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Abstract: Exceptional examples of restraining and releasing bend structures along major strike-
slip fault zones are found in the California continental Borderland. Erosion in the deep sea is
diminished, thereby preserving the morphology of active oblique fault deformation. Long-lived
deposition of turbidites and other marine sediments preserve a high-resolution geological
record of fault zone deformation and regional tectonic evolution. Two large restraining bends
with varied structural styles are compared to derive a typical morphology of Borderland restrain-
ing bends. A 60-km-long, 158 left bend in the dextral San Clemente Fault creates two primary
deformation zones. The southeastern uplift involves ‘soft’ turbidite sediments and is expressed
as a broad asymmetrical ridge with right-stepping en echelon anticlines and local pull-apart
basins at minor releasing stepovers along the fault. The northwest uplift involves more rigid sedi-
mentary and possibly igneous or metamorphic basement rocks creating a steep-sided, narrow and
more symmetrical pop-up. The restraining bend terminates in a releasing stepover basin at the NW
end, but curves gently into a transtensional releasing bend to the SE. Seismic stratigraphy indicates
that the uplift and transpression along this bend occurred within Quaternary times. The 80-km-
long, 30–408 left bend in the San Diego Trough–Catalina fault zone creates a large pop-up struc-
ture that emerges to form Santa Catalina Island. This ridge of igneous and metamorphic basement
rocks has steep flanks and a classic ‘rhomboid’ shape. For both major restraining bends, and most
others in the Borderland, the uplift is asymmetrical, with the principal displacement zone lying
along one flank of the pop-up. Faults within the pop-up structure are very steep dipping and sub-
vertical for the principal displacement zone. In most cases, a Miocene basin has been structurally
inverted by the transpression. Development of major restraining bends offshore of southern
California appears to result from reactivation of major transform faults associated with Mid-
Miocene oblique rifting during the evolution of the Pacific–North America plate boundary.
Seismicity offshore of southern California demonstrates that deformation along these major
strike-slip fault systems continues today.

Restraining bends are present along strike-slip
faults where fault curvature or offset en échelon
fault segments tend to impede smooth lateral
motion of opposing crustal blocks (Crowell 1974).
On right-lateral faults, as along the Pacific–North
America transform plate boundary, a restraining
bend exists where the fault curves or steps to the
left when following the fault trace. Crowding of
crustal material by lateral movement into the fault
bend produces uplift and crustal thickening by
folding and thrust or reverse faulting adjacent to
the principal displacement zone (PDZ) of the
active strike-slip fault. Such zones are called trans-
pressional (Harland 1971) or convergent strike-slip
fault zones (Biddle & Christie-Blick 1985;

Sylvester 1988). In contrast, releasing bends or
transtensional zones exist where the fault bends or
steps to the right for dextral systems. Large-scale
transtension results in crustal thinning and basin
formation by normal faulting and subsidence adja-
cent to the PDZ. In the simple fault bend model,
deformation is expected to concentrate adjacent to
the maximum fault curvature (Fig. 1). This paper
examines the morphology and shallow-crustal
structure of restraining bends along active strike-
slip faults in the southern California region, with a
focus on the offshore area, i.e. the California Conti-
nental Borderland. From comparison of analogue
models of restraining bend geometry and progress-
ive evolution to well-defined Borderland examples,
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a better understanding of the structural development
and tectonic evolution of restraining bends
is derived.

Restraining bend geometry is mechanically
unfavourable for strike-slip faulting (Segall &
Pollard 1980). In homogeneous media, fault lin-
kages between en échelon and discontinuous fault
segments are more likely to form within a releasing
geometry, where local extension favours crack
growth and propagation. Nevertheless, irregular
fault geometry produces abundant restraining bends
along strike-slip faults. Bends range in scale from
localized jogs in earthquake surface ruptures to
crustal-scale uplifts with surface deformation
exceeding lengths of 100 km along the fault
(Crowell 1974; Sylvester & Smith 1976; Mann
et al. 1985; Anderson 1990; Butler et al. 1998). Con-
sequently, special crustal conditions must be
involved to form restraining bends. Possible con-
ditions include pre-existing structural fabric and
other crustal heterogeneity, and changing strain
fields and related stress fields that alter deformation
styles on existing fault systems or create new faults
to accommodate the evolving strain field (cf. Dewey
et al. 1998). Careful studies of well-defined fault
bends are needed to deduce the processes involved
in restraining-bend formation and evolution.

Finite deformation within long-lived restraining
bends results in pronounced topographic
expression, called push-up or ‘pop-up’ structures
(cf. Stone 1995; Dewey et al. 1998; McClay &
Bonora 2001). In contrast, releasing bends create
basins, which become filled with sediments that
tend to smooth and obscure their morphology.
Deformation along oblique strike-slip fault seg-
ments tends to occur over broad zones (Wilcox
et al. 1973; Schreurs & Colletta 1998; Withjack &
Jamison 1986; McClay & Bonora 2001), commonly
many kilometres wide. The pop-up morphology,
even though modified by erosion or other destruc-
tive processes, can provide a direct measure of the
accumulated deformation along the restraining

bend (cf. Wakabayashi 2007). Basin-filling sedi-
mentary sequences record the history of defor-
mation along both restraining and releasing fault
bends. Quantification of the bend evolution and
inference of the larger-scale processes along the
more regional strike-slip fault system are possible
using geophysical techniques, like seismic reflec-
tion profiling, to measure and map the deformation.

Large restraining bends in active strike-slip
faults impede crustal block motion, locally enhan-
cing the accumulation of tectonic stresses that may
produce major earthquakes, e.g. 1857 Fort Tejon,
California (Sieh 1978); 1989 Loma Prieta, Califor-
nia (Plafker & Galloway 1989; Schwartz et al.
1994); and 1999 Izmit and Duzce, Turkey (Aydin
& Kalafat 2002; Harris et al. 2002). Detailed inves-
tigations of mainshock and aftershock sequences for
restraining-bend earthquakes provide important
data regarding the deeper crustal structure (Seeber
& Armbruster 1995). However, if restraining
bends are locked between large earthquakes, seismi-
city in the bend area may be low, and other geophy-
sical methods must be used to evaluate deep bend
structure (cf. Langenheim et al. 2005).

Many bend structures are buried under thick
sedimentary blankets, as in the Los Angeles basin
(Fig. 2), and changing tectonic conditions associ-
ated with an evolving plate boundary tend to
obscure the processes directly related to the
restraining bend evolution. The uplift, folding and
faulting associated with large restraining bends
often form excellent traps for hydrocarbons.
Numerous productive oil fields, especially in
southern California (Harding 1973, 1974; Wright
1991), exist along active strike-slip faults and are
associated with restraining bends. Subsurface
samples from wells and boreholes provide strati-
graphic control that supplements geophysical data
for interpretation of the structural geometry and
deformation history of restraining bends.

California Continental Borderland

The California Continental Borderland (Fig. 2) is a
mostly submerged part of the Pacific–North
America dextral transform plate boundary that exhi-
bits a basin-and-ridge physiography (Shepard &
Emery 1941; Moore 1969). Right-slip on irregular
fault traces has produced numerous restraining
bend pop-ups that exhibit distinctive seafloor mor-
phology. The submarine basins of the Borderland
range in depth from a few hundred metres to more
than 2000 m and are variably filled with clastic
sediments from the adjacent mainland and offshore
islands. Erosion is greatly diminished in these deep
basins compared with subaerial regions, so that
pop-up morphology is well preserved on the

Fig. 1. Material crowded into a restraining bend along a
strike-slip fault results in convergence, folding and
reverse faulting that creates a local uplift. In contrast,
extension and subsidence occurs at a releasing bend.
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seafloor. Deformation history is recorded in well-
bedded turbidite and other sedimentary sequences
that fill these submarine basins. Using multi-beam
bathymetry and seismic reflection profiling,
several prominent restraining bend pop-ups within
the Borderland are examined, with a focus on two
large structural culminations: the San Clemente
Fault bend region and the Santa Catalina Island
uplift. From our observations, the typical mor-
phology of Borderland restraining bends is
described, followed by presentation of a model for
the initiation and geological evolution of Border-
land restraining bends.

Specific examples of restraining bend pop-ups
located within the California Continental Border-
land are described and compared with the general
model. Where data allow, the age of the bend
uplift is estimated and the history of deformation
is inferred. These interpretations lead to several

conclusions regarding the formation and develop-
ment of restraining bends along the California
continental margin and the Pacific–North
America transform plate boundary.

Data

High-resolution contour and shaded relief maps
created from processed multi-beam swath bathy-
metry (Fig. 3) and, where necessary, older single-
beam echo-sounder records provide excellent
images of the seafloor morphology of strike-slip
fault bend structures (NOS 1999; Goldfinger et al.
2000; K. Macdonald 2003, pers. comm.). Lateral
resolution of mapped features is about 50 to
100 m for areas of multibeam coverage in this
study where water depths exceed 1000 m. Areas
mapped using single-beam soundings have some-
what lower spatial resolution, mostly within about

Fig. 2. Location map of seismicity in southern California region and major physiographic provinces. Major fault
zones are labelled at some of the more significant restraining bends in the region. Large arrows indicate relative
plate-motion vectors for transform faulting between the Pacific and North American plates. Contours in the
offshore area are in metres. Rectangles labelled with figure numbers outline locations of detailed maps. SMB, Santa
Monica Basin, SPB, San Pedro Basin; 40MB, Fortymile Bank.
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Fig. 3. Map of geological structures along the bend region of the San Clemente Fault (see Fig. 2 for map
location). Bathymetry is a compilation of multi-beam and older echo-soundings. Two distinct uplifts, one cored
by bedrock, the other in turbidite sediments, comprise the pop-up structure. The principal displacement zone (PDZ)
cuts a relatively straight path through the restraining bend, with a gentle curve at the SE end and a right-stepover
at the NW end. Branch and secondary faults within the pop-up are generally reverse separation, probably oblique-slip,
and trend north to NW, subparallel to the PDZ. Folds are also subparallel to the PDZ within the bend, but trend east–
west beyond the transpressional section at the SE end.
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500 m. Vertical resolution decreases with increas-
ing depth, but is usually within 2% of the water
depth for absolute depth, about 20 to 40 m for the
Borderland basins, and within about 5 to 10 m for
relative depths within a basin. Oblique three-
dimensional shaded relief views (such as Fig. 4)
emphasize the seafloor uplift and tectonic geomor-
phology associated with strike-slip faults and
restraining and releasing bends.

High-resolution analogue seismic-reflection
profiles acquired using airgun, sparker and
3.5 kHz transducer sources (Vedder et al. 1974;
Legg 1985) are used to interpret the sub-seafloor
character of the faults and prominent stratigraphic
sequences associated with the major submarine
fans of the Borderland (Figs 5–6). Although the
analogue profiles are unmigrated, the dip of
shallow reflecting horizons is shallow (,58), and
steep faults are recognized by reflector terminations
or diffractions (cf. Tucker & Yorston 1973). Struc-
tural contours and isopachs of shallow sedimentary
sequences were mapped based on the seismic
interpretations. Sequence ages were estimated

based on sedimentation rates derived from
shallow piston cores in the Borderland basins
(Emery 1960; Heath et al. 1976; Dunbar 1981;
Legg 1985), and used to infer the deformation
history along the fault bends. Additional strati-
graphic control was provided from outcrop
samples, dart cores, and borehole data where older
sedimentary, volcanic and metamorphic bedrock
is exposed in the pop-up (Vedder et al. 1974;
Vedder 1990).

Digitally recorded, high-resolution, multi-
channel seismic profiles (MCS) across major seg-
ments of the fault bends are used to image the
deeper fault structure and sediment deformation,
and to measure fault dips and offsets (Figs 7–8;
Bohannon et al. 1990, K. Macdonald, 2003, pers.
comm.). Navigation for these recent seismic
surveys was provided by GPS, and geographical
positional accuracy within about 10 m is estimated.
Conventional two-dimensional seismic data-
processing schemes were used for the MCS
profiles to prepare common mid-point stack and
frequency-wavenumber migrated images. Seismic

Fig. 4. Perspective shaded-relief view looking NW along the bend region of the San Clemente Fault. The
principal displacement zone cuts across the image from bottom right centre to upper left centre. Prominent tectonic
geomorphic features are identified that indicate right-slip fault character and seafloor uplift due to oblique convergence
along the restraining bend. The bedrock uplift in the NW is steep-sided and more symmetrical than the broad
asymmetrical SE uplift in the turbidites. Bathymetric contour values are in metres; the distance along fault is about
60 km from bottom to top.
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velocities used for migration are based on stacking
velocities, seismic refraction and wide-angle
reflection profiling in the area (Moore 1969; Shor
et al. 1976).

Borderland restraining bend morphology

A generalized model of the restraining bend pop-up
morphology (Fig. 9) is derived from interpretations
of data along the San Clemente Fault bend region in
the Descanso Plain offshore of NW Baja California
(Figs 2–4). This model represents a double bend,
where the fault bends first to the left and then
bends back to the original strike. A transpressional
zone forms within the restraining double bend and
is manifest as a prominent seafloor uplift that may
be a complex structure consisting of right-stepping
en echelon anticlines with intervening subsidiary
extensional strike-slip basins and diverging
oblique-slip fault zones (Figs 3–4). The uplift is
broadly asymmetrical, with the principal displace-
ment zone (PDZ) of the active strike-slip fault
located to one side of the axis of uplift. Typically,
the PDZ is vertical for well-defined strike-slip
faults in the bend. Reverse faults that probably
accommodate oblique-slip exist along the flanks
of the uplift and trend subparallel to the PDZ.
Beyond the ends of the restraining double bend,

oblique extension forms strike-slip basins that
may occur as pull-apart (stepover) or sag (releasing
bend) basins.

North-northwest trending dip-slip (oblique-
slip?) faults that diverge from the PDZ could be
interpreted as antithetic Riedel shears (Fig. 9), but
their observed trend is about midway between that
predicted for synthetic and antithetic faults (e.g.
Wilcox et al. 1973). Instead, they trend subparallel
to the predicted trend for extension fractures.
Although superficially these appear to form
grabens bounded by normal faults (Fig. 4), based
on seismic profiles they are upthrusts with reverse
separation (Fig. 7, SMCS04, shot 4250). According
to Billings (1972, p. 198), an upthrust is a high-
angle fault ‘along which the relatively uplifted
block has been the active element.’ The upthrusts
elevate the pop-up and create grabens in places
where local uplift lags that of adjacent blocks.
Some reverse faults in Borderland restraining
bends trend east–west as predicted from the
wrench fault model, but most trend subparallel to
the PDZ. This indicates strain partitioning, with
reverse faults accommodating shortening and verti-
cal faults accommodating strike-slip.

North- to NW-trending normal-separation
(oblique-normal?) faults also exist in the sediments
above an acoustic basement block to the west of the
PDZ (Figs 3 & 7); these result from stretching of the

Fig. 5. Sparker seismic profile (line B-301–31-32; see Fig. 3 for profile location) across the Descanso Plain, showing
the character of well-defined strike-slip faults away from restraining bends. Two course changes between lines are
indicated (C/C). San Clemente Fault is straight and narrow with a strike parallel to the relative plate-motion vector
(3208). San Isidro Fault zone is a releasing fault bend, striking about 3308, creating a transtensional sag or stepover
basin evident between en échelon fault traces. The San Isidro fault zone represents the southern continuation of
the San Clemente fault zone west of Baja California. San Diego Trough Fault is also a straight and narrow right-slip
fault across this profile; minor transpression is evident at depth for the Agua Blanca fault zone.
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Fig. 6. Line drawings of sparker seismic profiles (see Fig. 3 for profile locations) across the restraining bend
region of the San Clemente Fault show a broad zone of faulting and uplift due to transpression, compared with simple
parallel right-slip (cf. Fig. 5). Significant stratigraphic horizons are shown to indicate the increasing deformation with
depth and time. Uplift rates for the pop-up structure are derived from horizons PEL, A, B and C. The sequence
stratigraphic unit PEL is a Late Quaternary hemipelagic layer based on acoustic transparency (Figs 7 & 11).
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Fig. 7. High-resolution MCS profiles across the bend region of the San Clemente Fault (see Fig. 3 for profile locations) showing the broad zone of deformation in the pop-up
structure. Data are post-stack migrated, 12-fold with 1.56 m CMP trace spacing. The principal displacement zones for the San Clemente and San Diego Trough faults are bold solid
lines; other faults are solid where well-defined, and dashed where buried or less well-defined. Late Quaternary sequence PEL is hemipelagic based on its acoustic transparency.
Some thin turbidite sand layers are found in this unit, based on piston-core samples from the nearby San Clemente basin and Navy fan (Dunbar 1981). Horizon QT represents the top
of the pre-uplift turbidite sediments, and records the beginning of transpression.
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Fig. 8. High-resolution MCS profile across the north end of the San Clemente Fault bend region (see Fig. 3 for profile location). Data processing is the same as for Figure 7.
DSV Alvin submersible dives observed vertical seafloor scarps, 1 to 3 m high in mud on the 100-m-high San Clemente Fault escarpment near this profile (Fig. 10). Hemipelagic unit
PEL is buried beneath young turbidites of the Navy Fan, but may crop out in the escarpment.
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sedimentary cover as the basement pushes upward
due to overall transpression. In other areas, such
as the Palos Verdes Hills (Fig. 2), shallow ‘key-
stone’ grabens form by extension along the crest
of the transpressional uplift (Woodring et al.
1946; Francis et al. 1999).

In contrast, northwest-trending faults that bound
the extensional basins beyond the ends of the
restraining double bend are subparallel to the PDZ
and commonly exist along monoclinal sags that
dip inward to the PDZ (Fig. 5, San Isidro fault
zone). This also indicates strain partitioning
between normal (oblique?) faults on the flanks of
the PDZ that accommodate extension, and a vertical

PDZ that accommodates strike-slip. Most faults
observed in seismic profiles across Borderland
restraining bends have steep dips, measured at 70
to 808 for secondary oblique-slip(?) faults and ver-
tical for the PDZ.

San Clemente Fault bend region

The San Clemente fault zone, with an overall length
exceeding 600 km, is an active member of the larger
San Andreas fault system that defines the dextral
Pacific–North America (PAC–NOAM) transform
plate boundary (Fig. 2; Legg 1985; Legg et al.
1989). The average strike of the San Clemente

Fig. 9. Typical morphology and structure of restraining double bends in southern California, based on the San
Clemente Fault bend region. Some features may be missing on other restraining bends, but some features may be more
pronounced than in the San Clemente Fault example. Most Borderland restraining double bends have transtensional
zones at the ends. A strain ellipse is shown to highlight the expected structural character for different trends in a
zone of NW-directed dextral shear (after Wilcox et al. 1973). Contrary to the expected strain patterns, the
north-trending faults in the San Clemente Fault bend region are steeply dipping upthrusts, not normal faults.
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Fault is about 3208 (Figs 2–3), parallel to Recent
PAC–NOAM relative motion (Minster & Jordan
1978; Demets et al. 1990). Segments of the San
Clemente Fault that strike 3208 are simple, narrow
and well-defined in character (Fig. 5, San Isidro
Fault), consistent with ‘parallel strike-slip’ (Legg
1985). Fault segments that bend to the right or are
more north-trending are extensional (transten-
sional), and those that bend to the left or more west-
trending are contractional (tranpressional). The San
Clemente fault zone includes a 60-km-long restrain-
ing bend that exhibits prominent seafloor uplift in
the 1300-m-deep Descanso Plain offshore of north-
west Baja California, Mexico (Figs 3–4; Legg
1985; Legg & Kennedy 1991; Goldfinger et al.
2000). The average strike in the bend region is
3088, about 128 oblique to the left, resulting in a
zone of convergent right-slip. The fault (PDZ)
appears to curve gently to the left into the
restraining bend at the southeast end, but
terminates and steps to the right at the NW end of
the bend.

The San Andreas Fault accommodates only
about 50% of the total right-lateral plate boundary
slip expected in the Salton Trough region (about
25 m/ka; Keller et al. 1982; Weldon & Sieh
1985; Harden & Matti 1989). The remaining slip
must be accommodated on other faults within the
200-km-wide plate boundary in the California/
Mexico border region. Peninsular Ranges faults,
such as the San Jacinto and Elsinore, accommodate
about 12 and 5 m/ka of right-slip (WGCEP 1995),
leaving as much as 10 to 20% of the predicted rela-
tive plate motion available for faults west of the
coastline. At present, the rate of right-slip on the
San Clemente Fault is uncertain. Offset Quaternary
seafloor morphology including submarine fan and
channel features (Legg 1985; Legg et al. 1989;
this paper), and GPS geodesy (Larson 1993;
Bennett et al. 1997) suggest that between 1 and
10 m/ka of right-slip occurs on offshore faults.

The total Neogene and younger displacement
along the San Clemente fault zone is also
unknown. Movement on the San Clemente fault
zone is inferred to accommodate major right-lateral
components of Neogene transtension (Atwater
1970; Legg 1991; Lonsdale 1991; Crouch &
Suppe 1993; Bohannon & Geist 1998). Values
exceeding the 40 km originally suggested by
Shepard & Emery (1941), from juxtaposing San
Clemente Island alongside Fortymile Bank, have
been proposed (Goldfinger et al. 2000). The rim
of an inferred Middle Miocene crater (caldera?)
appears to be offset at least 60 km in a dextral
sense (Legg et al. 2004b). Deformation associated
with the restraining bend may provide quantitative
limits on Late Cenozoic right-slip across the San
Clemente fault zone, as well as providing better

understanding of restraining bend structure and
evolution.

Bend morphology and fault geometry

Transpression in the bend region creates a broad
asymmetrical anticlinorium, with the greatest
uplift located on the northeast flank of the principal
displacement zone (PDZ, Figs 3–4). Even though
uplift is asymmetrical in cross-section, basin sedi-
ments are raised on both sides of the San Clemente
Fault PDZ. This contrasts with fold-and-thrust belts,
where crust in the footwall is downwarped and
thrust beneath the hanging-wall block. Rather than
being concentrated at the point of greatest fault-
trace curvature (e.g. Fig. 1; Crowell 1974), the
area of greatest uplift is located near the centre of
the transpressional fault segment.

The broad seafloor uplift comprises two major
segments separated by a saddle (Figs 3–4). Local
peaks and narrow troughs exist along the fault in
each pop-up. Of the two major uplifts, the northern
is more symmetrical, about 6 km wide, with steep
slopes, of 10 to 308, on both the SW and northeast
flanks, although steeper slopes exist where the
PDZ curves around the SW flank. A narrow
(1.5 km), steep-sided ridge on the SW edge of the
northern uplift probably represents a fault sliver
squeezed upward and offset along the PDZ. A
series of youthful anticlines, with axes subparallel
to the uplift and fault trend, folds the sediments
and seafloor at a 1 km wavelength between the
NW uplift and the Navy Channel. The southern
uplift is broad and asymmetrical about 17 km
wide, with the SW flank bordered by steep slopes
inferred to be fault scarps, and the NE flank appear-
ing as a more gentle, ,58, bedding-parallel dip-
slope (Figs 6–7). Two elongate peaks centred on
the southern uplift are separated by a saddle and
are offset en échelon to the right. The southeastern
end of the uplift consists of a low, elongate ridge,
locally cut by an axial trough aligned along the
PDZ (Fig. 6, line B-25).

The major active traces (PDZ) of the San Clem-
ente Fault appear as NW-trending seafloor scarps
and narrow linear valleys or troughs, generally
located along the southwest flank of the major
uplifts. These scarps change vergence, from NE to
SW along strike, including uphill-facing scarps in
some locations (Figs 3–4), typical of strike-slip
faults. Two closed depressions, about 4 km long
by 1 km wide, and a third smaller depression, lie
at stepovers along the major fault traces. Bordered
by right-stepping en echelon faults, these are inter-
preted as stepover (pull-apart) basins formed along
the right-slip fault zone. At the NW end of the bend
region, the main fault curves and steps to the right
around the NW uplift, and then cuts straight
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across the Navy Fan, forming a prominent scarp, 30
to 100 m high and 7 km long. This scarp is split by a
semicircular embayment, about 0.5 km wide, that is
inferred to be a plunge pool associated with turbid-
ity currents on the Navy Fan (Fig. 10). Another
4 km to the northwest, this scarp dies out and the
gentle slope of the Navy Fan merges into San Clem-
ente Basin. Despite the local trace irregularities, the
PDZ cuts a relatively straight 3088 path across the
bend region, typical of a vertical strike-slip fault.
Seismic profiles confirm the vertical dip of the
PDZ (Figs 6–8).

Several branch and secondary fault scarps
appear to curve away from and trend parallel to
the mostly linear fault scarps of the PDZ. A large,
8-km-long, north-trending east-facing set of scarps
curves away from the main fault zone for 5 to
10 km at the SE end of the major uplift (Fig. 4,
graben). Similar north-trending branch faults exist
near the ends of the peak uplift areas (Fig. 3). The
broader complex fault pattern is interpreted to rep-
resent the surface expression of a flower structure
(palm-tree structure), commonly observed in cross-
section along strike-slip faults (Wilcox et al. 1973;
Harding 1985; Sylvester 1988; McClay & Bonora
2000). The systematic location and pattern of the

major branch faults at the ends of peak uplift
areas suggests that pre-existing structure controls
the uplift geometry.

A prominent submarine channel, Descanso Fan
Valley, bounds the 5-km-wide shelf along the SW
flank of the southern uplift (Figs 3–4 & 7). Des-
canso Fan Valley, about 0.5 to 1.2 km wide, has
broad meanders and uplifted relict terraces or aban-
doned levées along its northeast flank. Growth of
the restraining bend uplift has forced the channel
farther to the SW, leaving the older channel terraces
and levées behind Fig. 4). The thalweg of the main
channel is upwarped about 20 to 30 m where it
passes the flank of the NW uplift. Hemipelagic sedi-
ments drape across the channel, conforming to the
ancient seafloor channel morphology (PEL, Fig. 7,
SMCS-04). Thus, tectonic upwarping continued
after active channel erosion or aggradation
occurred, probably during a Late Pleistocene low-
stand or interglacial transgression when turbidite
deposition was more frequent in the area (Dunbar
1981).

The broad, gently dipping uplift and shelf
between Descanso Fan Valley and the PDZ are
cut by NNW-trending fault scarps. Steep fault
dips, 70 to 908, combined with normal separation

Fig. 10. Photograph from the DSV Alvin of fault scarp along the San Clemente Fault crossing the Navy fan (location in
Figs 4 & 16). Subhorizontal lineations may be slickensides consistent with strike-slip. The plunge pool is cut into
a scarp by deep-water (c. 1800 m) turbidity currents overflowing the scarp from the Navy fan. The scarp is
composed of mud and layers of shells associated with ancient benthic communities at former cold seeps. Photo by
C. Goldfinger (2000).
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observed in the MCS profiles (Fig. 7, SMCS-04)
suggest that these are oblique-normal faults. The
faults prominent near a ‘knee’ in the uplift SW of
the PDZ are controlled by deeper acoustic basement
structure that appears to be bent and forced upward
due to transpression. Thus, shallow sub-seafloor
oblique-extension exists directly above a basement
transpressional hinge. The north trend of these
scarps is consistent with west-directed extension
in a NW-trending zone of dextral shear, but more
likely represents the stretching of the strata above
the basement pop-up. A similar NNW-trending
zone of faulting on the north side of the southern
uplift forms a seafloor graben, although multi-
channel seismic data show that the most prominent
of these faults is a high-angle oblique(?) reverse
fault (Fig. 7, SMCS-04, shot 4250). A deeper acous-
tic basement antiform also lies beneath this graben,
and may correlate with the acoustic basement hinge
on the southwest flank, but offset to the northwest
by about 16 km of right-slip. Oblique rifting of
the Inner Borderland during the Neogene evolution
of the PAC–NOAM transform fault boundary
could have created this north-trending structural
fabric that controls the younger faulting.

Deformation history

Turbidite sedimentary sequences from nearby sub-
marine fans (Figs 3–7) record the Late Cenozoic
history of transpressional uplift along the San Clem-
ente Fault in the bend region. Shallow sequences on
the NE flank form a growth wedge with progressive
northward tilting and thickening away from the
PDZ (Units PEL and QT, Figs 6–7 & 11, Profile
B-13). These divergent sequences lap on to or
pinch out against deeper sequences and result
from continued Late Quaternary uplift. Deeper
sequences below Horizons ‘A’, ‘B’ and QT
(Figs 6–7 & 11, Profile B-13) have relatively
uniform thickness and tilt, implying pre-uplift depo-
sition on a relatively flat-lying basin floor. Late
Quaternary sedimentation rates derived from
piston cores in the area (4P and 6P, Fig. 11;
Dunbar 1981; Legg 1985; Lyle et al. 1997; Janik
2001) are used to estimate the maximum age of
the deepest growth wedge, about 1.0–1.5 Ma.
Sequence PEL is estimated to be about 460 +
240 ka (Smith & Normark 1976; Legg 1985).
Using the maximum observed structural relief,
700 m observed on line B-13 (Figs 4 & 11), the
minimum uplift rate is estimated as 0.47 to
0.70 m/ka. The lateral slip rate is likely to be
much greater for this predominantly strike-slip
fault. Considering that the sedimentation rate for
the turbidites below sequence PEL probably
exceeds the hemipelagic rate, the initiation of

uplift may be significantly younger and the uplift
rate faster than these preliminary estimates.

Sedimentary sequences on the SW flank are rela-
tively parallel with uniform thickness, with little or
no onlap of deeper sequences (Figs 6–7). A shallow
basin, 85 m deep, lies perched beneath the hemipe-
lagic sequence PEL, and is inferred to have formed
in the vicinity of a modern pull-apart basin between
the peak uplift along the PDZ and the zone of
oblique faulting to the SW above the basement
hinge (Figs 3 & 7). Tilting of these basin sediments
and asymmetry of the pop-up may show that this
SW shelf area entered the high-relief section of
the bend region at about the beginning of PEL depo-
sition, i.e. c. 0.5 Ma. This could represent the time
when the basement at the hinge moved into the
local restraining bend at the SE side of the largest
and highest peak in the bend region, about 7 km
to the SE of its current position. Alternatively,
tilting began when the hinge entered the local
bend 14 km farther SE near the second seafloor peak.
In this scenario, the initial uplift began at the farther
SE peak, with the basin forming in the releasing
bend saddle between the two peaks, followed by
tilting and uplift when entering the second local
restraining bend. At present, it is uncertain
whether this buried basin is an older pull-apart,
like the ones evident in the seafloor morphology.

Profiles of uplift measured relative to the
flat-lying sequences away from the fault are
plotted (Fig. 11, Profile B-13) to show uplift
history. Relative uplift increases toward the fault,
and with depth and age from the seafloor to
horizon C on the northeast flank. Uplift below the
shelf on the southwest flank is more uniform
across the shelf, with some increase adjacent to
the fault and variable increases with depth in the
section. Dextral tectonic transport (advection) of
the deeper and older turbidites into the bend
region from the SE accounts for their uniform thick-
ness and tilt, whereas later sequences like PEL are
predominantly hemipelagic and drape over the
folded and uplifted seafloor. The structural relief
and inferred uplift rate on the SW side of the fault
are about one-half that to the NE (Fig. 11), resulting
in the asymmetry of the anticlinorium.

Santa Catalina Island

The Catalina Fault forms an 80-km-long restraining
double bend (cf. Crowell 1974) between the Santa
Cruz–Catalina Ridge and San Diego Trough fault
zones (Figs 2 & 12). Uplift due to oblique conver-
gence along this transpressional fault has produced
Santa Catalina Island and the wide submerged shelf
and slope surrounding the island. Like the San
Clemente Fault bend region, the uplift is greatest
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Fig. 11. (a) Chart showing relative uplift for sedimentary sequence horizons on profile B-13 (see Fig. 3 for profile location). Relative uplift for horizons B and C is roughly
the same, implying that uplift in the bend region initiated sometime after deposition of horizon B. (b) Chart showing sediment age v. depth in selected piston cores from southern
California and Pacific Northwest deep-water continental margins. Average sedimentation rates for turbidites in the San Clemente Basin provide estimates of age for sequence
PEL. Piston cores 4P and 6P were obtained near the Navy Fan, where seismic-reflection profiles across core locations provide sediment thickness estimates. The pelagic
sedimentation rate can be used for age estimates of hemipelagic drape in elevated areas where the seafloor is relatively isolated from turbidite deposition. This slow rate (0.1 m/ka)
also provides a minimum rate useful for estimating the maximum age of the sedimentary sequences after compaction corrections are applied.
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near the middle of the transpressional fault segment.
The principal displacement zone (PDZ) lies along
the steep escarpment on the SW flank of the
uplift. To the NW, the Catalina Fault merges with
the San Clemente Fault along the Santa Cruz–
Catalina Ridge.

The Catalina restraining bend is comparable in
scale and geometry to that of the San Bernardino
Mountains segment of the San Andreas Fault in the
region of the Big Bend where the San Andreas cuts
across the southern California Transverse Ranges
(Fig. 2). Indeed, the broad-scale geometry of the
San Clemente fault system offshore of southern Cali-
fornia is remarkably similar to that of the southern
San Andreas Fault, from the Cajon Pass to the
Salton Sea. Such geometric similarity may result
from important similarities in the processes that
create these major fault bend structures along the
PAC–NOAM transform-fault plate boundary.

Bend morphology and fault geometry

Santa Catalina Island and its broad submerged plat-
form resemble the classic ‘rhomboid’ pop-up struc-
tures observed in analogue models of restraining
stepovers (McClay & Bonora 2001). Widespread
outcrops of Catalina Schist metamorphic rocks
and Miocene volcanic and plutonic rocks on the
island show that the Santa Catalina pop-up involves
geological basement, which produces a relatively
narrow (20 km maximum width) and steep-sided
morphology. Like the San Clemente Fault bend
region, local irregularities in the PDZ along the Cat-
alina Fault result in distinct secondary structures. A
large, 8- to 9-km releasing (right) stepover along the
NW one-third of the island creates a pronounced jog
in the escarpment and sharp narrowing of the island
uplift (Fig. 12). This stepover has almost 25 km of
fault overlap, and major SW-trending stream

Fig. 12. Shaded relief map of Santa Catalina Island and vicinity, where several restraining-bend pop-ups and
releasing-bend basins exist along major fault zones. Epicentres for two moderate earthquakes (1981 Santa Barbara
Island, M 6.0; 1986 Oceanside, M 5.8) and aftershocks bound the Santa Catalina Island restraining bend (locations by
Astiz & Shearer 2000; focal mechanism from Corbett 1984). Other restraining-bend pop-ups include the Palos Verdes
Hills (PVH) and Lasuen knoll along the Palos Verdes fault zone, and Signal Hill (SH) and possibly the San Joaquin
Hills (SJH) along the Newport–Inglewood fault zone. Small pop-ups and pull-apart basins in the vicinity of Crespi
knoll are shown in Figure 14. Total relief across the Catalina Fault is almost 2000 m, from Catalina Basin to Mt
Orizaba. From 60 to 72 km of right-slip on San Clemente Fault is inferred from offset of Emery Knoll crater rim (Legg
et al. 2004b).
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channels on Santa Catalina Island are deflected to
the right by the zone of dextral shear that continues
to the NW as the Catalina Ridge Fault. Although a
physiographic basin is not apparent, the jog in the
Catalina Escarpment is considered to represent an
elevated pull-apart basin formed in this releasing
fault stepover. A triangular-shaped fault-bounded
crustal block at the southern end of the Santa
Cruz–Catalina Ridge fits nicely into the gap
created by this jog, after removing up to 17 km of
right-slip on the Catalina Ridge Fault.

The NE flank of the Catalina pop-up is less steep
(,108) than the Catalina Escarpment (almost 208).
The relatively flat floor of Catalina basin to the SW
lies at depths of 1000 to 1300 m, whereas the Santa
Monica and San Pedro basins are about 800 to
900 m deep. Thus, the pop-up creates a tectonic
dam that traps turbidite sediments to the NW,
leaving Catalina basin relatively sediment-starved
(cf. Gorsline & Emery 1959). Only minor faults
are mapped along the NE flank of the Catalina
pop-up (Vedder et al. 1986).

Deformation history

Based on high-resolution multi-channel seismic
profiles along the Catalina Ridge, the principal
traces of the San Clemente and Santa Catalina
faults have vertical to subvertical dip. Uplift pre-
dicted by a seven-segment elastic dislocation fault
model of the Santa Catalina Island pop-up,
matches the island/platform morphology using
fault depths reaching 16 km. In the model, fault
dips range from 60 to 708 for the WNW-trending

oblique-slip segments beneath the island, and 80
to 908 for the NW-trending right-slip segments
along Catalina Ridge and in the San Diego
Trough (Legg et al. 2004a). Tomographic models
of wide-angle seismic-reflection data are consistent
with high-angle faulting along the SW flank of
Santa Catalina Island cutting through the upper
crust (ten Brink et al. 2000).

Catalina basin is relatively flat-floored, with
sediments covering a highly irregular bedrock
surface (Vedder et al. 1974). Shallow sedimentary
sequences adjacent to the base of the Catalina
Escarpment appear to thicken near the major fault
stepover (Fig. 13). These sequences are elevated
and probably represent a slope apron deposit from
the north end of the island (Teng 1985). Distal tur-
bidite sediments from the San Gabriel submarine
canyon create a low-relief, gently SW-sloping
sequence at the SE end of the basin. Sedimentary
sequences elsewhere in the basin along the Catalina
Escarpment are relatively uniform in thickness and
uplifted. Locally thick sequences exist along the
SW flank of the Catalina basin, where right step-
overs along the San Clemente Fault create pull-
apart basins. Deeper basin-fills with triangular
cross-sections adjacent to the Catalina Fault
appear to be associated with ancient pull-apart
basins formed during the Neogene transtensional
rifting of the Inner Borderland rather than the post-
Miocene transpression at the restraining bend. Like
the San Clemente Fault bend region, Late Quatern-
ary uplift is evident on both sides of the Catalina
Fault. Convergence results in crustal thickening
at a subvertical oblique-slip fault, without

Fig. 13. Seismic-reflection profile USGS-116 across the Catalina basin (see Fig. 12 for profile location). Note the
thin sediment cover over an irregular basement surface. A pull-apart basin exists where the San Clemente Fault
steps to the NE to eventually merge with the Catalina Fault. The major faults have subvertical dips, typical of strike-slip
faults. Convergence across the Catalina Fault has elevated Santa Catalina Island, and uplift occurs on both sides
of the PDZ. Seismic data from USGS (J. Childs 2005, pers. comm.) FK migration at 4800 fps velocity was applied to
22-fold USGS stacked data.
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underthrusting or basin subsidence at a reverse or
thrust fault.

The lack of prominent uplifted marine terraces is
noteworthy for Santa Catalina Island (Davis 2004)
creating controversy regarding its uplift history.
Well-defined submerged marine terraces are appar-
ent in the bathymetry (Fig. 12; Emery 1958),
whereas the uplift of sediments around the base of
the escarpment surrounding the island and elevated
fluvial terraces along Avalon canyon (Davis 2004)
suggest Late Cenozoic uplift. Lower bathyal to
abyssal microfossils from latest Miocene to Early
Pliocene tuffaceous sandstone and siltstone
exposed on the island (Vedder et al. 1979), imply
that as much as 2 km of post-Miocene uplift has
occurred. The topographic relief across the Catalina
Fault measures about 1950 m, from Catalina basin
to Mt Orizaba; upon adding another 300 m of sedi-
mentary fill in the basin, structural relief exceeds
2200 m. Unfortunately, GPS and other geodetic
data are inadequate at present to verify uplift or sub-
sidence in recent history.

Seismicity along the Catalina Fault is minor,
with a few small events (magnitude c. 3) recorded

during the past 73 years of seismograph operation
(Figs 2 & 12). More abundant activity is mapped
to the NE in the San Pedro basin. Moderate earth-
quakes (M 5.8 to 6.0) ruptured at each end of the
Catalina Fault bend during the 1980s (Corbett
1984; Hauksson & Jones 1988). The mainshocks
and their abundant aftershock sequences may
signify that the intervening transpressional fault
segment is locked and accumulating strain for
future large earthquakes (M . 7) if rupture involves
most of the intervening fault segment (Legg et al.
2004a).

Other Inner Borderland restraining bends

Regionally, the California Continental Borderland
abounds with restraining and releasing bend struc-
tures along the several major right-slip faults
(Fig. 2). Two prominent restraining bend pop-up
structures along the Palos Verdes Fault in the
southern California coastal area include Lasuen
Knoll and the Palos Verdes Hills (Fig. 12, Borrero
et al. 2004; Ward & Valensise 1994). A

Fig. 14. SeaBeam swath bathymetry over restraining bend pop-ups and releasing stepover pull-apart basins in the
northern San Diego Trough area (see Fig. 2 for map location). The southern California offshore area has many paired
sets of restraining bends and releasing stepovers along the major NW-trending right-slip fault zones. The 1986
Oceanside earthquake exhibited oblique-reverse movement on a fault plane parallel to the restraining bend in the San
Diego Trough fault zone (Hauksson & Jones 1988). Aftershocks spanned the region between the San Diego Trough and
Coronado Bank fault zones, and included some events with strike-slip focal mechanisms.
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transtensional zone, inferred to be a releasing bend
trough along the Palos Verdes Fault, separates these
two large pop-ups and controls the location of the
San Gabriel submarine canyon. Two smaller trans-
pressional uplifts are found farther south along the
Palos Verdes–Coronado Bank fault zone
(Fig. 14). The northern feature has the classic rhom-
boid pop-up morphology observed in analogue
models (McClay & Bonora 2001), whereas the
southern feature appears as a small 1-km-wide
bump at the end of an elongate ridge. Small
closed depressions that probably represent local
stepover basins (sags) occur along the ridge south
of the pop-up, and a larger 2-km-wide stepover
basin (pull-apart) is inferred to separate the two
restraining bend pop-ups. The principal displace-
ment zone (PDZ) lies along the SW flank of the
uplift for the southern three of these restraining
bends, and is delineated by a seafloor scarp. The
Palos Verdes Hills Fault follows the NE flank of

the pop-up at the SW edge of the Los Angeles
basin. A steep, subvertical fault bounds the SW
flank of the small rhomboidal pop-up with a
sediment-filled half-graben-shaped basin to the
SW, and uplifted Pliocene and older sedimentary
rocks to the NE (Fig. 15). A vertical PDZ exists
along the Palos Verdes Fault under San Pedro
Bay, according to exploration industry seismic
interpretations (Wright 1991).

Some restraining bend pop-ups appear as more
symmetrical double humps in cross-section
(Fig. 6, line B-25) and as pecan-shaped double
bumps on the seafloor, like the feature west of
Crespi knoll, between the SE end of the Catalina
Fault bend and the 1986 Oceanside earthquake
sequence (Fig. 12). A pull-apart basin is located
south of Crespi knoll (Fig. 14) where the San
Pedro Basin fault zone splits from the San Diego
Trough Fault. Miocene volcanic rocks dredged
from Crespi knoll, adjacent to this pull-apart, may

Fig. 15. Migrated 44-channel seismic-reflection profile USGS-114 across the Palos Verdes–Coronado Bank fault
zone in the Gulf of Santa Catalina (see Fig. 14 for profile location; processing by C. Sorlien 1992). A small
restraining-bend pop-up is juxtaposed against a small half-graben basin. Onlap of sedimentary sequences against tilted
strata in both the basin and the NE flank of the uplift records contemporaneous pop-up growth and basin subsidence.
Seafloor outcrops sampled on the uplift scarp from DSV Alvin were of Pliocene age (Kennedy et al. 1985).
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indicate reactivation of an ancient extensional struc-
ture formed during the Mid-Miocene oblique rifting
of the Inner Borderland. For these pop-up configur-
ations, a near-vertical PDZ bisects the uplift, and
strata dip away from the PDZ on both sides; uplift
occurs on both sides of the PDZ. It is proposed
that strike-slip has juxtaposed two formerly asym-
metrical pop-up features to form the local double
bump, as these small features are observed at the
ends of larger restraining bend uplifts. Alterna-
tively, uplift across a subvertical fault is eroded
along the axial PDZ where material is weaker
than on the uplift flanks, or these features are
narrow crestal grabens where extension occurs
above the peak transpressional uplift.

The San Diego Trough Fault has at least two
other small restraining bends south of the large Cat-
alina Fault double bend. A NW-trending ridge
along the west edge of Coronado Fan Valley, at
the base of the Coronado Escarpment, has been
interpreted as a natural levée, although seismic

reflection profiles show a rock core within this
ridge (Shepard & Dill 1966). High-resolution
swath bathymetry shows that relatively straight sea-
floor scarps along the San Diego Trough Fault are
offset to the left, so that we interpret this ridge as
a restraining stepover pop-up structure (Fig. 16).
Uplift along the fault has forced the upper
Coronado Fan Valley to turn south for about
20 km along the base of the Coronado Escarpment.
The northern 14 km meanders between the inferred
pop-up and the escarpment; the southern 6 km is
very straight – possibly controlled by a north-
trending releasing segment of the San Diego
Trough Fault.

Another 22 km south along the San Diego
Trough Fault, and directly east of the northern
bend region of the San Clemente Fault, is a small
2.3-km-wide by 3.8-km-long seafloor pop-up
(Figs 2 & 17). This pop-up exists at a single bend
involving a 128 change in fault strike. Locally,
there is a small ,28 change in fault strike, and a

Fig. 16. Shaded relief image of Coronado canyon and the fan valley area (see Fig. 2 for map location). The San Diego
Trough Fault is evident as the linear seafloor scarp cutting across the eastern side of the San Diego Trough. A left
stepover in the fault zone creates an uplift that confines the Coronado Fan Valley to the east below the Coronado
Escarpment. A NNW-trending fault segment forms a transtensional zone that directs the channel to the south of the
restraining stepover.
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500 m right (releasing) stepover from the SW to NE
fault segments. Also, the SE fault appears to branch
into a west-trending (2818) scarp that bounds the
south edge of the pop-up structure. The high-
resolution multi-channel seismic profile shows
about 700 m of structural relief on this pop-up
(Fig. 7, SMCS-04), although only about 70 m
extends above the turbidite fill as seafloor relief.
In the broader view, the SE fault segment curves
gently into the area of the pop-up, from a strike of
3298 to a strike of about 3198, then steps to the
right about 500 m to the NW fault segment with a
strike of 3178. The west-trending branch that
forms the seafloor scarp results from contraction
at the termination of the SE fault segment. Thus,
the pop-up structure results from the combination
of the change in fault trend, i.e. restraining bend,
plus the termination of the SE fault segment.
A similar combination may be responsible for
uplift of Lasuen knoll (Fig. 12), but more detailed

subsurface mapping is required to resolve that
larger structure and its deformation history.

Review of the Borderland

restraining-bend structure

A broad sampling of restraining bend pop-up struc-
tures, and associated releasing bend or stepover
pull-apart basins, exist in the California Continental
Borderland, where more than 20 Ma of evolution of
the dextral Pacific–North America transform fault
system has been sustained. Some of the restraining
bend structures resemble those observed in ana-
logue models, exhibiting the classic rhomboid
shape, but others have distinct differences. In par-
ticular, there is an overall right-stepping en
echelon pattern to the faulting, which is contrary
to the typical left-stepping pattern observed in the
analogue wrench fault experiments for right-slip
faulting. For example, along the San Clemente

Fig. 17. High-resolution bathymetry and structural interpretation of small restraining-bend pop-up along the San
Diego Trough Fault (see Fig. 2 for map location). Well-defined faults are solid with bar and ball placed on the
downthrown side where seafloor is offset. Dashed faults are buried or inferred, and are queried where uncertain. Dash–
dot lines mark the location of seismic profiles used to map buried faults and folds. Line SMCS-04 is shown in Figure 7.
Note that a local releasing fault stepover (right en échelon offset) exists within the restraining bend (left bend).
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fault zone, major fault segments step to the right in
the vicinity of Navy Fan (Fig. 3), near Fortymile
Bank (Fig. 2), and west of Santa Catalina Island
(Figs 2 & 12). Similarly, the Catalina Fault exhibits
a major right stepover along the SW side of Santa
Catalina Island (Fig. 12). This right-stepping
pattern resembles that of the Gulf of California,
and is considered to be related to the oblique-rifting
of the Inner Borderland during the Neogene time
(Legg & Kamerling 2004). Two large restraining
double bends display major uplift concentrated
along the oblique transpressional fault segment –
not at the bend where fault curvature is maximal.
In contrast, a small restraining bend with releasing
stepover on the San Diego Trough Fault exhibits
local uplift related to a combination of fault
segment termination and to the minor change
in fault strike. Many transpressional pop-up
structures are manifest as double bumps straddling
the principal displacement zone (PDZ) of the
major fault. Where soft sediments are involved,
uplift exists over a broad area, with gentle seafloor
slopes away from the PDZ. Where more rigid
bedrock is involved, uplift is more narrow and
steep-sided.

In all cases, the dip of the main strike-slip fault is
very steep (708 to 808) to vertical. This observation
is the most diagnostic feature of strike-slip faults,
even where a flower or palm-tree structure may be
absent. The steep dip is manifest at the seafloor or
ground surface as a very straight fault trace, even
where high topographic relief is crossed. Uplift in
the pop-up occurs on both sides of the PDZ,
perhaps due to the subvertical fault dip. Typically,
this uplift is asymmetrical as shortening becomes
greater to one side of the PDZ. Subsidence of the
footwall, common to reverse faults, is uncommon
in Borderland strike-slip restraining bends.

The surface expression of flower structure
appears as branching and secondary fault scarps;
small pull-apart (stepover) basins; and larger-scale
graben and oblique-fault branch scarps that may
extend several kilometres away from the PDZ.
Structural relief observed in seismic profiles
across the active pop-up structures ranges from
several hundred metres to more than two kilo-
metres for Borderland restraining bends. The
larger restraining bends approach 100 km lengths
and are possibly locked due to enhanced normal
stress in transpression between large (M . 7)
earthquakes.

Tectonic evolution of Borderland

restraining bends

Four observations common to Borderland restrain-
ing bends lead to a simple model for their tectonic

evolution (Fig. 18). First, the strike of the principal
displacement zone (PDZ) in the major restraining
bends is parallel to the Miocene Pacific–North
America (PAC–NOAM) relative motion vector(s).
Catalina and Whittier faults trend about 2908,
Palos Verdes Hills Fault trends about 3008, and
San Clemente Fault bend region trends about 3088
(Fig. 2). The clockwise rotation of these trends
possibly results from the clockwise rotation of the
relative plate motion vector through late Cenozoic
times (Atwater & Stock 1998). Second, the major
faults within the restraining bend pop-up have
very steep to vertical dips. This is more consistent
with formation as a strike-slip fault rather than a
normal or reverse fault (Anderson 1951). Third,
the pop-up structures for the major restraining
bends have structurally inverted Miocene basins.
Although not a sediment-filled basin, Santa Catalina
Island is a volcanic centre that formed where exten-
sion thinned the crust, substantially exhuming the
Catalina Schist subduction complex and providing
access to upper-mantle magmatic sources (Vedder
et al. 1979; Bohannon & Geist 1998; ten Brink
et al. 2000). Fourth, there is an overall right-
stepping en echelon character to the major right-slip
fault pattern of the Borderland. Locally, this pattern
persists as the pull-apart (right stepover) basin
within the restraining bend pop-up. Regionally,
this pattern is apparent as the major fault segments
step to the right across larger pull-apart or stepover
basins, as best expressed in the San Clemente fault
system (Fig. 2).

Phase 1 – oblique rifting and formation of

transform faults and spreading centres

The California Continental Borderland formed
during the Neogene development of the PAC–
NOAM transform plate boundary (Atwater 1970;
Legg 1991; Lonsdale 1991; Crouch & Suppe
1993). During Mid-Miocene times, oblique rifting
of the western Transverse Ranges away from the
continental margin formed the Inner Borderland
Rift (Legg 1991; Crouch & Suppe 1993). Pre-
existing structural fabric from Mesozoic to Early
Cenozoic subduction controlled the orientation of
the rift, which has a trend of 3308 as expressed by
the San Diego Trough, roughly parallel to the
modern coastline. For a displacement vector about
308 oblique to the rift trend, i.e. 2908 to 3088, a
complex pattern of faults forms, including mostly
strike-slip faults, both dextral and sinistral, as well
as extensional faults (Fig. 18, Phase 1 Withjack &
Jamison 1986). New right-slip faults created to
accommodate the PAC–NOAM transform motion
trend NW, subparallel to the rift margins. Normal
faults formed along a north–south trend.
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However, when displacement exceeded several
kilometres, most of the relative motion became con-
centrated on a few major right-slip faults that grew
parallel to the relative plate-motion vector and
linked north-trending continental rift centres. Sea-
floor spreading, with creation of new oceanic crust
along faults orthogonal to the transform faults, did
not occur, because the rift initiated in the thickened
crust of a former subduction zone accretionary
wedge, and extension was insufficient to create
zero-thickness lithosphere.

Creation of new transform faults in the Inner
Borderland Rift was facilitated by thinned continen-
tal crust that was also thermally weakened by active
volcanism during Mid-Miocene times (Vedder et al.
1974; Weigand 1994). The transform-fault trend
parallels the displacement vector, whereas synthetic
Riedel shears with a more northern trend would
become transtensional. Most significantly, a right-
stepping en échelon pattern of right-slip transform
faults linking north-trending pull-apart basins and
incipient seafloor-spreading centres was created.

This fault pattern resembles the modern Gulf of
California transform fault system (Lonsdale 1985)
and differs from the classical ‘wrench fault tec-
tonics’ where dextral strike-slip results in a left-
stepping en echelon pattern of synthetic Riedel
shears (Wilcox et al. 1973; Withjack & Jamison
1986; McClay & White 1995).

Phase 2 – clockwise rotation of the relative

plate-motion vector, transpression,

and basin inversion

In Late Miocene times, the PAC–NOAM relative
plate motion vector shifted clockwise (Fig. 18,
Phase 2, Atwater & Stock 1998). Existing transform
faults with the old relative motion trend, to the west
or counterclockwise to the new trend, became trans-
pressional. Other right-slip faults with trends more
parallel to the new plate-motion vector became
pure strike-slip, ceasing transtensional basin for-
mation. Stepover (pull-apart) basins, previously

Fig. 18. Simplified model for generation of restraining bends in an evolving dextral transform plate boundary. Initial
oblique rifting along transform boundary creates a series of right-stepping en echelon transform faults linked by
pull-apart basins. The structural fabric from the prior tectonic boundary style (subduction for California) controls the
geometry of the rift formed due to a relative motion vector more westerly than the ancient structural trend. Some new
strike-slip faults will have trends oriented clockwise to the transform vector, including synthetic shears. Transtensional
basins form along these faults and at the fault stepovers (pull-apart basins). Clockwise rotation of the transform
plate-motion vector results in transpression along the original transform faults, and former transtensional faults may
become parallel right-slip transform faults. Transtensional basins become structurally inverted and form
restraining-bend pop-up structures.
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formed between en échelon transform faults,
stopped subsiding and became structurally inverted
due to transpression. With a rift trend more closely
aligned with the relative plate motion vector, for-
mation of new faults would tend to favour strike-
slip on synthetic Riedel shears that could also
grow into transform faults parallel to the displace-
ment vector. Following the plate-boundary jump
inland to the modern San Andreas fault system, at
about 6 Ma, creation of the major southern Califor-
nia restraining bend (Fig. 2, ‘big bend’) increased
the NE-directed shortening across the Inner Border-
land. This latter episode is considered responsible
for enhanced restraining bend pop-up formation,
such as along the Palos Verdes Hills Fault and at
Santa Catalina Island, and may represent a further
clockwise rotation of the displacement vector
(Fig. 18, Disp-2b). The Late Quaternary Pasadenan
Orogeny (Wright 1991) further increased contrac-
tional strain with north-directed shortening
between the western Transverse Ranges and the
northern Borderland, enhancing transpressional
uplift along major Borderland right-slip faults
including the Santa Cruz–Catalina Ridge, Palos
Verdes, and Whittier faults.

Conclusions

Borderland restraining bends exist at a wide range
of scales, from a few kilometres to more than
100 km in length. Morphology of Borderland
restraining-bend pop-ups is well preserved due to
the low erosion rates in deep offshore basins. In
plan view, Borderland pop-up morphology is gener-
ally polygonal and often rhomboidal, as observed in
many analogue models. Pop-up structures involving
turbidite sediments are smoother and more gently
sloping than pop-ups in more rigid bedrock and
basement material. The uplift is usually asymmetri-
cal, with the principal displacement zone (PDZ)
aligned along one side of the peak uplift. Unlike
low-angle to moderately dipping thrust and
reverse faults, where underthrusting occurs, short-
ening normal to the vertical strike-slip fault results
in uplift on both sides of the fault. Borderland
pop-ups typically involve structural inversion of
ancient sedimentary basins, and extreme uplift in
some large restraining bends exposes volcanic and
metamorphic basement rocks. In contrast to ana-
logue models of pop-up internal structure, the
PDZ and major branch and secondary faults
within the restraining bend have very steep to verti-
cal dips. This is considered a result of evolution
within an active transform fault plate boundary.
An overall right-stepping en echelon fault pattern
combined with the basin inversion at major restrain-
ing bends, where the PDZ trends parallel to the

Miocene Pacific–North America relative plate-
motion vector, suggests that Borderland restraining
bends formed initially as transform faults in
an oblique rift similar to the modern Gulf of
California. Subsequent clockwise rotation of the
relative motion vector led to creation of new trans-
form faults parallel to the evolving plate-motion
vector, and initiated transpression and basin inver-
sion along the earlier transform faults at their pull-
apart basin or incipient spreading-centre
intersections.
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