which is several meters thick. Several mudstone and claystone beds display well

developed polygonal desiccation cracks (figs. 2-6, 2-8).

Provenance
The Ocotillo Formation in the Ocotillo Badlands is dominated by granular sub-

rounded very coarse to coarse white plagioclase, quartz and biotite grains, which are
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likely derived from nearby uplifts of the castern Peninsular Ranges (fig. 2-6). Sands
with similar compositions have been linked to the castern Peninsular Ranges to the west
by previous workers (Guthrie 1991; Winker and Kidwell 1996). Up to 90 % of sandstone
in the measured section has a local source (fig. 2-6). Small intervals (8%) of the section
contained Colorado River derived and mixed local and Colorado River-derived sediments
(up to 2%). Colorado River-derived sands are restricted to the lacustrine and fluvial-
deltaic intervals between 50 and 100 m (fig. 2-6).

Composition of pebble to cobble sized clasts are fairly uniform. Clasts include
tonalite, Diablo Formation, metasedimentary schists and marbles, mylonites, and gneiss
(fig. 2-6). Tonalite clasts dominate the section. Clasts of the Diablo formation arc overall
less common, though locally abundant, and are present throughout the section. Mylonite,
metasedimentary, and gneiss clasts were noted both near the base and top of the section.
Just above the base of the Ocotillo Formation, clasts include tonalite from the eastern
Peninsular Ranges and up to 30 % recycled clasts of the Diablo Formation sandstone
(figs. 2-6, 2-9). Ocotillo Formation to north and northeast in the San Felipe Hills has a

similar overall clast composition.

Palcoflow
Clast imbrications were measured at 6 intervals in the measured section. Tilt-

corrected mean paleoflow was casterly based on 34 pebble imbrications (fig. 2-10).

Environment of deposition

Based on grain size, sedimentary structures, and facies we infer that the upper 130

m of Ocotillo Formation was formed in a proximal to distal alluvial fan and bajada
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setting. The lower 110 m of Ocotillo Formation consists of alternating lacustrine, fluvial,
deltaic, and alluvial fan deposits (fig. 2-6). Alluvial fan environments arc characterized
by the horizontally stratified pebbly sandstones and pebble to cobble conglomerates, with
low-angle cross stratification and shallow channel fills (figs. 2-6, 2-9). Evidence for
lacustrine deposition is limited to a 77.5 m thick transitional zonc in the lower Ocotillo
Formation, where Borrego and Ocotillo lithofacies alternate. This interval contains
lacustrine fauna including gastropods and fine grain interlaminated mudstone and
claystone. Fluvial to deltaic deposition is indicated by cross bedding and fining-up trends
between 86 and 109 m (fig. 2-6). Facies association and sedimentary structurcs between
exposures of the Ocotillo Formation in the San Felipe Hills, and the Ocotillo and Borrego
badlands are similar and likcly represent deposition in alluvial fans that prograded into
and interfingered with tiner basinal deposits which were either fluvial or lacustrine (this

study; Lutz and Dorsey 2003).

San Felipe anticline

Angular relations beneath the angular unconformity underlying the Ocotillo
Formation in the western San Felipe Hills define a large east-west trending anticline in
the underlying Borrego and Diablo formations and Imperial Group which probably
formed just prior to deposition of the Ocotillo Formation across it (fig. 2-11). Based on
the age of the rocks beneath the angular unconformity, the angularity of the contact, and
the younging direction beneath the unconformity the anticline is roughly 10 km north to
south and 14 km from the western edge of the study area to the castern tip. The anticline
likely extends to the west to Borrego Mountain for a total cast-west length of 24 km.

The anticline coincides with the large cast-west trending San Felipe anticline which
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deforms the Ocotillo and Brawley formations as well as the underlying Imperial Group,
Diablo and Borrego formations (fig. 2-12).

In cross-section the reconstructed anticline has a longer (7 km) north limb
whereas the south limb is only 3 km in length (fig. 2-11). The Diablo Formations dips
28 to the north beneath flat lying Ocotillo Formation on the north limb of the anticline
(fig. 2-11). Pre-Ocotillo beds on the southern limb of the anticline dip from 16 to 24
(fig. 2-11). Structural offset between the southern San Felipe Hills and the Ocotillo
Badlands imply north-side-up thrust fault or similar structure separating these two arcas
(fig. 2-11). The exact dimensions of the southern limb are poorly constrained because the
conformable contact between the Ocotillo and Borrego formations in the Ocotillo
Badlands is located southwest across a major strand of the Coyote Creek fault with up to
2 kilometers of slip (fig. 2-11). The interlimb angle of the San Felipe anticline beneath
the reconstructed angular unconfomity was at most 128° just prior to deposition of the
Ocotillo Formation. Using the modern strain rate of 32.0 + 2.4°10™ per year from GPS
data sets (Anderson et al., 2003) over a similar spatial arca and orientation to that of the
reconstructed anticline the anticline could have formed in 285,500 + 19,700 years.

A 2.7 mGal gravity high coincides very well with the San Felipe anticline mapped
at the surface and defines the subsurface extent of the basement-cored part of the San
Felipe anticline. This correspondence shows that the basement is coupled to the
overlying sedimentary section at the scale of the San Felipe anticline. The anticline
appears to end or be truncated either at the Powerline fault or ~ 2-3 km to the cast in the
central San Felipe Hills (fig. 2-13). To the west the gravity signal of the San Felipe

anticline extends along trend 6 km to the west of Borrego Mountain on the southwest side




of the Coyote Creck fault. The extent of the gravity high corresponds well with the
position of both the modern and ancient, pre-Ocotillo and Brawley formations, San Felipe

anticline (fig. 2-13).

Brawley Formation
Overview

The base of the Brawley Formation in the eastern San Felipe Hills is defined
here by the first trough cross-bedded locally derived sandstone in erosional contact with
underlying red claystone, mudstone, and lesser sandstone of the Borrego Formation (fig.
2-14). The basal sandstone of the Brawley Formation is commonly overlain by a red
mudstone or claystone up to 20 m thick which may also have within it a white silty marl
interbed up to 1 m thick. The location of the contact was later confirmed using Landsat
data acquired after the contact had been traced in the ficld.

The grain size of the lowermost Ocotillo and Brawley formations decreases to the

north and cast above the disconformity in the eastern San Felipe Hills.  Recycled clasts
of the underlying Borrego Formation and adjacent Diablo Formation arc common in the
lowermost Ocotillo and Brawley formations in the eastern San Felipe Hills and are

typically 1 cm in diameter, ranging up to 2-3 cm in diameter. Throughout most of the

San Felipe Hills the contact has been extensively folded and faulted by deformation that

(OS]

).

postdates deposition of the Brawley Formation (fig. 2-

Four hundred and eighty meters of the Brawley Formation, and 128.5 m of the

Borrego Formation were measured and described in Oil Well Wash in the south-cast

3]

portion of the study arca (figs. 2-3, 2-5, 2-15). The section was described and measured

o

in three distinct intervals that are separated by younger folds and faults. Section legs |
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and 2 were directly correlated by laterally following bedding on foot and on acrial photos
around a cast-northeast plunging anticline (figs. 2-5, 2-15). Section legs 2 and 3 were
correlated across the Extra fault zone using a prominent series of marls and an overlying
channel complex at 480 m as a marker (figs. 2-5, 2-15). This marker couplet could also
correlate with a marl and sandstone interval at 415 m in leg 2, but this correlation is not
preferred because of a poor stratigraphic match above the marker couplet. If this
alternate correlation is correct, the base of the Bruhnes normal would lic at 435 m in the

measured section instead of at 480 m.

Facies and sedimentary patterns

The measured section in O1l Well Wash 1s 625 m thick. The lower 128.5 m
consists of upper Borrego Formation and the upper 496.5 m contain Ocotillo and Brawley
formations (fig. 2-5; plate 2). A thin tongue of the Ocotillo Formation, 16.5 m thick,
separates the Brawley Formation from the Borrego Formation in this area (figs. 2-3, 2-5,
2-15; plate 2). Strata of the Brawley Formation are conformable and lack obscrvable
growth strata. The contact between the Ocotillo and Brawley formations is conformable.

Basal beds of the Ocotillo Formation overlie a disconformable contact with
Borrego Formation in this section and locally contain pebble to occasional tonalite
cobbles. The Ocotillo Formation fines up from the basal unconformity to 145 m in the
section and consists of horizontally stratified, locally derived sandstone. Massive
mudstones of the lowermost Brawley Formation conformably overlie this tongue of the
Ocotillo Formation.

Throughout the Brawley Formation buff to tan-orange weathering fine- to

medium-grained sandstone is the dominant lithology. Sandstone is characterized by buff



color, general lack of consolidation, and a variety of well developed sedimentary

structures that include tabular and trough cross bedding, climbing and tabular ripples,

large scale high-angle cross stratification, channel fills, and convolute laminations (figs.
2-16, 2-17, 2-18, 2-19; plate 2). Lesser amounts of red, finely laminated to massive,
claystone and mudstone up to 3-4 m thick with well developed downward tapering sand-
filled cracks up to 1.5 m deep are also characteristic of the Brawley Formation (figs. 2-5,
2-20, 2-21; plate 2).

Channel-fill structures occur in the sandstone-dominated portions of the Brawley
Formation, with good exposures between 425 m and 450 m in the measured section (fig.
2-5). Channel fills in the Brawley Formation generally finc upward to siltstone and
mudstone and typically occur in beds 2—-6 m wide and 1-4 m high (figs. 2-5, 2-16). Rip-
up mud pebbles and rare cobbles and armored mudballs are common in the base of
channel fills (fig. 2-22). Several channel complexes up to 20 m thick exist as vertically
stacked channel-fill deposits. Climbing ripples and trough cross bedding are well
developed and common within the channel fills (fig. 2-17).  Soft sediment deformation
consisting of folded laminations are present in some channel fills (fig. 2-18). Similar
lithologies dominate the section from 156 m to 450 m.

From 260 m to 400 m fine- to very fine-grained sandstone which commonly
displays large scale (3-4 m) high angle cross stratification is present in the measured
section (figs. 2-19). Stacked sets of steep and tabular foresets up to 10-15 m thick are

characteristic of this section. Sandstone in these deposits is well sorted and contains thin

segregated interbeds of biotite. Thin, 1 m or less, lenticular and discontinuous interbeds
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of massive to laminated mudstone and claystone are also present in this part of the
section (fig. 2-5; plate 2).

Red to red-brown mudstone and claystone are interbedded with sandstone in the
measured section. Thickness of these beds ranges from less than 1 m up to 3-4 m (fig. 2-
S; plate 2). These deposits are massive to laminated and show rare burrow mottling.
Mudstone and claystone is dominant in the section between 145 m and 156 m and above

480 m where they are interbedded with sandstone, marl and siltstone (fig. 2-5; plate 2).

Marl consists of grey to whitish silty to muddy carbonate-rich layers that
commonly have abundant microfossils visible in hand sample including forams,
ostracods, and gastropods (fig. 2-18). Typical individual marl beds arc 20-30 ¢cm thick.
Intervals of stacked marl beds reach 2 m in thickness and make usetul stratigraphic
markers. Locally-dervied sandstone is commonly associated with marly intervals.
Sedimentary structures in marl include soft sediment deformation, bioturbation, and
occasional cross stratification. Marl usually 1s associated with claystone and mudstone
but several are abruptly overlain by channel sandstones.

Mudstone and claystone of the Brawley Formation commonly contain sand-filled
desiccation cracks. The cracks are typically well developed and downward tapering, and
filled from above with locally derived sands (figs. 2-20, 2-21). Examination of some
sand-filled cracks reveals faint sub-horizontal laminations. The cracks are up 1.5 m deep
and up to 40 cm wide. When seen in plan view the desiccation cracks are commonly
polygonal and up to 1-2 m across, and cross-sectional view generally show regularly

spaced (up to 1-2m) vertically oriented sand-filled cracks which occur throughout a given

mudstone or claystone bed. Soil features in the claystone and mudstone of the Brawley
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Formation are weakly developed and represented by small calcic rhizo-concretions and

irregular rounded calcic nodules up to 3 cm in length (fig. 2-23).

=

Microfossil results

Portions of the the Brawley Borrego formations in the Oil Well Wash measured
section and elsewhere in the castern San Felipe Hills were sampled and analyzed for
microfossils (McDougall unpublished data 2004). Fossil assemblages within the
Brawlcy Formation range from fresh water to brackish to saline water forms and
included; forams, micromollusks, ostracods, echinoids, and chara (fig. 2-5; table 2-1;
plate 2). Plant fragments were also noted 1n several samples. The foram species is a
saline to brackish water type (McDougall unpublished data 2004). All other microfossils
arc fresh water types. The Borrego Formation has a slightly different fossil assemblage
which was characterized by planktonic forams, micromollusks, ostracods, and diatoms

(table 2-1).

Provenance

Sandstone of the Brawley Formation in the O1l Well Wash section contains up to
~57 % locally derived sandstones (L-suite) based on the presence of plagioclase, quartz
and biotite grains derived from the Eastern Peninsular Ranges to the west (fig. 2-5, 2-22).
Lesser (up to 36 %) Colorado River derived sandstones (C-suite) and minor (up to 7 %)

mixed local and Colorado River derived sandstones characterize the Brawley Formation

in O1l Well Wash (fig. 2-5). L-suite and C-suite sandstone beds alternate on a 5 m scale

with relatively little mixing of the two petrofacies.
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Paleoflow

The Brawley Formation contains many well developed palcocurrent indicators
such as channel scours, foresets, ripples, and trough and planar cross beds. For this study
paleoflow was measured primarily from channel axes, cross bedding and small scale
climbing ripples at various locations in the San Felipe Hills (fig. 2-24). The tilt-corrected

mean of the 51 measurements was 50° or north-casterly (fig. 2-24).

Environment of deposition

Two thirds of the Brawley Formation in Oil Well Wash consists of fluvial and
fluvial deltaic facies, as indicated by conspicuous cross-bedded sandstone channel fills
that fine up into mudstone with desiccation cracks and rare weak paleosols. Fluvial and
fluvial-deltaic facies dominate the section from 156 m to 450 m. Within this scction were
brief periods of lacustrine deposition and longer intervals of colian deposition.

Eolian sandstone units are interbedded with the fluvial and fluvial deltaic deposits
between 260 m to 400 m in the section (fig. 2-5; plate 2). These deposits record sand
dunes up to 4 m high and overall castward dune migration. Similar facics patterns have
been interpreted in the rock record as being deposited on the arid margin of ephemeral
lacustrine systems (Rogers and Astin, 1991). Other evidence for arid conditions during
deposition of the Brawley Formation include deep desiccation cracks and development of
weak calcic paleosols. Both features are indicative of soil formation under arid
conditions (Wright 1986). The intervals which show the most evidence for extended

subareal exposure and soil formation correspond well with intervals of colian deposition

(fig. 2-5; plate 2).
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Lacustrine deposits comprise ~ 20 % of the Brawley Formation in Oil Well Wash
(fig. 2-5). Prominent lacustrine intervals are present between 145 m and 157 m and
above 475 m where they are interbedded with fluvial-deltaic deposits. Lesser intervals of
lacustrine deposition exist between 157 m and 475 m (fig. 2-5; plate 2). The most
diagnostic lithofacies in the lacustrine association are fossiliferous marls and massive to
laminated claystones and mudstones. Lacustrine conditions are supported by the
lacustrine fauna identified in these marls and elsewhere in the Brawley Formation.
Lacustrine conditions and subareal arid conditions alternated, producing the common
well-developed sand-filled desiccation cracks (ligs. 2-5, 2-25; plate 2). The largest
desiccation cracks occur in the lacustrine intervals.

Water chemistry of the Brawley Formation lacustrine system varied from fresh to
brackish. Brackish water chemistry is required at times in the Brawley lake to support
the shallow marine to lagoonal marine forams preserved there. This probably developed
during the periodic drying out of the lake basin, consistent with other studies of the

Brawley lake history (Herzig ct al. 1988).

Paleomagnetic Results

Fourteen of the paleomagnetic sampling sites along Oil Well Wash in the upper
Borrego and Brawley formations preserve a stable primary magnetization.  The
uppermost Borrego Formation is reversely magnetized, and the lower 145.5 m of the
Brawley Formation has a normal polarity (fig. 2-5; plate 2). About 206 m in the middle
part of the Brawley Formation are reversely magnetized and the upper 145 m return to a

normal polarity that we infer to be the Bruhnes subchron from regional relations(fig. 2-5;

plate 2). This correlation with the magnetic time scale is further supported by work to the
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north on the Ocotillo Formation which used the presence of the Bishop ash (0.76 Ma) and
unique fossil assemblages to correlate this portion of the time scale to these rocks. This
correlation places the base of the Jaramillo event at the disconformity between the
Ocotillo and Brawley formations and the Borrego Formation. The coincidence of the
reversal with the disconformity allows us to date the contact very precisely at 1.07 Ma.
We recognize two distinct grades of paleomagnetic data quality in our specimens.
Class 1 data have well-defined second-removed vector components with a maximum
angular deviation (MAD) of less than 25° (fig. 2-25). Class Il data have poorly defined
second-removed components, with MAD >25° and commonly do not trend towards the

origin of the orthogonal vector plots (fig. 2-26). Many of the specimens with Class I data
have well-defined great circles that allowed for qualitative evaluation of the polarity of
the sccond-removed magnetization components (figs. 2-26, 2-27). One site (03Qb19) has
well-defined (Class 1) magnetization vectors, which point either shallowly up, or
shallowly down (fig. 2-28). We interpret these directions to represent a recording of a
transitional field, most likely associated with an excursion or short-lived polarity event,
and so will not include this mean direction in our analysis.

There are six sites with enough Class I data to calculate site mean directions (fig.
2-29). With one exception (Site 03Qbl8), all of these sites have well-defined mean
directions, with k> 15. The ags values are high, due to the low number of Class I samples
in these sites. The site mean directions are moderately clustered in in-situ coordinates, but

become markedly better clustered after tilt-correction (fig 2-29). The in-situ mean

direction (after inverting the polarity of Site 03Qb32) is D = 6.8, 1 = 50.3, k = 27.8, a9s =
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12.9, N = 6. After correcting for bedding tilt, the mean of these directions is D = 8.5, 1 =
61.1, k=51.0,095=9.5,N=6.

Age Constraints and Sedimentation Rates

of the Brawley Formation

The results of the paleomagnetic sampling and correlation indicate that the base of
the Ocotillo and Brawley formations at 128.5 m in the measured section coincides with
the Matuyama-Jaramillo reversal (1.070 Ma) and that the base of the Bruhnes normal
(0.780 Ma) lies at 480 m (fig. 2-5; plate 2). The age of the rocks above and below these
two tie points can be estimated from sediment accumulation rates.

Magnetic reversals were placed at the midpoints between sample points of
opposite polarity, except for the two reversals described above (plate 2). The top of the
Jaramillo normal subcron (0.990 Ma) was dctected at 274 m + 36 m (fig. 2-5; plate 2).
The base of the Jaramillo subchron would lie at 135 m + 30 m if it were halfway between
the sample points. Instcad the base of the Jaramillo was placed 6.5 m lower in the section
at the disconformity between the Ocotillo and Borrego formations at 128.5 m because
this reversal coincides with the basal Ocotillo Formation in the other two localities that
have been analyzed in the Borrego Badlands and Ocotillo Badlands (Brown et al. 1991;
Lutz and Dorsey 2003) (fig. 2-5; plate 2). The coincidence of this reversal and the major
lithologic change at the contact 1s best explained if the Ocotillo Formation represents an
abrupt basin-wide change. Altogether the magnetostratigraphy shows that the onset of
deposition of the Ocotillo and Brawley formations in the southeastern San Felipe Hills
was at 1.070 Ma.

The base of the Bruhnes normal was interpreted to lic at 480 m between 03Qb24

and 03Qb21based on a stratigraphic and paleomagnetic correlation of section leg 3 to




section leg 2 (figs. 2-5, 2-15; plate 2). If section leg 3 is not correlated into leg 2, the
reversal would be interpreted to lic at 448 + 34 m, halfway between 03Qb25 and 03Qb24.
We calculate sedimentation rates using the preferred and alternate positions of the
reversals.

Applying the age constraints of 1.070 Ma and 0.780 Ma to the 351.5 m of the
section between 128.5 m and 480 m yields a time averaged sedimentation rate of 1.2 +
0.1 mm/yr. Alternate placement of the reversals at 135 + 30 m and 448 + 34 m yields a
sedimentation rate of 1.1 + 0.2 mm/yr. This is the overall rate for the constrained
interval. Two other rates within this interval can be calculated using the top of the
Jaramillo normal subchron at 0.990 Ma. Using the preferred correlation of the base of
the Jaramillo at 128.5 m and the top of the Jaramillo 274 + 36 m the sedimentation rate
over this chron is 1.8 + 0.4 mm/yr (fig. 2-5; plate 2). For the alternate correlation at 135
+ 30 mand 274 + 36 m the rate 1s 1.7 + 0.8 mm/yr.

The reversed subchron between the Jaramillo and the Bruhnes normals yields a
sedimentation rate of 1.0 + 0.2 mm/yr using the preferred correlations at 274 + 36 m and
480 m (fig. 2-5; plate 2). Using the alternate correlation at 274 + 36 m and 448 + 34 m a
ratc of 0.8 + 0.3 mm/yr is calculated.

Although these rates are computed from only a portion of the lower to middle
Brawley Formation it likely can be applied to the entire measured scction because of the
similarities in depositional environments. By doing this a rough age can be calculated

for the top of the Brawley Formation at 625 m (fig. 2-5; plate 2). Using the preferred

correlation of the base of Bruhnes normal at 480 m and the two preferred rates previously




calculated of 1.2 + 0.1 mm/yr and 1.0 + 0.2 mm/yr, the age of the top of the Brawley
Formation 1s estimated to be 0.66 + 0.01 Ma and 0.64 + 0.03 Ma (fig. 2-5; plate 2).

The total thickness of the Brawley and Ocotillo formations may be greater than
the 480 m exposed in Oil Well Wash. Up to 550 m of the Brawley Formation 1s inferred
from map relations located north and cast of the measured section. By applying the
preferred sedimentation rates of 1.2 + 0.1 mm/yr and 1.0 + 0.2 mm/yr to this additional

thickness, the end of Brawley sedimentation within the San Felipe Hills ranges from 0.61

+0.02 Ma to 0.52 + 0.03 Ma,

Discussion

The Ocotillo Formation in the Ocotillo Badlands and the San Felipe Hills is
dominated by locally derived pebble to cobble conglomerates and pebbly sandstones with
lesser sandstones and minor mudstones and claystones. Clast composition of the coarse
beds 1s dominated by tonalite from the castern Peninsular Ranges with lesser but common
recycled clasts of Diablo Formation sandstones. Both tonalite and Diablo Formation
clasts may have been sourced from uplifts to west and south in the Fish Creck and
Vallecito mountains. In the Ocotillo Badlands paleoflow is easterly supporting western
sources for the tonalite and recycled Diablo Formation clasts. Some sediment may have
had a source on the west most uplifted end of the San Felipe anticline near Borrego
Mountain.

Alluvial fan and bajada facies dominate the Ocotillo Formation and differ from

the underlying lacustrine Borrego Formation. This change in depositional environment is

significant and could have resulted from either tectonic or climatic variations. The
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presence of recycled clasts of the older Diablo Formation and the underlying angular

unconformity beneath the Ocotillo Formation in the western San Felipe Hills support

tectonic influences as the driver of change in depositional environment at the onset of
deposition of the Ocotillo Formation.

Angularity and location of the angular unconformity below the Ocotillo
Formation and the age of the subcrop relation show that 1) the angular unconformity
overlics the basement-cored part of the San Felipe anticline and 2) it defines the extent of
the anticline just prior to 1.07 Ma. The San Felipe anticline at 1.07 Ma was a broad cast
trending anticline which stretched from at least Borrego Mountain in the west to central
San Felipe Hills (~24 km) and was 10 km north to south. The orientation and scale of
this fold are consistent with wrench deformation produced by northwest-striking dextral
strike-slip faults with a maximum horizontal stress oriented north-south. The fold has
continued to grow in the current dextral strain field since the end of deposition of the
Brawley Formation.

The base of the Brawley Formation is a disconformity in the San Felipe Hills,
which commonly displays 1-2 m of crosional relief. This suggests a regional drop in base
level just prior to deposition of the fluvial to fluvial-deltaic Brawley Formation over the
persistently lacustrine Borrego Formation. We infer a structural cause for this major
change. The mapped extent, contact relations, lithology, and depositional environment of
the Brawley Formation documented in this study differ from those of previous workers
(Dibblee 1954, 1984; Wagoner 1977; Dronyk 1977; Feragen 1986). Previous workers in
the eastern San Felipe Hills placed this contact 1-3 km farther to the east in the

northeastern San Felipe Hills (Dibblee 1954, 1984; Dronyk 1977).
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The fluvial, fluvial-deltaic, eolian, and lacustrine conditions which existed during
deposition of the Brawley Formation represent an arid fluvial-lacustrine system. Arid
lacustrine settings are typically associated with thick evaporite deposits (Boggs 2001).
Lacustrine intervals in the Brawley Formation contain common well-developed sand-
filled desiccation cracks and thin silty marlstone interbedded with eolian and fluvial
deposits, but only one documented evaporite bed. Similar-aged evaporite deposits have
been described in time correlative deposits farther to the east in drill cores and at Durmid
Hills east of the Salton Sea and shows that the basin axis was to the east during the
deposttion of the Brawley Formation (Herzig et al. 1988). The presence of signiticant
desiccation cracks maybe the result of longer periods of flooding produced by the
episodic infilling of the Salton Trough by a major river system.

The facies and sedimentary structures in the Brawley Formation represent
important paleoclimate indicators for the period of deposition. The presence of calcic
palcosols, common well-developed desiccation cracks, and significant sections of colian
sandstone deposits in the middle of the Oil Well Wash section record semi-arid to arid
conditions during deposition of the Brawley Formation (Plummer and Gostin 1981;
Weinberger 2001).  Climate during Brawley time may have been similar to the modern
arid conditions of the Salton Trough and suggest desert conditions in this area at least
since approximately 1 Ma.

Provenance during deposition of the Brawley Formation differs significantly from
that in the underlying Borrego and Diablo formations (fig. 2-30). Previous workers have

shown that sandstone provenance of the Borrego and Diablo formations in the San Felipe

Hills is dominated by Colorado River sourced sand and mud (Guthrie 1991; Winker
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1987; Winker and Kidwell 1996). However C-Suite sandstone in the Brawley Formation
probably was recycled from the older Borrego and Diablo formations. Recycled clasts of
Diablo Formation sandstone just above the base of the Brawley Formation indicate
sediment recycling began synchronously with deposition of the Brawley Formation.
Because paleoflow in the Brawley Formation was toward the northeast and the mouth of
the Colorado River sediment was located far to the southeast during Brawley deposition
it is highly unlikely that sediment was transported directly into the study arca from the
Colorado River. Much of the sand-size sediment in the Brawley Formation may be
recycled from nearby uplifts, including the now denuded and uplifted Fish Creek and
Vallecito Mountains. Overall northeastward fining of the Ocotillo and Brawley
formations and overall cast-northeast palcotlow supports the interpretation that recycled
scdiment was transported from uplifts to west and southwest of the San Felipe Hills (figs.

2-31

1, 2-32).

A palcogeographic reconstruction of the Ocotillo and Brawley formations shows a
west to cast lateral change in depositional environments (fig. 2-31). Alluvial fan and
bajada deposits in the southwestern San Felipe Hills and Ocotillo badlands change
castward into fluvial-deltaic and lacustrine deposits (figs. 2-31, 2-32). Grain size
decreasces to the cast towards the lacustrine depocenter which is centered near the modern
Salton Sea (figs. 2-31, 2-32). The San Felipe anticline is a large east-west trending
structure which may have partially partitioned the San Felipe-Borrego Basin. The
position of the Brawley delta was likely located just south of the San Felipe anticline and

the stream feeding this delta may have flowed along the axis of the syncline just to the

south (fig. 2-31). West and south of the Ocotillo Badlands and the San Felipe Hills

l=




dextral and or normal faulting along the front of the current Vallecito and Fish Creek
mountains may have produced uplift and denudation of these areas, and thereby supplied
much of the sediment for the Ocotillo and Brawley formations. Generally cast-northeast
paleoflow is documented away from the mountain blocks (figs. 2-31, 2-33).

Facies contrast across the disconformity further support changes in base level
between Borrego and Brawley time. During deposition of the Borrego Formation in the
San Felipe Hills, claystone and mudstone accumulated in a relatively deep-water
lacustrine setting. Near-shore lithofacies are uncommon. This contrasts with fluvial to
fluvial-deltaic, eolian, and intermittent ncar shore lacustrine facies of the Brawley
Formation in the castern San Felipe Hills. Prior to 1.07 Ma the Borrego Formation had a
major depocenter in the San Felipe Hills and Borrego Badlands. The basin center shifted
abruptly eastward at about 1.07 Ma at the end of Borrego deposition and before
deposition of the Ocotillo and Brawley formations.

The drop in base level and the shift to fluvial, fluvial-deltaic, and alluvial fan and
bajada facics at the onsct of deposition of the Ocotillo and Brawley formations could
have been caused by a shift to a drier climate. However, the correlation of the facies
change with a disconformity and angular unconformity that coincides with the San Felipe
anticline, and the presence of significant amounts of recycled sediment within the
Ocotillo and Brawley formations strongly support tectonic deformation and its resultant
base level change as the primary driver of these changes. Climate records for the late
Pliocene to Pleistocene in the southwestern United States show dramatic drying during

the early Pleistocene at approximately 1.5 Ma (Smith 1994). This does not correlate with

¢ 1.070 Ma disconformity, angular unconformity, and conformable contact anc
the 1.070 Ma disconformity, angular unconformity, and conformable contact and
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suggests that the upper Borrego Formation was possibly deposited during arid conditions.

Thus the change in sedimentation is unlikely to have been the result of climate change.

The basic control on the position of fine and coarse-grained facies in a
tectonically active basin is the balance between subsidence and sediment influx (Boggs
2001). A major progradation of coarse grained facies, such as that recorded by the
Ocotillo and Brawley Formations, 1s likely the result of changes in both subsidence and
sediment influx. Increased sediment influx may have been produced by new and or
active tectonically driven interbasin and basin margin uplifts such as the San Felipe
anticline and Fish Creck-Vallecito Mountains. The shift in basin architecture was
therefore likely caused by change or reorganization of the basin controlling faults.

The locations and kinematics of the faults that controlled this tectonic transition is
still being investigated (Steely, Janecke, and Langenheim, in progress). However we do
conclude that the controlling structures were not part of the older West Salton detachment
fault system. East-west trending San Felipe anticline is likely the result of transpressional
deformation and 1s unexpected for the carly phase of transtension on the West Salton
detachment fault.  The Coyote Creek strand of the San Jacinto fault zone offsets the San
Felipe anticline and is therefore a younger structure. There is no evidence for slip on the
currently active strands of the San Jacinto fault system during deposition of these carly
syn-transtension units, including the Imperial and Paim Spring groups, and
Borregoormation in the San Felipe Hills. If slip occurred on the Coyote Creck and Clark
strands of the San Jacinto fault zone during deposition of the Ocotillo and Brawley
formations it i1s expected that unconformities and or growth strata would be observable on

the closely spaced folds in the study arca. None have been noted at map scale within the




44

study area in the Ocotillo, Brawley, and Borrego formations in the study area but broad
tilting adjacent to faults is not truled out by our data set.  Altogether these data show that
the growth of the San Felipe anticline and the drop in regional base-level at the onset of
deposition of the Ocotillo and Brawley formations may have been the result of strike-slip
on now inactive strands of the San Jacinto and/or the San Felipe fault zones.  The fault at
the northeast edge of the Vallecito and Fish Creek mountains was apparently one of these
ancient strands (fig. 2-30) but other structures may have been mnvolved in this
reorganization. At the end of Brawley Formation (0.61 + 0.02 Ma to 0.52 + 0.03 Ma)
uplift halted deposition in the San Felipe Hills, closely spaced east-west, north-south, and
south-east trending folds developed, the San Felipe anticline tightened and a network of
interconnected strike-slip faults of the modern Clark strand of the San Jacinto fault zone
propagated from the SE Santa Rosas (Lutz 2005) into the San Felipe Hills (fig. 2-3). This

deformation continues today and is described in Chapter 3.

Conclusions

Basin analysis is a powerful tool for understanding the evolution of plate
boundary fault systems. Evidence for the initiation or reorganization of the San Jacinto
fault zone exists within the Pleistocene stratigraphic section of the San Felipe Hills. A
regional disconformity and correlative angular unconformity and changes in depositional
patterns at 1.07 Ma was coeval with strike-slip related deformation in the southwestern

Salton Trough. Deposition of the Ocotillo and Brawley formations was probably

produced by now inactive strike-slip faults in the area, possibly by slip on the original

strands of the San Jacinto fault zone.




The angular unconformity beneath the Ocotillo Formation in the western San
Felipe Hills defines a large east plunging basement-cored anticline which corresponds
well with the modern San Felipe anticline. The interlimb angle of this fold was ~ 130 °©
based on a reconstructed cross section of the structure just prior to deposition of the
Ocotillo Formation. The orientation and scale of this fold are consistent with wrench
deformation produced by northwest striking dextral strike-slip faults. The west Salton
detachment fault must therefore have stopped slipping as a single transtensional structure
by this time.

The angular unconformity correlates castward with a regional disconformity
beneath the Ocotillo and Brawley formations in the castern San Felipe Hills
magnetostratigraphically dated at 1.07 Ma. The San Felipe anticline formed shortly
before 1.07 Ma and provides the first clear evidence that strike-slip deformation of the
San Jacinto-Elsinore system had supplanted the older West Salton detachment fault.

The Ocotillo Formation just south of the San Felipe Hills in the Ocotillo Badlands
1s locally conformable on the underlying lacustrine Borrego Formation. This unit is
dominated by pebble to cobble locally derived conglomerates, dominated by locally
tonalite clasts and commonly containing recycled clasts of the underlying Diablo
Formation. Paleoflow was easterly based on clast imbrications.

The Ocotillo Formation interfingers and fines to the east northeast into the
Brawley Formation in the southeastern San Felipe Hills (figs. 2-3, 2-32; plate 1). These
two formations represent proximal to distal parts of the same depositional basin, with
deposition ranging from alluvial fan and bajada deposits of the Ocotillo Formation to the

fluvial-deltaic to lacustrine deposits of the Brawley Formation.
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Previous workers characterized the Brawley Formation as the lacustrine lateral
cquivalent of the Ocotillo Formation (Dibblee 1954, 1984; Dronyk 1977; Wagoner
1977). Instead the Brawley Formation in the eastern San Felipe Hills and measured in
Oil Well Wash 1s dominated by locally derived and recycled Colorado River derived
fluvial and fluvial-deltaic deposits with lesser eolian and lacustrine intervals. A regional
disconformity scparates the Brawley Formation from the underlying Borrego Formation
throughout the castern San Felipe Hills. The disconformity at the base of the Brawley
Formation in the eastern San Felipe Hills has been magnetostratigraphically dated for the
first time at 1.07 Ma. The Brawley Formation in the eastern San Felipe Hills 1s 500 to
550 m thick. Sedimentation rates (uncorrected for compaction) calculated for the
Brawley Formation in Oil Well Wash were 1.2 + 0.1 mm/yr and 1.0 + 0.2 mm/yr.
Brawley Formation sediments were supplied from ncarby intrabasin and basin margin
uplifts which shed mostly Diablo Formation and occasional Imperial Group deposits and
intermixed these sediments with locally derived arkoses.

The abrupt alternation of lacustrine, fluvial-deltaic, and colian intervals in the
Brawley Formation was likely driven by the occasional flooding of the Salton Trough
due to aggrading and channel switching of the Colorado River delta which sent water
northward into the Salton Trough. Occasional brackish conditions and a connection with
the Gulf of California to the south for the Brawley lake are suggested by the presence of
marine forams intermixed with more typical lacustrine microfossils. Large desiccation

cracks and weak calcic paleosols formed and 4 m high sand dunes were deposited during

intervening dry periods.




Modern deposition patterns in the central Salton Trough show similar highly
episodic patterns to the Brawley Formation however the depocenter is more tightly
focused on the floor of the Salton Trough. There is significant north-south shortening in
the San Felipe Hills, the style and magnitude which was not apparent during the
deposition of the Ocotillo and Brawley formation. This suggests that the current
configuration of the strands of the southern San Jacinto fault system is no older than the
top of the Brawley Formation between 0.61 Ma + 0.02 Ma to 0.52 Ma + 0.03 Ma.

The sedimentary rocks exposed within the San Felipe Hills record the late
Miocene to recent evolution of the North American-Pacific plate boundary in the western
Salton Trough. Early oblique extension on the west Salton detachment fault was replaced
by later transpression and strike-slip on strands of the San Jacinto fault zone. This
ransition is recorded by the deposition of the Ocotillo and Brawley formations over the
Borrego and Diablo formations and the Imperial Group in the San Felipe Hills.
Subsequent changes in the kinematics and geometry of the San Jacinto fault zone have

deformed this succession within the San Felipe Hills.
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[able 2-1. Microfossil results. Microfossil numbers correspond with those on plate 2.
Fossil indentification is from McDougall unpublished work (2004).

I\”]]CI‘()K)#MI Formation Fossil D

e L RO 0 Nt WL L W, ) v O Y .
1 Brawley Forams, ostracods, micromollusks
2 Borrego Forams (planktonic), micromollusks, diat
3 Borrego Barren
4 Brawley Plant Fragments
5 Brawley Barren
6 Brawley Forams?, ostracods
7 Brawley Forams?, ostracods, shell fragments
8 Brawley Forams, ostracods, micromollusks
9 Brawley Forams?, ostracods
10 Brawley Barren
11 Brawley Forams?, ostracods, chara, echinoids?
12 Brawley Ostracods
13 Brawley Barren
14 Brawley Forams, ostracods, abundant chara, Tintin
15 Brawlcy Forams?, ostracods, chara, plant fragmer
16 Brawley Forams, ostracods
17 Brawley Barren
18 Brawley Forams, ostracods, chara, micromollusk
19 Brawley Forams, ostracods, chara
20 Brawley Barren
21 Borrego Ostracods, diatoms?

Diatoms?, shell fragments?

22 Brawley
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Figure 2-1. Tectonic overview of southern California. Areas of active block rotation
are shaded red (Nicholson et al. 1986; Hudnut et al. 1989; Oskin and Stock 2003).
Strike-slip faults are in black; SAFZ=San Andreas fault zone, SJFZ=San Jacinto fault
zone, IF=Imperial fault, SJFZ=San Jacinto fault zone, EF=Elsinore fault.
BSZ=Brawley Seismic Zone. Oblique-slip detachment faults are in blue including
the WSD=West Salton detachment. Fault locations are from Jennings (1977), and
Axen and Fletcher (1998). Box is approximate location of figure 2-2.




Figure 2-2. Overview of the western Salton Trough. Black box is extent of gravity map
in figure 2-13. Dashed black box is the extent of the study area figure 2-3. CCF, Coyote
Creek fault; CF, Clark fault; SAF, San Andreas fault; SHF, Superstition Hills fault; SMF,
Superstition Mountain fault; EF, Extra fault; ERF, Elmore Ranch fault; IF, Imperial fault;
BSZ, Brawley Seismic zone; DH, Durmid Hills; SFH, San Felipe Hills; OC, Ocotillo
Badlands; BB, Borrego Badlands; FCB, Fish Creek-Vallecitos basin; FCM, Fish Creek
Mts.; PM Pinyon Mountains; CM, Coyote Mountain; C Mts.,Coyote Mountains; SM,

Split Mt.; SYM, San Ysidro Mts.; VM, Vallecito Mts.; TBM, Tierra Blanca Mountains;

WP, Whale Peak; YR, Yaqui Ridge. Modified from Axen and Fletcher (1998)
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Figure 2-2. Overview of the western Salton Trough.




Figure 2-3. Simplified geology of the San Felipe Hills. Compiled from new unpublished
mapping by Kirby, Janecke, Dorsey and Steely (2003) and Girty, Heitman, and Lilly (
2002) shown by dashed blue box. Faults are shown in blue and folds in black.. Major
strike-slip faults within the study area include the SFHF (San Felipe Hills fault), the DF
(Dump fault), the CCF (Coyote Creek fault), the PWF (Powerline fault), and the SDF
(Sand Dunes fault). The trend of the major SFA (San Felipe Anticline) is shown in black.
Outcrops of angular unconformity between the Ocotillo Formation and the underlying
units is shown in yellow on the limbs of the San Felipe anticline. Black dashed line is
approximate extent of the San Felipe anticline just prior to deposition of the Ocotillo
Formation. The extent of disconformity at the base of the Ocotillo and Brawley
formations is shown in red. A to A'is the location of the reconstructed cross section for
figure 2-11. Location of cross section B-B' (Fig. 2-12) is shown. Black box corresponds
to position of figure 2-15. Star represents location of the Ocotillo Badlands measured

section in figure 2-6. Approximate position of San Felipe wash is shown by the black

dashed line. Red dashed lines are state highways.
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Ocotillo Formation (Qo) Middle Pleistocene

Grey to tan pebble to cobble conglomerate. pebbly sandstone.
peach mudstone and grey siltstone. Interfingers basinward
with the Brawley Formation. Alluvial and fluvial deposits

1.07 Ma Brawley Formation (Qb) Middle Pleistocene

N Buff locally and Colorado River-derived sandstone
4000 - Red mudstone commonly containing sand
filled desiccation cracks. Distal equivalent of the Ocotillo

Fm. Fluvial, fluvial-deltaic, and lesser lacustrine deposits

Strike-slip and
transp

— Borrego Formation (QTb)
Red mudstones and fissile grey claystone. Lessor sandstone
is dominately Colorado River derived. Open lacustrine deposits

?
Pleistocene
1
@)
_{
o

3000

? Transitional Unit (Tt)
Transitional unit between the Diablo Formaton
and the Borrego Formation. 50/50 mudstone and Colorado

River-derived sandstone. Lacustrine and delta plane deposits

? Transitional

Diablo Formation (Td) of the Palm Spring Group
Tan to butf planar to crosshedded Colorado River
derived sandstone. Red massive mudstone up

to 4-5m thick. Nonmarme deltaic deposits

Olla Formation (To) of the Palm Spring Group
Buff planar to crossbedded locally derived fluvial sandstone
Minor outcrops in the northwestern San Felipe Hills

Pliocene

Imperial Group (Ti)
Grey buff to yvellow coarse locally ived marine

ned rhythmites

bioturbated sandstone
and shale. Abundant
prodelta and marginal deposits

West Butte Formation (Twb)
Grey butt locally derived marine sandstone. minor pebbly
sandstone and grit (Steely. et al.. 2004)

Elephant Trees Formation (Tet)
Encountered in wells at the base of the section consists of
locally derived sandstone and conglomerate (Dibblee, 1984)

Synrift or oblique rift

Squaw Peak Gneiss (Ksp)
Moderately to strongly foliated granitiod, minor biotite
schist

Miocene?

Figure 2-4. Stratigraphic column. Early synrift succession is the Imperial Group to
Diablo Formation. The Borrego Formation is a transitional unit. Above these units,
across an angular unconformity (shown in yellow) in the west and disconformity
(shown in red) in the east are the Ocotillo and Brawley formations which were likely
deposited during onset or reorganization of slip on strands of the San Jacinto fault zone.
The coarse Ocotillo Formation conglomerate and sandstone interfinger with the finer
sandstone of the Brawley Formation to the east within the San Felipe Hills. The 1.07 Ma
age of the unconformity was determined paleomagnetically by this study. Other ages are
approximate based on work of this study and previous work nearby by Johnson et al.
(1983), Remieka and Beske-Diehl (1996),Winker and Kidwell (1996), and Steely et al.
(2004). Growth may be apparent in the Imperial-aged deposits just to the west (Steely
et al., 2004). Unit thickness's are minima based on mapping from this study. Units
match those in figure 2-3.




Figure 2-5. Oil Well Wash measured section summary. Age constraints are shown
relative to provenance, depositional environment, and sedimentary structures. Major
changes in facies, provenance, and sedimentary structures occur across the regional
disconformity (black line) separating the Ocotillo and Brawley formations from the
underlying Borrego Formation. Base of the Jaramillo normal was placed at the
disconformity because of magnetostratigraphy in the Borrego Badlands which tightly
constrains the onset of Ocotillo deposition (Lutz, 2005). The base of the Bruhnes normal
was placed at 480 m based on stratigraphic correlation of the section legs 2 and 3 across
the Extra fault zone. The thin dashed line is position of the other possible correlation
which is not preferred because of a stratigraphic mismatch. Microfossils include; fp,

planktonic Forams; f, Forams; o, Ostracods; m, Mollusks; p, plant fragments; ¢, Chara; e,

Echinoids; d, Diatoms. Reference polarity timescale is from Cande and Kent (1995).
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Figure 2-5. Oil Well Wash measured section summary.




Figure 2-6. Ocotillo Badlands measured section summary. Major changes in facies,
provenance, and sedimentary structures occur across the conformable contact, shown in
black, separating the Ocotillo Formation from the underlying Borrego Formation. Grain
sizes are as follows; Cl, claystone; Md, mudstone; Sl, siltstone; Vf, very fine grain
sandstone; F, fine grain sandstone; M, medium grain sandstone; C, coarse grain
ssandstone; V¢, very coarse grain sandstone; Pb, pebble conglomerate; Cb, cobble
conglomerate. Grey fill are siltstone or finer, pattern fill is pebble conglomerate or

coarser. Onset of Ocotillo deposition is marked by sharp increase in grain size to pebble

or cobble conglomerates. Location of section is shown on figure 2-3.
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Figure 2-6. Ocotillo Badlands measured section summary.
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Figure 2-7. Angular unconformity in the southern San Felipe Hills. Angular
unconformity between north-dipping Ocotillo Formation (Qo) and
south-dipping Diablo Formation (Td) in Tarantula Wash on the south limb of

the San Felipe anticline.




Figure 2-8. Plan view of polygonal sand filled desication
cracks in red mudstone of the Ocotillo Formation.
Location is south of the San Felipe Hills in the Ocotillo
Badlands. Hand shovel is 60 cm long.

Figure 2-9. Photo of conglomerate in the Ocotilllo Formation
with numerous recycled clasts of Palm Spring Formation

sandstones. Arrows point to Palm Spring clasts. Location is
just south of the study area in the Ocotillo Badlands, from 80
m in the measured section (Fig. 2-6).
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Figure 2-10. Paleocurrents for the Ocotillo Formation. Paleoflow was measured from
clast imbrications within the Ocotillo Formation in the Ocotillo Badlands. Mean
direction = 88.7°.
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angular relations between the Ocotillo Formation and the older units beneath it. Offset across the Coyote Creek fault along the south limb of the
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Ocotillo Formation. Units correspond with those used in Figs. 2-3, 2-4.  See Fig. 2-3 for location of cross section.




Figure 2-13. Isostatic gravity anomalie map. Approximate extent of the study area is
shown by black dashed box. Extent of surficial angular unconformity beneath the
Ocotillo Formation is shown be the white dash. The gravity signal of the San Felipe
anticline (SFA) extends east past the Powerline fault (PWF). The gravity signal of the
south plunging Santa Rosa anticline (SRA) is apparent. Major faults are shown in white
including the Clark fault, CF; Coyote Creek fault, CCF; Extra fault zone, EFZ; Elmore
Ranch fault, ERF; Superstition Hills, SHF. Relevant exposures of Plio-quarternary rocks
include the Borrego badlands, BB; and the Ocotillo badlands, OB. State highways are

shown by the red dashed lines. Gravity data is courtesy of Langenheim unpublished

work (2004).
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Figure 2-14. Disconformity in the eastern San Felipe Hills. Erosional
contact between the basal locally derived coarse grit of the Brawley
Formation and the red lacustrine mudstones of the upper Borrego
Formation. Location is 10 km north of the Oil Well Wash measured
section in the eastern San Felipe Hills. Backpack in foreground for
scale.
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Figure 2-15. Oil Well Wash measured section location map. Faults are in blue and include the left lateral Extra fault zone. Folds are
in black. Black bars represent approximate extent of segments of the measured section. Red dashed line represents stratigraphic tie
line around structures. Crosses are approximate position of paleomagnetic sampling sites, red represents reversed polarity and black
represents normal polarity. Site numbers correspond to those in figure 2-5 and plate 2. Qb=Brawley Formation, Qo= Ocotillo
Formation, QTb= Borrego Formation, and Qu=undivided Holocene deposits.
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Figure 2-19. Eolian deposits in the Brawley
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length.
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Figure 2-20. Large desiccation cracks in the
Brawley Formation. Cross sectional view of
large downward tapering desiccation cracks
in red claystone. Photo is from 524 m in
Brawley Formation along Oil Well Wash.
Scale is 2m.
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Figure 2-21. Close up of desiccation
cracks in the Brawley Formation. Cross
sectional view of small desiccation crack
filled with localily derived sands. Pencil
for scale. Many cracks traverse the full

thickness of a mudstone or claystone.




Figure 2-22. Locally derived sandstone in
the Brawley Formation. Granular locally
derived sandstone with mudstone clasts at
base of channel fill. White grains are
plagioclase weathered from Peninsular
Ranges basement. Pencil for scale.

Figure 2-23. Paleosols in the Brawley
Formation. Calcite nodules
developed in a red mudstone.
Downward tapering sand filled
desication cracks are apparent. Photo
is from 404 m in the Oil Well Wash
measured section. Pencil for scale.
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Figure 2-24. Paleocurrents for the Brawley Foramtion. a) Paleocurrents from the Brawley
Formation throughout the eastern San Felipe Hills. Mean direction = 50° Paleoflow was
measured from channel fills structures similar to the one shown in b) when additional
sedimentary structures such as ripples and or trough crossbeds could be measured to
determine unique flow direction. Additional measurements were taken on crossbeds and
ripples. Orange field notebook for scale.
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Figure 2-25. Demagnetization diagrams for class 1 data. These sites have a well
defined second-removed vector components.
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Figure 2-26. Demagnetization diagrams for class 2 data. These sites had a poorly
defined second removed components, and commonly do not trend towards the origin of
the orthogonal vector plots.
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Figure 2-27. Class 2 data specimen polarity. Class 2 specimens
which have a well defined great circle were qualitatively assessed
for polarity.
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Figure 2-28. Transitional field sites. Sites which shows well defined magnetization
vectors which point either shallowly up, or shallowly down. This is interpreted to
represent a period of transitinoal field.
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Oil Well Wash, class 1 site means, in-situ Oil Well Wash, class 1 site means, tilt-corrected

OWW mean, in-situ OWW mean, tilt-corrected

2/

D=8.5,1=61.7,
k=51.0,095=9.5,N=6

D=6.8,1=50.3,
k=27.8095=129,N=6

Site N /No Declination  Inclination k 03 Bed s/d
03Qbl8 3/4 356.5 45.3 9 438 075/08
03Qb20 4/4 10.1 57.4 334 16.1 113/09
03Qb22 4/4 341 37.7 15.8 23.8 077/32
03Qb23 3/3 13.2 46 20.3 28.1 085/09
030Qb32 3/3 217.4 -46.2 27.1 24.2 165/10
030Qb34 3/3 7.8 60.7 184.5 9.1 061/04

Figure 2-29. Class 1 data site means. Site mean directions from class 1 sites.
Directions are given in in-situ coordinates, N/No are the number of accepted sample
directions/ number of demagnetized samples, k is the Fisher clustering parameter, 95
is the radius of 95% confidence about the mean directionSite mean directions are
moderately clustered in in-situ coordinates. Site mean directions are better
clustered after tilt correction.




Figure 2-30. Tectonic and stratigraphic summary. Units and their approximate ages are
shown to the left. Italics represent inferred ages primarily from correlation with
paleomagnetically dated units to the south in the Fish Creek Basin (Winker and Kidwell
1996; Johnson et al. 1983). Regular type represents constrained age from this study.
Paleoflow is north when straight up and shows a 180 degree reversal between the
Brawley Formation and the underlying units. Active faults show major structures which
likely controlled basin architecture at a given time. Numbers represent data source (1,

this study; 2, Steely et al. 2004; 3, Axen and Fletcher 1998; 4, Morton and Matti 1993; 5,

Lutz 2005).
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Figure 2-30. Tectonic and stratigraphic summary.
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D Uplifted Sediments D Fiuvial-deltaic and fluvial D Basinal lacustrine
Figure 2-31. Paleogeography for the Ocotillo and Brawley formations.
Paleogeography of the San Felipe Hills during deposition of the Ocotillo and Brawley
formations just after 1 Ma. SFA, San Felipe anticline; BB, Borrego badlands; OB,
Ocotillo badlands; OWW, Oil Well Wash; SP, Squaw Peak; FCB, Fish Creek basin;
BM, Borrego Mountain; PLF, Powerline fault; SM, Superstition Mountains. Black
arrows show infered direction of sediment dispersal. Red arrows show actual sediment
dispersal. Black dotted line is the extent of sub-Ocotillo Formation angular
unconformity. Black dashed box is the extent of the study area.




Figure 2-32. Comparison of Oil Well Wash and Ocotillo badlands measured sections.
Black line represents the base of the Ocotillo Formation from both sections. This
transition was dated at 1.070 Ma in Oil Well Wash. Grain sizes are as follows; Cl,
claystone; Md, mudstone; Sl, siltstone; Vf, very fine grain sandstone; F, fine grain
sandstone; M, medium grain sandstone; C, coarse grain ssandstone; Vc, very coarse
grain sandstone; Pb, pebble conglomerate; Cb, cobble conglomerate. Grey fill represents
siltstone or finer, pattern fill represents pebble conglomerate or coarser. Onset of
Ocotillo deposition is marked by sharp increase in grain size to pebble or cobble
conglomerates at both locations. In the Oil Well Wash section this corresponds with a
regional disconformity in the Ocotillo Badlands no disconformity is apparent. Measured
Ocotillo Formation thickness in the Ocotillo badlands is at least 243.5 m and in the Oil
Well Wash section is only 22.5 m thick showing dramatic eastward fining of the Ocotillo
and Brawley formations. The Ocotillo Badlands section is located 20 km west of the Oil
Well Wash section. Comparison of depositional environments shows basinward changes

from alluvial fan and bajada deposition to finer grain fluvial-deltaic and marginal

lacustrine deposits.
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Figure 2-32. Comparison of Oil Well Wash and Ocotillo badlands measured sections.
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Figure 2-33. Combined paleocurrents for the Ocotillo and Brawley
formations. Mean direction = 65.9°




CHAPTER 3
MIDDLE PLEISTOCENE TO RECENT STRUCTURAL
EVOLUTION OF THE SAN JACINTO FAULT ZONE

IN THE SAN FELIPE HILLS AREA, CALIFORNIA®

Abstract

The current transform plate boundary within southern California is a broad zone
of northwest-striking dextral faults. Total plate motion across the plate boundary is
broadly distributed east to west at the latitude of the Salton Sea, with much of the slip
localized along strands of the San Jacinto fault zone. Previous geologic mapping,
microseismicity, seismic reflection, gravity, magnetic, and trilateration data all show
significant changes in the characteristics of the San Jacinto fault zone along strike in the
western Salton Trough. Interactions among the active strands of the southern San Jacinto
fault zone and in particular between the Clark fault and other strands, the complex
deformation within the San Felipe Hills and the importance of sinistral faulting to the
south have been poorly constrained by previous studies. The rocks in the San Felipe
Hills record the evolution of the San Jacinto fault zone at the latitude of the southern
Salton Sea.

In the western Salton Trough right-lateral separation along the Clark fault and the

Santa Rosa fault is 15 km based on an offset of the Cretaceous Eastern Peninsular Ranges

C
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mylonite zone [Sharp, 1967], yet a fault tip was identified just a few kilometers southeast
of the offset mylonite. To the southeast in the San Felipe Hills, Plio-Quaternary
sediments are strongly deformed by a complex series of folds and faults south-cast of the
previously mapped termination of the surface trace of the Clark fault. New data suggest
that the Clark fault probably persists into the central San Felipe Hills as an incompletely
mapped horsetail fan and en echelon fault zone, and the San Jacinto fault zone recently
began to accommodate strain in a broad rotational zone southeast of the San Felipe Hills.

Based on structural analysis, folds in the San Felipe Hills were divided into
domains with similar geometries. Two transects through relevant fold domains were
used to calculate the total shortening and amount of equivalent dextral slip on the Clark
fault planc oriented 305° NW required to produce this amount of shortening. Total
cquivalent slip on the Clark fault plane is 5.62 km based on analysis of an castern
transect, and represents roughly a third of the right separation documented to the
northwest. Folding along this transect may have begun no carlier than the end of
deposition of the internally conformable Brawley Formation in the southeastern San
Felipe Hills at 0.61 Ma + 0.02 Ma to 0.52 Ma + 0.03 Ma. Our analysis based on the
spatial extent, amount of shortening from folding and the time constraints give slip rates
on the Clark fault ranging from 9.5 + 0.3 mm/year to 10.8 + 0.7 mm/year. This suggests
a significant component of plate boundary motion at this latitude has been localized on
the Clark strand of the San Jacinto fault zone since at least 0.5 Ma.

The southeast San Felipe Hills preserve the most intensely folded sedimentary
rocks in the arca, and 1s interpreted as the boundary zone between the domain of dextral

slip and wrench folding to the northwest and a broad domain of clockwise block rotation



to the southeast. The rotating domain transfers slip from the Coyote Creek and
Superstition strands to the Imperial and Brawley zones in the cast and southeast [Hudnut
et al., 1989; Seeber and Armbruster, 1999], our work shows that it also captures slip from

the Clark strand.

Introduction

Tectonic Background

The current transform plate boundary within southern California is a broad zone
of major northwest-striking dextral fault systems, including the San Andreas, Elsinore,
and San Jacinto fault systems [Anwater, 1989]. Total plate motion across the plate
boundary 1s broadly distributed cast to west at the latitude of the Salton Sea, with much
of the slip localized along the strands of the San Jacinto fault zone to the southwest and
the San Andreas fault to the northeast [Arwater, 1989; Rockwell et al., 1990] (Figures 3-1,
3-2). Southward the San Andreas fault steps right to the Imperial fault across the north-
northwest trending Brawley Zone which interact with the San Jacinto fault zone further to
the west via a series of northeast-striking left lateral faults [Nicholson et al., 1986;
Hudnut et al., 1989; Frost et al., 1996; Magistrale, 2002] (Figures. 3-1, 3-2). The
southern San Jacinto fault zone may be slipping at rates that equal or exceed the southern
San Andreas fault at this latitude but this interpretation is controversial [Kendrick et al.,
1994; Meade and Hager 2005]. Despite the relative importance of the San Jacinto fault

zone to total plate boundary motion at the latitude of the western Salton Trough, the

geometries and kinematics of this fault zone are incompletely known.




The southeastern San Jacinto fault zone in the western Salton Trough is
characterized by several short, divergent fault strands which accommodate dextral strike-
slip. These include the Buck Ridge fault, the Clark fault and the Coyote Creck fault in
the northwest and the Superstition Mountain and Superstition Hills faults to the southeast
[Dibblee, 1954, 1984a, 1984b; Sharp, 1967, 1981] (Figure 3-2). Slip rates and fault
geometries of strands of the southern San Jacinto probably evolved through time within
the western Salton Trough but the specifics of the possible changes are uncertain
[Bartholomew, 1970; Pettinga, 1991; Dorsey, 2002; Janecke et al., 2004; Kirby et al.,
2004; Lutz, 2005].

Lying along strike of the San Jacinto fault zonce in the western Salton Trough, are
spatially extensive exposures of folded and faulted late Miocene to Pleistocene
sedimentary rocks in the San Felipe Hills [Dibblee, 1954, 1984a; Dronvk, 1977; Reitz,
1977; Feragen, 1986; Wells, 1987; Heitman, 2002; Lilly, 2003]. The structures within the
San Felipe Hills should show the nature and extent of the interaction between strands of
the San Jacinto fault zone at this latitude. However, the gcometric and kinematic details
of the faults which drive deformation in the San Felipe Hills and the relation to the San
Jacinto fault zone to the northwest and southeast are poorly known (for example
compare) [Dibblee, 1954, 1984a; Dronyk, 1977; Reitz, 1977; Feragan, 1986; Wells,
1987; Heitman, 2002; Lilly, 2003]. This study provides new structural and geophysical
data about the San Jacinto fault zone and clarifies the complex geometry of the San
Jacinto fault zone in the western Salton Trough.

Early strike-slip motion at the latitude of the Salton Trough was localized on the

southern San Andreas fault, which appears to have been actively accommodating dextral
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slip in the Salton Trough starting after localization of the North American/ Pacific Plate
boundary in the Gulf of California at ~6.3 Ma [Atwater, 1970; Oskin and Stock, 2003 ].
During this time structures in the western Salton Trough accommodated regional oblique
extension across the West Salton detachment fault [Frost et al., 1996; Axen and Fletcher,
1998; Steely et al., 2004 (Figures 3-1, 3-2). Strike-slip on strands of the San Jacinto fault
zone began much later [Meisling and Weldon, 1989; Morton and Matti, 1993; Weldon et
al., 1993] and evolved over time [Janecke et al., 2004; Kirby et al., 2004]. To the north,
near its interscction with the San Andreas fault, slip on the San Jacinto fault began after
1.5 Ma perhaps as recently as 1.2 Ma [ Morton and Matti, 1993]. A scparate analysis
assuming constant slip rates of 10 mm/yr across the entire fault zone points to a 2.5 Ma

Morton and Matti, 1993].  Data presented here

inception of the San Jacinto fault zonc
provides important gcometric and time constraints on the development of the San Jacinto

fault zone at this latitude and revise long-term geologic slip rates.

Structural Background

The current configuration and interrelation of the strands of the southern San
Jacinto fault zonec has been the focus of much research [Shaarp, 1967, 1972, 1975;
Nicholson et al., 1986; Rockwell et al., 1990; Petersen et al., 1991; Seeber and
Armbruster, 1999; Dorsey, 2002; Hudnut et al., 1989; Anderson et al., 2003].  Previous
geologic mapping, and geophysical data sets all show changes in the geometry and
kinematics of the San Jacinto fault zone along strike in the southwestern Salton Trough

[Dibblee, 1954, 1984a; Sharp, 1967, 1981; Bartholomew, 1970; Nicholson et al., 1986;

Severson, 1987; Seeber and Armbruster, 1989; Hudnut et al., 1989, Pettinga, 1991;

Magistrale, 2002; Anderson et al., 2003].
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Early work on the San Jacinto fault zone in the western Salton Trough was
completed by Dibblee [1954, 1984a] and Sharp [1967, 1981]. Both of these workers
mapped the San Jacinto fault zone as a series of southeastward-divergent discontinuous
fault strands as it enters the western Salton Trough from the northwest [Dibblee, 1954,
1984a; Sharp, 1967, 1975, 1981] (Figure 3-2). Changes in fault zone geometry are most
pronounced as the strands of the southern San Jacinto splay southcast-ward into the
western Salton Trough and distribute slip among several active faults [Dibblee, 1954,
1984a; Sharp, 1967, 1981] (Figures 3-1, 3-2). Most of the dextral slip accommodated by
the San Jacinto fault zone within the Salton Trough was assumed to be carried on the
Coyote Creek, Superstition Mountain, and Superstition Hills faults [Dibblee, 1954,1984a;
Sharp, 1967] (Figure 3-2). Other major strands which enter the Salton Trough from the
northwest include the Buck Ridge fault and the Clark fault [Dibblee, 1954, 1984a; Sharp,
1975]. Offset across the Buck Ridge fault and its kinematic relations to the San Jacinto
fault zone are incompletely understood [Sharp, 1967]. The Clark strand, which may be
the dominant structure of the San Jacinto fault zone farther to the northwest in the
Peninsular Range, was not considered to be the dominant fault strand in the Salton
Trough and was thought to terminate south of the Santa Rosa Mountains some 10 km
northwest of the San Felipe Hills (Figure 3-2) [Dibblee, 1954, 1984a; Sharp, 1967, 1972,
1975, 1981; Bartholomew, 1970; Pettinga, 1991].

Total right-lateral slip across the San Jacinto fault zone northwest of the Salton
Trough in the Eastern Peninsular Range is up to 24 km [Sharp, 1967; Bartholomew,

1970; Matti and Morton, 1991]. To the southeast in the Salton Trough, the Coyote

Creck strand near Coyote Mountain was thought to have up to 6 km of right lateral offsct
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[Sharp, 1967; Dorsey, 2002], but newer work suggests offset of about 4 km [Janecke et
al., 2005]. To the northeast, the Clark fault has at least 15 km of right separation on the
basis of offset east-dipping Cretaceous mylonite zone [Sharp, 1967; Bartholomew, 1970]
(Figure 3-2). A significant component of southwest-side-down slip across the Clark or
Santa Rosa faults in Clark Valley would reduce the actual strike-slip component of slip
but there are few data to assess these dip slip components. Early work by Bartholomew
[1970] postulated that much of the separation apparent on the Clark fault southeast of
Coyote Mountain (Figure 3-6) could be the result of a connection between the NW Clark
fault and SE Coyote Creck fault along the north-striking East Coyote Mountain fault..
New data which shows similar ~ 4 km offset along the NW and central Coyote Creck
fault may preclude this possibility [Janecke et al., 2005]. Later work has not focused on
Bartholomew’s hypothesis; although several other stepover models have been proposed
for the Clark and Coyote Creek faults [Janecke et al., 2003]. Timing of initiation of the
Clark fault is also poorly known but critical to understanding the evolution of the San
Jacinto fault zone.

South and southeast along strike of the San Jacinto fault zone significant changes
in kinematics and structural geometries occur [Hudnut et al., 1989]. Several fault strands
including the dextral northwest striking Superstition Hills and Superstition Mountain
faults which may bound the southwest edge of a zone of clockwise block rotation
southeast of the San Felipe Hills. These rotating blocks are bounded by the Superstition
Hills and Superstition Mountain faults to the southwest, and by northeast-striking sinistral
faults such as the Elmore Ranch and Extra faults on the northwest and by the north-

northeast-striking Brawley Seismic zone on the east-northeast [Hudnut et al., 1989;
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Seeber and Armbruster, 1999; Magistrale, 2002] (Figures 3-1, 3-2). Block rotation
appears to accommodate dextral slip across the southwestern Salton Trough southwest of
the termination of the San Andreas fault and northwest of the termination of the Imperial
fault [Seeber and Armbruster, 1999]. Duration, magnitude, and timing of initiation of
block rotation, however, is poorly constrained [Hudnut et al., 1989; Seeber and
Armbruster, 1999].

The northwestern boundary of block rotation is inconsistently located in different
studies, but is assumed to be located approximately in the central San Felipe Hills, and
extending southwest from the southern tip of the San Andreas fault to the Coyote Creek
fault in the southwest [Hudnut et al., 1989; Seeber and Armbruster, 1999]. None of the
kinematic models for this latitude of the San Jacinto fault zone adequately explain the
complex deformation in the San Felipe Hills, and or interpret the relationship of the Clark
fault with the province of block rotation further to the southeast.

Southeast of the previously mapped termination of the Clark fault in the San
Felipe Hills, numerous workers have shown extensive folding and faulting of the latest
Miocene to Pleistocene stratigraphy over a ~ 550 km?” area [Dibblee, 1954, 1984a;
Morley, 1963; Dronyk, 1977; Reitz, 1977; Wagoner, 1977; Feragen, 1986; Wells, 1987,
Heitman, 2002; Lilly, 2003; Janecke et al., 2003; Kirby et al., 2004] (Figures. 3-2, 3-3, 3-
4). Exposures of deformed late Miocene to Pleistocene stratigraphy stretch from the
Salton Sea in the east to Borrego Mountain in the west, and from California State

Highway 78 in the south to the Truckhaven Road in the North. Prior to this study only

the work by Dibblee [1954, 1984a] covered this entire area. All other previous work was
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limited to smaller portions of the San Felipe Hills area [ Morley, 1963; Dronyk, 1977,
Reitz, 1977; Wagoner, 1977: Wells, 1986; Feragen, 1987; Heitman, 2002; Lilly, 2003].

The cast-plunging San Felipe anticline forms the backbone of the San Felipe Hills
and exposes Cretaccous age foliated plutonic rocks and some older metasedimentary
rocks and late Miocene to carly Pliocene marine Imperial Group at its core [Dibblee,
1954, 1984a; Morley, 1963; Reitz, 1977] (Figures 3-3, 3-4). Entering the San Felipe Hills
from the north is the south to southeast-plunging Santa Rosa anticline [Dibblee, 1954,
1984a] (Figures 3-3, 3-4). Superposed upon these two large folds are many smaller,
dominately cast-plunging folds, with wavelengths between [-2 km and hundreds of
meters [Dibblee, 1954, 1984a; Morley, 1963; Reitz, 1977; Wells, 1986; Feragen, 1987,
Heitman, 2002; Lilly, 2003]. Major northwest-striking dextral faults mapped by previous
workers in the San Felipe Hills include the San Felipe Hills and Powerline faults, but
many smaller faults have also been mapped [Dibblee, 1954, 1984a; Morley, 1963; Reitz,
1977; Wells, 1986; Feragen, 1987; Heitman, 2002; Lilly, 2003]. None of the previously
mapped faults arc continuous across the San Felipe Hills and no prior mapping has found
strands of the Clark fault southcast of its mapped termination near the Truckhaven road
[Sharp, 1972, 1975; Bartholomew, 1970; Pettinga, 1991] in the San Felipe Hills.

Explanations for the faulting and folding within the San Felipe Hills have varied
and nonc of the previous interpretations have accounted for the kinematics of the San
Jacinto fault zone to the northwest and southeast of the study area. It has been inferred
that the deformation within the San Felipe Hills is the result of the dextral slip on the

Clark fault, either as a blind structure at depth [Feragen, 1986; Wells, 1987] or a series of

contractional stepovers which transfers slip across discontinuous faults within [/eitman,
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2002; Lilly, 2003], across the San Felipe Hills [Janecke et al., 2003], or around the San

Felipe Hills [Bartholomew, 1970)].

Objective

We examine the kinematics and lateral continuity of the San Jacinto fault zone
using data from structures and synkinematic deposits within the San Felipe Hills. To
constrain the geometry and interactions of the fault strands of the southern San Jacinto
fault zone, three prior models for the geometry of the Clark fault in the San Felipe Hills
and its relation to the block rotation to the south are tested. These hypotheses are
presented below:

I') the Clark fault continues as a blind structure in the crystalline basement
beneath the San Felipe Hills, connects at depth with the Superstition Hills
fault to the south, and produces the folding deformation in sedimentary rocks
the Felipe Hills above a blind portion of the fault [Wells, 1986; Feragen,
[987] (Figure 3-5).

the Clark Fault terminates in the folds and faults near Seventeen Palms and

(W]

does not transfer slip to the Brawley seismic zone or the southern strands of
the San Jacinto fault zone, including the Superstition Hills, Superstition

Mountain, and Imperial faults [Dibblee, 1954, 1984a; Pettinga, 1991] (Figure

(O%]
1

W

e

3) the Clark fault steps 24 km to the left through the folds of the San Felipe Hills

to a blind right lateral fault along the south-cast margin of the Salton Sea. This
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blind fault connects directly southeastward to the Imperial fault [Janecke et

al., 2003] (Figure 3-5).

For cach kinematic model the structural relationships to the southcast are assumed
to follow those described by Hudnut et al. [1989] and Seeber and Armbruster [1999].
We therefore modified each original model to include the sinistral Extra fault zone and
the dextral Superstition Hills fault. Each kinematic and geometric model predicts unique

~

structural and geophysical features in the San Felipe Hills (Figure 3-5). The actual
distribution, geometry, and magnitudes of strains, and geophysical characteristics of the
San Felipe Hills will be compared with those predicted by each model.

A blind connection between the Clark fault and the Superstition Hills fault to the
southeast (modecl 1) was suggested first by Wells [1986] and later by Feragen [1987] as
the primary cause of deformation within the southeastern San Felipe Hills (Figure 3-5).
This model proposes that the Clark fault continues along strike to the southeast of its
previously mapped termination (Figure 3-5). A zone of deformation is centered above the
blind trace of the Clark fault with folding oriented oblique, roughly cast west trending, to
the trace of the fault (Figure 3-5). The model also implies that cross faults, like the
sinistral Extra fault zone, must terminate at the blind trace of the Clark fault. The
intersection zone of these faults would have more deformation (Figure 3-5).

Model 2 hypothesizes that the Clark fault does terminate at its previously mapped
position, with fault-tip related deformation reaching into the San Felipe Hills [Dibblee,

gurc 3-5). In this model no slip 1s

&

1954, 1984a; Sharp, 1967; Pettinga, 1991] (Fi

transferred to another major fault from the Clark fault. The most intense deformation

should be localized very near the surficial termination of the Clark fault in the northwest




‘San Felipe Hills with deformation decreasing outward (Figure 3-5). Fold hinges
generally trend cast-west to the south and south-west of the termination and converge on
the fault tip (Figure 3-5).

Model 3 proposes that the Clark fault steps over through east-west folding to a
blind northwest trending dextral fault along the southwestern margin of the Salton Sea
[Janecke et al., 2003] (Figure 3-5). This blind structure would directly transfer slip to the
Imperial fault which lies roughly along strike to the southeast. Deformation in this
model would be most intense in the stepover zone and be characterized by cast-west
trending folds. Additional intense deformation is predicted as this blind structure
interacts with and crosses several northeast trending structures at depth including the
Extra fault zone and the Elmore Ranch fault (Figure 3-5).

In addition to these models one other potential geometry must be considered.

This model proposes that in the past the Clark fault transferred slip via a right bend
southwest of Clark Lake Valley onto the main part of the Coyote Creck fault southeast of
Coyote Mountain [Bartholomew, 1970] (Figure 3-6). The Clark fault south of the Santa
Rosa Mountains would therefore have formed later and have accumulated relatively little
slip [Bartholomew, 1970]. In this model little or none of the 15 km of right separation on
the mylonite is related to dextral slip across the Clark fault southeast of Coyote
Mountain [Bartholomew, 1970]. This implies that the deformation in the San Felipe Hills
could be unrelated to slip on the Clark fault because much of the slip across the Clark
fault to the northwest may have bypassed the San Felipe Hills early in the history of the

San Jacinto fault zone. The southeast-most portion of the Clark strand terminates at the

surface northwest of the study area according to all prior mappers [Bartholomew, 1970;
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Sharp, 1972; Pettinga, 1991] (Figure 3-6). Further structural mapping and analysis to the

northwest of the San Felipe Hills are necessary to prove or disprove this fault geometry.

Methods

To assess the southeastern strands of the San Jacinto fault zone and their relations
within the San Felipe Hills, new 1:48,000 scale geologic mapping, structural, and
stratigraphic field studies were conducted in approximately 2.5 quadrangles in the San
Felipe Hills including the Shell Reef, Kane Springs NW, and portions of Kane Springs
NE, Truckhaven, and Seventeen Palms 7.5 minute quadrangles. This mapping was
combined with previous 1:6,000 scale mapping in the south central San Felipe Hills
[Heitman, 2002; Lilly, 2003] to produce a geologic map of the study area (Figures 3-3, 3-
4; Plate 1). The map was refined using aerial photography, Landsat, and SPOT imagery
courtesy of Robert Crippen and Ronald Blom (Plate 3). Five structural cross sections
show structural features of the San Felipe Hills.

Folds were a particular focus of this study. Fold geometries vary across the San
Felipe Hills, and folds with similar trends were grouped into distinct fold domains for
geometric analysis. For each fold domain strike and dip data were plotted as poles to
bedding and contoured using the Kamb method at a significance level of 1 sigma and a
contour interval of 4.0 using Richard Almendinger’s Stereonet for Windows 1.1 software.
Best fit fold limbs were picked using the Kamb contour for each fold limb in each
domain. These average folds were used to measure interlimb angles, vergence, trend,

and plunge in each of the fold domains. Strain values were computed from interlimb

angles. Strain rates were computed using the magnetostratigraphically determined age of




the youngest conformable strata (0.61 Ma + 0.02 Ma and 0.52 Ma + 0.03 Ma) deformed
by the folds [Kirby et al., 2004; Chapter 2].

Folds appear to terminate laterally at dextral faults in many parts of the San Felipe
Hills (Figure 3-3, Plate 1). Thus analysis of the folds allows fault slip to be estimated. In
order to characterize the total shortening and slip which the Clark strand could have
produced in the study arca, two transects through contiguous fold domains were
analyzed. These transects cover the portion of the study area most likely affected by slip
on the Clark fault and to avoid some of the larger faults in the arca. Total shortening
within cach domain was computed from the strain and spatial extent parallel to the
transccts. Shortening was then resolved onto a vertical plane striking 305°, parallel to the
Clark fault immediately to the northwest [Sharp, 1967; Bartholomew, 1970]. This
calculation was used to estimate the amount of strike-slip offset which is required to
produce the folds in the San Felipe Hills. Feragen [1986] first made such a calculation
and extrapolated local shortening amounts from the south central San Felipe Hills across
the entire San Felipe Hills. His estimate of 9 km of strike-slip [Feragen, 1986] is too
large because folding strains in the southeast San Felipe Hills exceed those in the
remainder of the study arca [this study].

Geophysical data sets including isostatic gravity and filtered aecromagnetic
anomalics were analyzed for this study and areas north and south along strike of the San
Jacinto fault zone. Gravity data are from Langenheim and Jachens [1993] and
Langenheim [unpublished data, 2004]. Aeromagnetic data [U.S. Geological Survey,

1990] were decorrugated and filtered to enhance shallow (< 1 km) magnetic sources

[Langenheim, unpublished data, 2004]. Geophysical data sets were used to validate field




96

mapping and regional structural interpretations. Comparisons of isostatic gravity and
magnetic anomaly maps and the geologic map provided critical information about
subsurface relationships.

The three prior models for the deformation in the San Felipe Hills are compared
to the geologic map, structural, and geophysical data (Figure 3-5). A new model is

developed below, to better explain the diverse data sets.

Results

Overview

Structural studies in the San Felipe Hills show complex folding and faulting of the
latest Miocene to Pleistocence sedimentary rocks (Figure 3-3; Plates 1, 3). The
deformation i1s dominated by cast-west tending folds but the spacing and gcometry of the
folds varies across the study area (Figures 3-3, 3-7; Plates 1, 3). Several faults are also
apparent. Dextral faults are most common in the central and western parts of the area,
whereas sinistral and normal faults are concentrated in the cast and southeast San Felipe
Hills. East-west striking strike-slip faults are most common in the west, cast of major
dextral faults. Most of the faults in the San Felipe Hills are discontinuous and less than

several kilometers long.

Faults
NW striking strike-slip faults
Several large right-lateral northwest-trending strike-slip faults deform rocks in the

San Felipe Hills. These include the Coyote Creek fault, the San Felipe Hills fault and the

Powerline fault [Dibblee, 1954, 1984a; Morley, 1963; Reitz, 1977; Heitman, 2002; Lilly,




97

2003; this study]. The Coyote Creek fault 1s the largest fault and it passes through the
extreme southwestern corner of the study arca. Slip across this fault near the study arca
is the subject on current rescarch and appears to be between 1 and 4 km [Janecke et al.,
2005, Langenheim and Steely, unpublished data, 2005].). The Coyote Creck fault is not
is apparent as a gravity lineament in the southwestern San Felipe Hills (Figures 3-8).
However, portions of this fault correspond with a strong magnetic gradient that separates
less magnetic rocks to the southwest from more magnetic rocks to the northeast in the
western San Felipe Hills (Figures 3-10, 3-11). The source of this large difference in
magnetization is uncertain.

Both the San Felipe Hills fault and the Powerline fault are spatially limited to the
San Felipe Hills [Dibblee, 1954, 1984a; Reitz, 1977; Heitman, 2002; Lilly, 2003] (Figure
3-3). The San Felipe Hills fault extends at lcast 8 km along a strike of approximately
3107 in the western San Felipe Hills (Figure 3-3). Photogeologic studies suggest that this
fault may terminate to the northwest just north of the study arca in a bedding—strike
parallel structure and to the southeast near the axis of the San Felipe anticline [Dibblee,
1984a; Heitman, 2002]. Dextral offset across this nearly vertical structure is
unconstrained but must be small (< 2-3 km) because the fault does not offset the gravity
gradient of the north limb of the San Felipe anticline (Figure 3-9). The San Felipe Hills
fault corresponds well with a magnetic lincament and separates magnetic rocks to the
northeast from less magnetic rocks to the southwest (Figures 3-10, 3-11). The isostatic
gravity map shows slight evidence for the San Felipe Hills fault (Figures 3-8, 3-9).

The Powerline fault is located in the southern central San Felipe Hills extending

some 10 km along an approximate strike of 318" NW (Figure 3-17). This fault is a single
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covered strand in the south central San Felipe Hills. To the north the fault splays into at
least three strands (Figure 3-3; Plate 1). These northern strands of the Powerline fault
strike north-northwest and dip steeply cast and west. Slickenlines indicate right-lateral

motion and rake 3-5° from horizontal. Offset across the Powerline fault is unconstrained

but could be up to 1-2 km. The fault correlates with a strong magnetic gradient between
magnctic rocks on the southwest and much less magnetic rocks on the northeast side
(Figures 3-10, 3-11). The 1sostatic gravity map shows a small increase in the depth of
basement northeast of the Powerline fault (Figures 3-8, 3-9). The Powerline fault or the
Sand Dunes fault, 4 km to the northeast, bound the cast end of the bedrock high beneath
the San Felipe anticline (Figure 3-9).

Many smaller dextral northwest striking faults exist within the San Felipe Hills
(Figure 3-3). Dips of these smailer fauits range from northeast to southwest within 30° of
vertical. Rakes of slickenlines, where apparent, are within 10° of horizontal. Right-

lateral motion is apparent where kinematic indicators exist.

NE striking strike-slip faults

Northeast striking sinistral faults also deform the San Felipe Hills. The Extra
fault zone 1n the southeastern San Felipe Hills is the only laterally continuous sinistral
fault (Figures 3-3, 3-12; Plates | and 3). The overall strike of the Extra fault zone is
north 357 east, but it changes strike south of Highway 78 to north 45° east. The Extra
fault zone is characterized by several discontinuous northeast-striking en echelon fault
strands and adjacent small, less than 1 km long, doubly plunging anticlines and synclines

near and north of state highway 78. At Icast one down to the west, north-striking normal

fault exists within the fault zone. This fault had a strike of north 14° east and a dip of 71°
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west. Lineations indicate dip slip motion. Normal separation on this fault may be 120 m
based on stratigraphic correlations in Oil Well Wash [Chapter 2]. Farther northeast the
Extra fault zone is characterized by a single fault strand striking north 25° cast and
dipping 82" west where it crosses state highway 86. Tool marks indicate left-lateral
motion on this strand. The Extra fault zone persists along strike to the northeast to the
shore of the Salton Sea and southwest to San Felipe Wash as a series of discontinuous
photo lineaments and fault scarps in alluvial and ecolian deposits. Total left-lateral offset
across the Extra fault zone 1s unconstrained.

Northeast-striking magnetic and gravity gradients coincide with the surface trace
of the Extra fault zone near state highway 86. Further to the southwest there is a 1-2 km
offset between the surface trace and gravity and magnetic signals (Figures 3-9 to 3-11).
Magnetic data shows a possible weak northeast trending gradient 2 km northwest of the
Extra fault in an arca of much eolian, lacustrine, and alluvial cover (Figures 3-10, 3-11).
This arca is the northwest-most position of a possible laterally continuous northeast-
striking fault, but to date no such fault has been identified northwest of the Extra fault
zone.

In general, northeast-striking sinistral faults in the San Felipe Hills are much more
localized than dextral faults and may simply be cross faults between more laterally
continuous northwest striking dextral faults. This is apparent between the Powerline and
Sand Dunes faults where several northeast striking structures extend between these two
larger faults [Reitz, 1977; Heitman, 2002; Lilly, 2003] (Figure 3-3). Slickenlines on a

small exposure of the northwest-most of these sinistral faults indicate left lateral motion

on a vertical fault plane striking 32 cast of north. Other similar northeast-striking faults
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exist along the eastern branch of Tarantula Wash in the central San Felipe Hills [Reitz,
1977; Heitman, 2002; Lilly, 2003] (Figure 3-3). These faults generally strike between
and 18 and 64" cast of north and dip steeply to the northwest and southeast within 25° of
vertical. Kinematic indicators in a small number of exposures suggested left-lateral
motion. The isostatic gravity may show a weak lineament corresponding with the
northwest-most northeast striking fault between the Powerline and Sand Dunes faults
(Figure 3-9). Otherwise these faults do not appear to have discernable magnetic or
gravity signals (Figures 3-8, 3-9, 3-10, 3-11). In the northwestern San Felipe Hills at

least one northeast striking left-lateral fault can be traced along strike to the southwest as

it bends into an east-west orientation (Figure 3-3; Plates 1 and 3).

O

North-south striking normal faults

North-south striking normal faults are apparent in the northern, central, and
castern portions of the study arca. Near the northern boundary of the mapped arca
several down-to-the-east fault scarps cut an clevated alluvial terrace west of Salton City
and north of the Truckhaven road (Figure 3-3; Plate 1). Scarp height is between 1 and 2
meters. South-facing cross sectional views of these faults on the terrace margin north of
the Truckhaven road expose small synclines in the hanging-wall of these faults. Normal
faults to the south of the terraces along Arroyo Salada strike between 334 and 28° and dip
between 66 and 79° east. Dip slip 1s apparent from lineations. Offset across cach of
these normal faults could be at least several meters based on stratigraphic correlations.
Weak north-south magnetic anomalies south of Arroyo Salada may correlate with several

of these faults (Figure 3-11). No gravity signal is apparent from these faults (Figures 3-8,

3-9).
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To the south, north-northwest striking normal faults likely separate highly folded
rocks on the cast from less folded strata on the west side of the faults (Figures 3-3, 3-13;
Plate 1). No exposures with good fault planes and slickenlines have been found for these
faults which strike parallel to bedding on the west side of cach fault. It is assumed that
these faults strike parallel to the unfolded strata which they bound and dip cast. Offset on
these structures is unconstrained.

In the castern San Felipe Hills nerth-south striking faults are present in a zone of
north-south trending folds (Figure 3-3; Plates | and 3). These normal faults appear to be
parallel to the dominant fold trend and in places truncate these folds (Figures 3-3; Plates
I and 3). No measurable exposures of these faults were found during this study.

Previous work by Dronyk [1977] documented small offset normal faults striking nearly

north-south and dipping both cast and west in this arca.

East-west striking strike-slip faults

Last-west striking steeply dipping faults are fairly common in the western San
Felipe Hills, and south of Squaw Peak to the Ocotillo Badlands (Figure 3-3; Plate 1).
Thesc faults strike within 10 degrees of cast.  Slip sense of the faults south of Squaw
Peak 1s assumed to be left lateral based on partly ambiguous kinematic indicators. Cross
sections through these structures show at least a component of reverse motion, north side
up, on these structures (Figures 3-14, 3-15). Dip directions vary over short lateral
distances but faults are generally steep, within 20° of vertical. Dip of these faults was
rarely measurable..

There are also several cast-west striking strike-slip faults within the San Felipe

Hills. In the northwestern portion of the study arca at least one cast-west striking fault is
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continuous with a left lateral north-cast striking strike-slip faults along strike to the east
(Figure 3-3). Slickenlines and tool marks indicate Ieft-lateral motion for these structures.
Separations across these faults are uncertain because the faults commonly strike parallel
to bedding.

East-west striking strike-slip faults are most common immediately cast of major
northwest striking dextral faults, including the San Felipe Hills fault and the Coyote
Creck fault. They appear to extend 3-6 kmi cast before losing definition (Figure 3-3; Plate
). Sharp [1967] previously documented similar relationships east of the Coyote Creek
fault in the southwestern-most part of the study area. East-west striking faults cut the

anticline m the Ocotillo badlands but arc incompletely mapped [this study).

Sand Dunes fault

In the south-central and central San Felipe Hills the mostly north-west striking
Sand Dunes fault juxtaposes Diablo Formation on the southwest against the Borrego
Formation and transitional unit to the northeast [Heitman, 2002; Lilly, 2003] (Figures 3-3,
3-12; Plate 1). It has a buricd cast-striking trace cast of the southeast tip of the Powerline
fault. The fault then turns north and north-northwest in an arcuate fault trace which
juxtaposes older Diablo Formation on the southwest side against younger Borrego
Formation on the northeast side (Figures 3-3, 3-12). Map relations imply at least partially
reverse motion for this structure. Smaller left lateral northeast striking faults cut the Sand
Dunes fault. The Sand Dunes fault dips steeply and is nearly vertical where observable
[Heitman, 2002; Lilly, 2003]. Offsct across this structure is unconstrained but may be

large because it juxtaposes dissimilar rock units in most places. To the northwest the

Sand Dunes fault may continue and join a large en cchelon network of faults in a




103

complex zone of rotated blocks south of Tule Wash. Additional mapping 1s needed in this
complex fault zone (Figure 3-3). The Sand Dunes fault correlates well with a magnetic
gradient which nearly parallels its mapped position (Figures 3-10, 3-11). The San Felipe
anticline loses its gravity expression cast of the trace of this fault, and changes castward
from a bedrock-cored anticline to a subhorizontal undulating bedrock surface (Figures 3-

8, 3-9).

En cchelon strike-slip fault zone

Several previously unmapped strike-slip faults form a zone of discontinuous en
cchelon northwest trending strike-slip faults in the north central portion of study arca
(Figure 3-3). The Powerline and Sand Dunes faults arc probably part of this set of faults
and form the southwest margin of this fault network. This fault zone extends to the
north-northwest from the Sand Dunes fault. Some faults converge northwest-ward, and
the fault zone coincides with a broad, concave to the southwest, magnetic low (Figures 3-
3,3-10,3-11). Smaller northwest-trending magnetic gradients within the 4 km wide
magnetic low coincide with individual faults (Figure 3-11). These faults vary in length
from | km to 4 km along strike and some clearly dic out into cast-west trending fold
trains. Where fault dip is apparent it is steep between 80 and 90° for these structures.
The strike of the fault strands ranges from 298 degrees to 329°. Cross section C-C’
shows scveral of these faults which may merge at depth into a single fault (Figure 3-16).
Slickenlines are uncommon but where exposed gave right-lateral motion for one of the
strands and rake 7°. Spacing of these fault strands varies from | to 3 km perpendicular to

strike. Offset is unconstrained, but we estimate that any one strand may have less than |

km of separation. The en echelon faults are in a weak gravity low that lines up with a
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prominent gravity gradient that coincides with the Clark fault to the northwest (Figures 3-
8, 3-9). Immediately to the south and southeast of these faults is the cast-west trending
folds of fold domain K, which has the most shortening in the study area (Figure 3-7;
Table 3-1). This en echelon fault zone is incompletely mapped and further field studies

may show greater lateral continuity and may reveal additional faults.

Dump fault

Just north of these discontinuous en echelon strands, in the northern portion of the
study area, a west-northwest striking strike-slip fault was mapped. This fault i1s apparent
on theLandsat+Spot imagery (Plate 3). This structure is assumed to be steeply dipping
and right lateral based on map relations (Figure 3-3). A west-north-west trending
magnetic gradient is 1 km southwest of this structure (Figure 3-11). The strike of this
fault is approximately 290°along its 6 km extent. The Dump fault defines the northeast
margin of the en echelon fault array. This structure may terminate to the east and can be
traced out of the study arca to the west-northwest as it projects toward the southeast tip of

the Clark fault.

Fault interrelations

The northwest-striking dextral faults are the largest and most continuous, cut or
bound many fault blocks that also contain northeast, cast-west, and north-south striking
faults (Figure 3-3; Plate 1). Locally northeast-striking sinistral faults cut the northwest-
striking faults including the Sand Dunecs fault [Heitman, 2002; Lilly, 2003 ] (Figure 3-3;

Plate 1). East-west-striking faults are localized primarily to the cast of the major

northwest striking faults such as the Coyote Creek fault and the San Felipe Hills fault




(Figure 3-3; Plate 1). The zone of en echelon dextral faults in the northern and central
San Felipe Hills has a southeast-ward horsetail splaying gecometry which is bounded on
the northeast by the Dump fault. Along strike to the south and southeast the en echelon
faults are replaced by folds and the Powerline and Sand Dunes faults which persist into
the southern San Felipe Hills (Figure 3-3; Plate 1). None of the northwest striking faults
except the Coyote Creek fault continue southeast of the Extra fault zone. We agree with
prior mappers that the Extra fault zone is a regionally important northeast strike-slip fault
zone [Dibblee, 1954, 1984a; Hudnut et al., 1989] (Figure 3-3).

The interrelation between faults and folds within the San Felipe Hills is complex
and variable. North-south striking normal faults in the northern and central San Felipe
Hills separate strongly folded strata from less folded strata but not cut the folds.
Elsewhere dextral faults die out into cast-west-trending fold trains. Overall there is a
strong interconnection between faults and folds within most of the San Felipe Hills

(Figure 3-3).

Folds
Overview

Most of the exposed sedimentary section is folded in the San Felipe Hills. Folds
range from open to gentle with wavelengths of 100’s of m to 10’s of km. Folds were
grouped into domains based on the style and orientation of the folds (Figures 3-7, 3-18).
Orientation of fold axes vary across the San Felipe Hills (Figures 3-7, 3-18). Most folds

trend east-west in the San Felipe Hills but there are several smaller zones of north-south

and southeast trending folds (Figures 3-7, 3-18).
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The San Felipe and Santa Rosa anticlines are both persistent regional scale
structures upon which the many smaller folds and faults of the San Felipe Hills have been
superposed [Dibblee, 1954, 1984a]. Plunge directions of the closely spaced folds
changes from cast to west across the south-southeast plunging Santa Rosa anticline. The
Santa Rosa and San Felipe anticlines are defined by changes in dip of bedding, plunge
directions of folds, and magnetic and isostatic gravity anomalies (Figures 3-3, 3-18, 3-8

to 3-11).

San Felipe anticline

The San Felipe anticline deforms the late Miocene to Pleistocene stratigraphy of
the San Felipe Hills exposing Pliocene Diablo Formation and upper Miocene-Pliocene
[mperial Group ncar its core, and folding late Pliocene-Pleistocene Borrego Formation
and middle Pleistocene Ocotillo and Brawley formations further to the east (Figure 3-3;
Plate ). Basement rocks are exposed in the core of this anticline near Squaw Peak
(Figures 3-3; Plate 1). This anticline formed before the ~1.1 to 0.5Ma Ocotillo Formation
lapped across its crest and has tightened since the end of Ocotillo Formation deposition
(~0.5 Ma) [Chapter 2].Based on the subcrop beneath the Ocotillo Formation the extent
of the San Felipe anticline was roughly 12 km north to south and 14 km from the western
edge of the study arca to the to eastern-most exposure of the sub Ocotillo Formation
angular unconformity [Kirby et al., 2004]. The east end of the anticline coincided with
the Powerline and Sand Dunes faults prior to deposition of the Ocotillo and Brawley

-+

formations and also the extent of a prominent bedrock high [Chapter 2]. The San Felipe

anticline likely extends to the west to a basement cored anticline at Borrego Mountain
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based on the lateral continuity, similar width and amplitude of an cast-west-trending
gravity high there (Figures 3-8, 3-9).

The ancestral San Felipe anticline, along cross section B-B’, has north and south
limbs with average dips of 34 and 23°, respectively (Figure 3-15). Young cast-west
strike-slip faults and tilting produced the modern San Felipe anticline. It i1s now a faulted
anticline with some superposed closely spaced folds (Figure 3-15). The interlimb angle
for the San Felipe anticline is 123 © along this cross section (Figure 3-15). The crest of
the San Felipe anticline coincides with a gravity high and is 1 km north of a magnetic
high (Figures 3-8 to 3-11). llowever there 1s a mismatch between the cast-west extent of
the gravity and magnetic signal and the mappable extent of the anticline (Figures 3-3, 3-
8 to 3-11). The magnetic signal is displaced to the south 2.5 km relative to the mapped
axis of the anticline and the center of the gravity high (Figures 3-10, 3-11). The gravity
high disappears cast of the Sand Dunes fault yet the San Felipe anticline remains a
mappable fold cast of the Sand Dunes fault (Figures 3-8, 3-9; Plate 1).

A reconstructed (~ 1.07 Ma) cross scction of the San Felipe anticline produced
from the angular unconformity bencath the Ocotillo Formation has a interlimb angle of
130°, a homoclinal north limb and a more complex south dipping limb [Kirby et al.,
2004] (Figure 3-19). The north-south extent of the south limb of the reconstructed San
Felipe anticline is poorly known because conformable depositional contacts beneath the
Ocotillo Formation occur in the Ocotillo Badlands on the southwest side of the Coyote

Creek fault . A north-dipping reverse fault is inferred at depth to explain the large

difference in the subcrop of the Ocotillo Formation northward from the Ocotillo Badlands
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and the presence of crystalline rocks at shallow depths near the Coyote Creek fault
(Morely, 1963).

Preliminary offset across the Coyote Creek fault based on gravity data may be ~4
km [Langenheim, unpublished data, 2005; Janecke et al., 2005]. Further work is
necessary to verify offset amount across the Coyote Creek fault in the San Felipe Hills.
Based on the reconstructed cross section (Figure 3-19) and the modern B-B’ cross section

)

(Figure 3-15) the San Felipe anticline may have tightened just 7° since the Ocotillo
Formation was deposited across it. This 1s, however, complicated by several north-side-
up east-west striking strike-slip faults which may obscure the true dimensions of the
modern anticline. Other evidence for modern growth of the San Felipe anticline include
the Holocene Lake Cahuilla shoreline which defines a large embayment south of the San
Felipe anticiine and a smaller embayment north of the San Felipe anticline (Plate 1).
These relationships suggest that the anticline may still be growing and deflecting the

shoreline.

Santa Rosa anticline

The southeast plunging Santa Rosa anticline is less well defined than the San
Felipe anticline and it may not persist south of Tule Wash (Figure 3-3). It is best
expressed in the northern portion of the field area where the east imb dips up to 19
degrees and the west limb dips up to 20°. Cross section C-C’” shows the faulted limbs of
the southern-most Santa Rosa anticline (Figure 3-16) and an industry seismic data imaged
the east dipping limb (Figure 3-20). The fold extends 7 km along trend south-southeast

into the northern San Felipe Hills and 1s up to 4 km across (Figure 3-3). South of Tule

Wash this regional structure may be defined by fold plunges which change from ecast to
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west near the Powerline Fault (Figure 3-7). The Santa Rosa anticline coincides with a
gravity high in the northern portion of the study arca but to the south this signal is less
clear because the Santa Rosa and San Felipe anticlines intersect there (Figures 3-8, 3-9).
The Santa Rosa anticline correlates with a magnetic high north of Tule Wash but farther
to the south arcing anomalies associated with the southeast end of the Clark fault obscure
possible continuations of the Santa Rosa anticline (Figures 3-10, 3-11). The age of initial
growth of the Santa Rosa anticline is uncertain but most of the growth was after
deposition the Brawley Formation. This unit dips cast on the cast limb of the anticline

nearly as much as the underlying Borrego and Diablo formations (Figures 3-16, 3-20).

Fold domains

Folds with similar orientation and style of folding were grouped into 11 domains.
Where possible, fold domains are directly abutted with one another unless scparated by
covered areas, homoclinally dipping rocks, or faults (Figure 3-7). Domains C and D
have noncontiguous subdomains which are separated by arcas of cover or other fold
domains (Figure 3-7). Geometric data for cach fold domain arc shown in tables 3-1 and
3-3 and figures 3-7 and 3-18.

All but two of the fold domains have upright axial surfaces on average (Figure 3-
[5). Fold wavelength varies among fold domains from a minimum of several hundred
meters to a maximum of several kilometers (Figure 3-3). Fold style varies considerably
from kink folding (domain D) to cylindrical folding which dominated most of the other
fold domains (Figures 3-7, 3-18).

The trend and plunge of folds vary somewhat across the study arca but cast-west

folds dominate (Figure 3-18; Table 3-1). Folds in domains B, E, G, J,and K all trend and




110

plunge to the cast with folding in domains E and J plunging slightly north of cast, and
folds in domain D plunging slightly south of east (Figures 3-7, 3-18). Fold domains F, H,
and | plunge west (Figure 3-18). Folds in domain C plunge to the cast-southeast (Figurc

~

3-18). Folds in domain A, just west of the Salton Sca trend north (Figures 3-7, 3-18).
Plunge values range from 3° in domain H to 21° in domain E (Table 3-1). Average
plunge was approximately 8°. Folds in the southeast San Felipe Hills bend from their
dominant cast-west trend to east-northeast trends as they approach the Extra fault zone.

Vergence varics slightly among the fold domains but the difference may not be
statistically significant (Table 3-1). Folds on the south hmb of the San Felipe anticline
verge to the north [Wells, 1986; Heitman, 2002; Lilly, 2003 ] (Figures 3-15, 3-16). Folds
on the north limb of the San Felipe anticline may verge southward in domain F (Figure 3-
15; Table 3-1). Folds in domain A show possible cast vergence (Figure 3-15; Table 3-1).
Larger data sets may show additional patterns but most axial surfaces are close to
vertical.

[nterlimb angles among fold domains range from 164.4° for the north plunging
domain A in the northeastern portion of the field arca to 81.8° for the cast plunging folds
in domain K (Table 3-1). Other fold domains have interlimb angles between 107.4 and
143.4° (Table 3-1).

The shortening direction in each domain is assumed to be perpendicular to the
dominant trend of the folds (Figure 3-14; Table 3-1). Across the San Felipe Hills the

dominant shortening direction is nearly north-south (Figure 3-18). Several fold domains

vary slightly from north-south shortening (Figure 3-7; Table 3-1).




Strain

Strain magnitudes were computed for each fold domain and the homoclinal dip
domains using interlimb angles (Tables, 3-1, 3-2). Limbs were assumed to be initially
horizontal and of a unit length. Change of horizontal length parallel to the shortening
direction was then trigonometrically calculated from the change in initial and final limb
angles (Figure 3-21). Strain ranges from a low of 0.009 for fold domain A to a high of
0.345 for fold domain K (Table 3-1). The other fold domains have strain magnitudes
between 0.050 and 0.195 (Table 3-1). The homoclinal dip domains reflect strains of
0.034 and 0.073 for the south and north limbs of the San Felipe anticline (Table 3-2).

Strain rates were calculated using the strain magnitudes and magnetostratigraphic
age constraints from the Brawley Formation in the southeastern San Felipe Hills (Table
3-1). The Brawley Formation is the youngest internally conformable deposit that
contains no evidence for active deformation on local structures during its deposition.
Growth strata were not observed in this or any other unit in the San Felipe Hills but may
be present farther to the north and west in the Borrego and Diablo formations [Dorsey,
unpublished data, 2003]. Seismic lines in the north San Felipe Hills also show little
evidence of lateral thickening of the Pliocene to Quaternary strata in the San Felipe Hills
(Figure 3-20). Magnetostratigraphic correlation and sedimentation rates applied to a
measured section yield ages which range from 0.61 Ma + 0.02 Ma to 0.52 Ma + 0.03 Ma
for the end of deposition of the Brawley Formation in the San Felipe Hills.
Paleomagnetic data show clockwise vertical axis rotation of ~ 8.5° for the uppermost

Borrego Formation and Brawley Formation in the southeastern San Felipe Hills [Kirby et

al., 2004].
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Our data support earlier interpretations that all deformation except growth of the
basement-cored part of the San Felipe anticline occurred since the deposition of the
Brawley Formation [Dibblee, 1954, 1984a]. Deformation is assumed to be equally
distributed across a given fold or dip domain. Age constraints yield two distinct end
member strain rates and shortening rates for each fold domain. Strain rates ranged from a
high of 66.40 + 3.62 10™/yr for fold domain K assuming the youngest onset of
deformation at 0.52 Ma + 0.03 Ma to a low of 1.52 + 0.04 10 'yr for fold domain A

assuming the older onset of deformation at 0.61 Ma + 0.02 Ma (Table 3-1).

Shortening

Shortening rates were calculated using the strain values, spatial extent of fold
domains, and age constraints for the onset of folding. These values ranged from 3.98 +
0.22 mm/yr for the east-plunging folds in domain K to 0.11 + 0.003 mm/yr for the north-

plunging folds in domain A. Shortening rates for cach fold domain are shown in table 3-

We calculate total shortening from folding along two structural transects (Figure
3-7). The transccts are oriented approximately north-south and exactly normal to the
trend of each contiguous fold and homoclinal dip domain (Figure 3-7). Transect 1
includes fold domains B and K and is located in the east central portion of the study arca
(Figure 3-14). Shortening across the homoclinal north and south limbs of the San Felipe
anticline was grouped with fold domains F, G, and H in transect 2, which covers a north-
south section in the central San Felipe Hills (Figure 3-14). The amount of shortening was

calculated for each fold and dip domain by multiplying the spatial extent of each domain,

parallel to the direction of shortening, by the calculated percent shortening. Shortening is
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calculated separately for cach fold domain and then summed for all fold and dip domains
in a given transcct (Table 3-2). Shortening was then projected on an idealized vertical
Clark fault plane striking 305°"NW to calculate the equivalent dextral slip recorded in
cach transect.

Equivalent dextral slip across transect 1, likely related to the Clark fault in the
castern San Felipe Hills, 1s 5.62 + 0.2 km. This value is a minimum and assumes that all
the Clark related slip is transferred to cast-west trending folds in transect 1. In the central
San Felipe Hills, including the San Felipe anticline, transect 2 has 1.32 + 0.2 km of
equivalent slip. A maximum estimate sums the strain in transects 1 and 2 for equivalent
slip of 6.95 + 0.4 km. We prefer the lower estimate of 5.62 km + 0.2 km based on
transcct | alone, becausé transect 2 1s at least partially structurally isolated from the
influence of the Clark fault by the intervening Sand Dunes and Powerline faults (Figure
3-7). Either the nearby San Felipe Hills fault and or the more distant Coyote Creek fault
is a more likely source of the shortening observed along transect 2.

Error estimates for cach transect result from potential measurement error of the
spatial extent of fold domains within a given transect. Different spatial extents can be
measured within a given transect. Error resulting from the calculation of strain for each
fold domain is unconstrained. Our method does not detect slip on discrete faults unless
the faults terminate into zones of folding. Rotation about vertical axes can significantly
affect the end result. Total rotation about vertical axes in the southeastern San Felipe
Hills is up to 8° clockwise since about 1 Ma.

To the north, shortening was calculated in a similar manner for a north-south

transect which stretches north from the study area to Travertine Ridge (Figure 3-3). This
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transect should record any additional shortening by folding that could have been
produced by slip on the Clark fault. North and south homoclinal dip domains, dipping
8.5 and 14° respectively, define this transect. Total shortening across the 6.5 km  transect
was minor at just 0.04 km.

5.62 + 0.4 km of dextral slip likely related to the Clark fault, on a plane striking
305° NW, is preserved in the folds of the eastern San Felipe Hills. Some unknown
amount of dextral ship is preserved on the strike-slip faults in the San Felipe Hills, but
without offset markers this value 1s poorly constrained. Faults with potential for the
greatest offset and ship within the San Felipe Hills include the San Felipe Hills, Sand
Dunes, Powerline, and Dump faults, but most of these faults appear to die out and

transfer some or all of their slip to folds [Heitman, 2002; Lilly, 2003; this study).

Discussion

Faults

Based on our new mapping, the Clark fault continues 18 km southeast ot its
previously mapped termination as a series of en echelon faults and horsetail splays which
terminate in the folded stratigraphy of the central and southeastern San Felipe Hills
(Figure 3-3). The northernmost newly mapped fault strand which may be related to the
Clark fault 1s the Dump fault (Figure 3-3). It strikes west-northwest and coincides with
the southwest edge of gravity and magnetic highs which curve along strike into the strong
gravity and magnetic gradient along the Clark fault farther to the northwest (Figures 3-3,

3-8,3-9,3-10,3-11). To the south of the Dump fault are discontinuous and complex

northwest striking dextral faults that arc likely related to the Clark fault farther to the




115

northwest (Figures 3-3; Plate 1). Magnetic gradients from these faults turn and connect
directly with gradients along the Clark fault farther to the northwest (Figures 3-10,3-11).
The gravity and magnetic data are consistent with a single fairly large Clark fault at
basement level that splays southeastward into the northwest edge of the study area.
Surface geology shows a much less organized fault zone in the same area [Dibblee, 1954,
1984a; Bartholomew, 1970; Pettinga, 1991|. We infer that the Clark fault changes from
a single fault at depth to multiple strands at shallower levels northwest of the study arca
and distributes slip southeastward along the Dump, Powerline, and ¢n echelon faults into
the San Felipe Hills.

Several other major dextral northwest-striking faults including the Powerline and
Sand Dunes faults have been mapped northwest of their previously mapped positions
[Reitz, 1977; Heitman, 2002; Lilly, 2003] by our study. These faults likely transmit slip
from the Clark fault into the central and south-central San Felipe Hills. None of these
faulits, however, arc continuous across the study area. [t is therefore likely that slip on
these faults, 1s balanced by folds near their terminations.

New mapping shows the Extra fault zone to be the only through-going northeast-
striking sinistral fault zone in the San Felipe Hills.  This fault is unlike other sinistral
faults in the San Felipe Hills but quite similar to sinistral faults to the southeast including
the Elmore Ranch fault [Hudnut et al., 1989; Janecke et al., 2004]. The Extra fault zone
represents a kinematic and geometric change from the rest of the study arca. The fold
and fault patterns apparent in the San Felipe Hills are best represented by a new model

shown in figure 3-22. Models 1,2, & 3 predict fault and fold geometries that are not

N

(

)).

apparent in the San Felipe Hills (Table 3-4; Figure 3-
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Folds

Strain intensity due to folding is distributed unevenly across the San Felipe Hills.
Highest strain is localized in the southeastern San Felipe Hills in fold domains K,J, and B
(Table 3-1). Fold domains B and K lic just to the cast and south respectively of the
Powerline, Sand Dunes and discontinuous fault strands which penetrate the central San
Felipe Hills from the southeast end of the Clark fault (Figure 2-7). Both of these
domains likely reflect strain transmitted to the southeastern San Felipe Hills by slip on
the strands of the Clark fault and its interaction with the province of block rotation and
sinistral faulting to the south. Fold domain K has the highest strain magnitude (35 %) of
all domains examined by a factor of two (Table 3-1).  Strain magnitudes for the
remainder of the fold domains, excluding domain A, lie in the middle of the calculated
range. None of the prior modg]s examined predict that the most intense folding would be
localized in the southeastern San Felipe Hills (Figure 3-5).

Fold domain A with its north-south trending folds and low apparent strain, is an
anomaly compared with the folding apparent in the rest of the San Felipe Hills. Domain
A may be the result of east-west extensional strain resulting from the continued
subsidence of the floor of the Salton Trough. The position of some of the north-south
trending folds in the hanging walls of north striking normal faults suggests these folds
may be extensional fault propagation folds. This fold domain is only accounted for by

model 3 that proposes these folds developed over a blind northwest striking dextral fault

near the margin of the Salton Sea [Janecke et al., 2003 ] (Figure 3-5) . The low
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magnitude of strain present in fold domain A is however not predicted by this model and
model 3 does not predict high strains in the south central to southeast San Felipe Hills.

Fold domain J along the Extra fault zone had the second highest strain rate and is
located cast of domain K. There is a strong spatial correlation of these folds with the left-
lateral Extra fault zone. Strands of the Extra fault zone cut and interact with the doubly
plunging anticlines and synclines characteristic of this domain. Fold domain J likely
represents strain resulting from slip along the left-lateral Extra fault zone and not from
ship transferred from the north on strands of the Clark fault. The folds of domain J
provide further evidence of a change in structural kinematics along the Extra fault zone
relative to most of the San Felipe Hills. Previous workers have concluded that the Extra
fault 1s part of the province of sinistral faulting and clockwise block rotation farther to the
southeast of the San Felipe Hills, but some models included the southeast San Felipe
Hills northwest of the Extra fault, in the zone of block rotation [ Hudnut et al., 1989;

Seeber and Armbruster, 1999].

Preferred model

The structural data do not support any of the prior models for the structure of the
San Felipe Hills (Figures 3-5). Fault distributions and orientations are closely matched
by model 3; however none of the models predict the high strain values found in domain
K. Based on this we present a modified kinematic model to account for the data (Figure
3-23; Table 3-4). In the modified model the extent of folding in the San Felipe Hills and
the presence of a previously unmapped en echelon dextral fault strands in the north

central San Felipe Hills and other large northwest-striking faults including the Powerline,

Sand Dunes, and Dump fault are best explained by slip which enters the San Felipe Hills
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from the Clark fault to the northwest (Figure 3-23). These faults transmit dextral strain
to most of the northern, central, and south-central San Felipe Hills, producing the high
strain found in fold domains B and K. The highest strain magnitude found in domain K
may be produced by the interaction of slip from the Clark fault and the northwestern edge
of the province of sinsitral faulting and block rotation to the southeast. Our ficld studies
show clearly that the Extra fault is the northwest-most laterally continuous sinistral fault
of the transrotating domain because we have mapped a virtually unfaulted Borrego and
Brawley contact across the southern and castern San Felipe Hills just northwest of there.
Previous workers have shown the province block rotation extending northwest into the
San Felipe Hills [Hudnui, 1987, 1988; Seeber and Armbruster, 1998]. The preferred
model limits the northwestward cextent of laterally continuous sinistral faults to the zone
between the Extra fault zone and Domain K. Deformation along the Extra fault zone
and block rotation in the San Jacinto fault zone to the southeast must have begun
contemporancously at 0.61 Ma + 0.02 Ma to 0.52 Ma + 0.03 Ma, the age of the youngest

pre-growth strata deformed by the Extra fault zone.

San Felipe anticline

The large San Felipe anticline is geometrically distinct from the younger closely
spaced folds that also shortened the San Felipe Hills. Reconstructed cross sections of the
San Felipe anticline based on angular relations at the basal contact of the Ocotillo
formation define the extent of the San Felipe anticline at about 1.07 Ma (Figure 3-19).
Development of the San Felipe anticline immediately preceded or coincided with a basin-

wide change in deposition and facies recorded by the Brawley and Ocotillo formations

[Chapter 2]. The interlimb angle of the reconstructed San Felipe anticline east of Squaw
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Peak 1s 1307 whereas the current interlimb angle 1s 123°. This shows minor tightening of
the San Felipe anticline since ~1.07 Ma in the central San Felipe Hills, and much of
tightening may be localized tilting adjacent to cast-west-striking strike-slip faults.

The modern stress ficld and slip on strands of the modern San Jacinto fault zone
arc unlikely to have produced the San Felipe anticline because the fold has barely
tightened since ~1 Ma and the currently active Coyote Creck fault crosscuts and offsets
the anticline. Instcad, slip on a kinematically different early San Jacinto fault zone 1s
hypothesiszed to have produced this fold. The poorly understood San Felipe and Veggie
[ine faults to the west may also be related to formation of the San Felipe anticline
(Figure 3-2). A similar bedrock cored fold has been described by Dibblee [1954, 1984a,
1984b] southeast in the Coyote Mountains adjacent to a contractional bend in the
Elsinore fault. The orientation, scale, structural and stratigraphic context of that fold

resembles the San Felipe anticline [Dibblee, 1984b].

Shortening from Folding

Feragen [1986] calculated ~ 9 km of north-south fold related shortening across
the San Felipe Hills by assuming that shortening percentages equal to those in domain K
apply to the entire San Felipe Hills. This 1s equivalent to 14 km of dextral slip on the
Clark fault plane (305° NW) [Wells and Feragen, 1987]. Our work suggests lower
values of fold-related shortening because the actual strain magnitudes ar<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>