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Key Points 

1. Apatite and zircon helium thermochronometry data from the Western Transverse Ranges 

yield late-Miocene through Pleistocene cooling ages 

 

2. Reverse faulting within the block initiated prior to, and propagates towards, the Big Bend 

restraining bend in the San Andreas fault 

 

3. Rapid post-late-Miocene tectonic exhumation in the region surrounding the Big Bend is 

localized within the Western Transverse Ranges
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Abstract 

Contractional deformation is common along transform plate margins where plate motion 

is oblique to the plate boundary. While faults that accommodate this deformation are often 

inferred to be subsidiary to the main plate boundary fault, we typically lack direct geometric or 

kinematic information. Here we investigate the timing of faulting relative to changes in the 

orientation of the North American-Pacific plate boundary. Coeval with development of an 

oblique plate boundary segment (i.e. the “Big Bend” of the San Andreas fault), active shortening 

is inferred to have initiated at ~5 Ma in the Western Transverse Ranges (WTR). However, new 

low-temperature thermochronometric transects yield Miocene to Pleistocene apatite (U-Th-

Sm)/He cooling ages and partially reset zircon (U-Th)/He ages. Inverse thermal modelling 

indicate that reverse faulting initiated as early as 10 Ma, several million years prior to our current 

understanding of the timing of the Big Bend. Reverse faults in the WTR also propagate from 

west to east, towards the San Andreas Fault, rather than outwards from it. New and existing 

thermochronometry data delineate the WTR as the locus of rapid post-Miocene exhumation, and 

demonstrate that similar exhumation is not present in the broader region surrounding the Big 

Bend. We posit that reverse faulting is localized in the WTR because of a weak underlying 

lithosphere and predates the more recent geometric anomaly of the restraining bend in the 

transform margin. 

1 Introduction 

Continental transforms are characterized by complex fault systems in which the geometry 

and location of the active plate boundary fault evolves rapidly in geologic time (e.g. 3-10 Myr; 

Crowell, 1979; Şengör et al., 2005; Walcott, 1998). Such plate boundary faults are often 

associated with subsidiary fault systems that are inferred to be related to compressional or 

extensional bends that evolve along the active plate boundary (Armijo et al., 2002; Dewey et al., 

1998; Niemi et al., 2013; Spotila et al., 2001; Teyssier et al., 1995), or to the initiation and 

propagation of a new strand of the plate boundary fault (Armijo et al., 1999; Collett et al., 2019; 

Cowan et al., 1996; Little & Jones, 1998; Rohr, 2015; Wallace et al., 2012). As well, fault 

systems subsidiary to major continental transforms are often significant seismic hazards in their 

own right, amplifying regional seismic risk near plate boundaries and underscoring the need to 
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better understand their structural relationship within plate boundary systems (Davis & Namson, 

1994; Dolan et al., 1995; Duffy et al., 2013; Quigley et al., 2012).  

The relationships between oblique plate boundary faults and associated subsidiary dip-

slip fault systems have been explored with numerical models and physical experiments (Cooke et 

al., 2020; Hatem et al., 2015, 2017; Madden et al., 2017; McBeck et al., 2016, 2017), as well as 

in natural systems (e.g. Woodcock, 1986; Cunningham and Mann, 2007). Restraining and 

releasing bends in continental transforms are associated with localized compression or extension 

(Dewey et al., 1998; Teyssier et al., 1995), and both analog models and natural systems suggest a 

geometric and kinematic link between primary plate boundary transforms and subsidiary reverse 

or normal faults. Subsidiary faults typically interact with the plate boundary fault via 

compressional or extensional “flower structures” that join the main and subsidiary structures at 

depth (Cooke et al., 2013; Hatem et al., 2015; Niemi et al., 2013; Woodcock & Fischer, 1986), 

and in which the partitioning of subsidiary deformation into contractional (extensional) and 

strike-slip components is largely governed by the obliquity of plate motion to the orientation of 

the transform fault (e.g. Cunningham & Mann, 2007; Spotila et al., 2007). Such a geometric and 

kinematic relationship implies that the initiation of reverse (normal) faults near restraining 

(releasing) bends in plate boundary transforms is driven by the geometry of the fault bend, with 

subsidiary faults initiating either during or subsequent to development of the bend itself 

(Crowell, 1979).  

However, the initiation of subsidiary fault systems with respect to the establishment of a 

plate boundary fault, and linkages between the growth and propagation of the plate boundary 

fault and subsidiary fault systems are not well documented from field studies, and there are clear 

examples where the geometry and kinematics of subsidiary dip-slip fault systems do not conform 

to the expectations of analog models, numerical simulations, and natural systems. The Western 

Transverse Ranges (WTR) of southern California, USA are one such example. The WTR are an 

~200 km by 70 km area of mountain ranges in southern California bounded by east-west oriented 

oblique-reverse faults (Figure 1). Although the major structures in the WTR are in close 

proximity to the ~160-km long restraining bend (i.e. the Big Bend) in the dextral San Andreas 

Fault Zone, the main continental transform fault between the Pacific and North American plates 

(Atwater, 1998; Crowell, 1979; Huftile & Yeats, 1996; Jackson & Molnar, 1990; Luyendyk, 



A
ut

ho
r 

M
an

us
cr

ip
t 

This article is protected by copyright. All rights reserved.  

 

 

 

 

 

 

 

1991; Namson & Davis, 1988; Nicholson et al., 1994; Yeats, 1981), the timing of dip-slip fault 

initiation in the WTR relative to the development of the Big Bend in the SAF remains 

unresolved, and the geometry, extent and kinematics of the faults in the WTR are inconsistent 

with a mechanical linkage between subsidiary and primary plate boundary fault systems, as 

commonly described (e.g. Cunningham & Mann, 2007; Woodcock, 1986). 

Development of the Big Bend is reasonably well constrained by fossil assemblages to ~5 

Ma (Crowell, 1982; Link, 1982). Due to the close proximity of the WTR, as well as the structural 

implications of an adjacent transpressive bend, the timing of reverse fault initiation within the 

WTR is generally inferred to be at around the same time (Crowell, 1979). Independent timing of 

the initiation of reverse faulting in the WTR is currently poorly constrained by stratigraphic data 

(DeVecchio et al., 2012; Huftile & Yeats, 1996; Levi & Yeats, 1993; Yeats, 1993), and 

consequently, the kinematic relationship between the San Andreas Fault and the WTR has not 

been explicitly tested. An unexplored, but reasonable hypothesis, is that dip-slip structures in the 

WTR initiated independently within the diffuse Pacific – North American plate boundary zone, 

as a manifestation of inherited structural heterogeneities, rheologic contrasts, or other forcings 

(e.g. Woodcock, 1986).  

The San Andreas fault is the archetypal continental transform system, and understanding 

the temporal and geometric relationships between the evolution of the Big Bend and the WTR is 

likely to lead to kinematic models that can be exported beyond western North America (e.g., the 

Marlborough Fault System of New Zealand, the North Anatolian Fault system of Turkey, and the 

Queen Charlotte Fault system offshore western Canada and Alaska). High resolution 

thermochronometric data can potentially discriminate between end member scenarios in which 

contractional structures in the WTR evolved synchronously with the Big Bend in the San 

Andreas Fault, or were kinematically “advected” into this restraining bend, and can therefore 

provide insight into the relationship between the reverse faults within the WTR and the evolution 

of California’s transform plate boundary. Here we present new apatite and zircon (U-Th-

[Sm])/He thermochronometry data from the northern and southern boundaries of the WTR, 

where structural relief is greatest and reverse faulting is inferred to have initiated earliest. 

Samples from nine new transects and two published transects (Niemi & Clark, 2018) reveal 

predominantly Pliocene to Pleistocene apatite cooling ages in the Santa Ynez and Topatopa 
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Mountains on the northern boundary, and latest-Miocene to Pliocene cooling ages in the Santa 

Monica Mountains and northern Channel Islands on the southern boundary (Figure 1). These 

data suggest recent and rapid rock exhumation, and inverse thermal modelling for time-

temperature histories yield constraints on the timing of cooling and inferred reverse faulting. We 

also evaluate our thermochronometric results from samples collected both on and off of our main 

transects with respect to published thermochronometric ages (Buscher & Spotila, 2007; Niemi et 

al., 2013; White, 1992) from the broader region around the Big Bend in the San Andreas Fault to 

identify spatial trends in the localization of post-Miocene rapid exhumation.  

2 Geologic Background 

The Western Transverse Ranges (WTR) have experienced a complex history of 

extension, vertical-axis rotation, and shortening (Atwater, 1998). Forearc strata within the WTR 

were deposited on the margin of the North American plate above the subducting Farallon Plate in 

Cretaceous through Oligocene time, and the WTR were subsequently torn from the continent 

following complete subduction of the Farallon Plate (Atwater, 1998; Crowell, 1979). The WTR 

underwent over 90° of clockwise vertical-axis rotation within the new diffuse transform margin 

between the Pacific and North American plates in Miocene time, and syn-rotation extension 

created deep, localized normal fault-bounded basins that filled with siliciclastic and 

volcaniclastic sedimentary strata (Atwater, 1998; Hornafius et al., 1986). The WTR are typically 

thought to have transitioned from extension to shortening following development of the Big 

Bend restraining bend in the San Andreas Fault at ~5 Ma (Crowell, 1979), but the timing of 

initiation of the principal reverse structures with the greatest structural relief remains 

unconstrained. Without dense, high-resolution data from the principal structures, the mechanistic 

relationship between the WTR and the San Andreas Fault zone from Miocene-time to present 

remains unresolved.  

2.1 Southern San Andreas Fault and the Big Bend 

 The San Andreas Fault system is the continental transform boundary between the Pacific 

and North American plates throughout much of California (Figures 1 and 2). Although the 

central San Andreas fault has largely remained in its current configuration since middle-Miocene 
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time (Crowell, 1979; Graham et al., 1989), the southern section of the San Andreas Fault 

developed more recently at ~5 Ma (Crowell, 1982) (Figure 2). From about 12 to 5 Ma, the San 

Gabriel Fault linked directly with the San Andreas Fault to form the main plate boundary 

structure (Crowell, 1979; Ehlig et al., 1975). As slip progressed, the 11,000 m thick Violin 

Breccia was deposited in a narrow basin directly adjacent to the fault zone within the broader 

Ridge Basin (Crowell, 1982; Link & Osborne, 1978). The deposition of the Hungry Valley 

Formation overtop both the Violin Breccia and the fault zone at ~5 Ma is interpreted to reflect 

the cessation of slip on the San Gabriel Fault and the abandonment of this structure as the 

principal trace of the North American-Pacific Plate boundary (Crowell, 1982; Link, 1982; Link 

& Osborne, 1978). The new southern San Andreas Fault formed to the east of the San Gabriel 

Fault, and connected with the central section of the San Andreas Fault to the north, creating the 

~160 km restraining bend (i.e. the Big Bend) in the fault (Crowell, 1979) (Figure 2). 

Development of this structure is typically thought to have initiated regional shortening across the 

WTR, causing normal faults that were active within a transtensional stress field during Miocene 

time to re-activate as high-angle reverse faults in Pliocene time (Dolan et al., 1995; Hornafius et 

al., 1986; Huftile & Yeats, 1996; Wright, 1991). This transpressional stress state persists to the 

present time (Marshall et al., 2013, 2017). 

2.2 Sedimentology and Rotation of the Western Transverse Ranges 

The Western Transverse Ranges are predominantly composed of a ~13 km thick section 

of late-Mesozoic through Cenozoic clastic sedimentary rocks and Miocene volcanic and 

volcaniclastic rocks that overlie continental plutonic and metamorphic basement in the east 

(locally exposed in the eastern Santa Monica Mountains), and oceanic ophiolitic-Franciscan 

basement complex in the west (exposed on Santa Cruz Island and the central Santa Ynez 

Mountains) (Dibblee, 1982; Namson & Davis, 1988). During Cretaceous and early Cenozoic 

time, the WTR accumulated sediments derived from the continent in the forearc above the 

subducting Farallon Plate (Atwater, 1998). Shallow-marine to terrestrial sandstones and 

conglomerates were deposited in Oligocene time as the Pacific Plate first made contact with the 

North American Plate and the boundary transitioned from subduction to predominantly 

transform (Crowell, 1979). During Miocene time, thick sections of marine siliceous mudstones, 

marine sandstones, and volcaniclastic rocks locally accumulated in extensional basins as the 
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region underwent rotation and left-lateral shearing in a predominantly transtensional tectonic 

regime (Atwater, 1998; Namson & Davis, 1988; Nicholson et al., 1994; Wright, 1991).  

Sedimentation across the WTR in Middle-Miocene time was associated with vertical-axis 

rotation of the region (Luyendyk, 1991; Sorensen, 1985). The WTR has undergone over 90° of 

clockwise rotation since ~15 Ma, as indicated by both geologic evidence (Crouch, 1979; 

Sorensen, 1985) and paleomagnetic data (Hornafius et al., 1986; Kamerling & Luyendyk, 1979, 

1985; Luyendyk, 1991) (Figure 2). The WTR are thought to have rotated as a coherent block 

within a diffuse transform margin between the Pacific and North American plates, and are 

juxtaposed against non-rotated crust to the north and south (Hornafius et al., 1986; Luyendyk, 

1991; Nicholson et al., 1994). A number of kinematic models have been proposed for this 

rotation. The most common mechanism posited invokes rotation along left-lateral strike-strike 

faults bounding the eastern and western margins of the WTR, with non-rotating blocks to the 

north and south (Luyendyk et al., 1980) (Figure 2). To address space problems in these kinematic 

models, the width of both the rotating block and the bounding shear zone are thought to have 

changed through time, with an initial period of extension followed by contraction (Dickinson, 

1996; Luyendyk, 1991). Sedimentation in deep, localized basins in Miocene time record this 

initial phase of extension (Atwater, 1998; Namson & Davis, 1988; Nicholson et al., 1994), but 

geologic evidence for a subsequent phase of transpressional deformation prior to development of 

the Big Bend has yet to be documented. 

2.3 Principal Fault Systems 

The Western Transverse Ranges can be broadly divided into two principal fault systems, 

which parallel one another and accommodate north-south contraction on east-west trending fault 

systems in the current geometry. Herein, we refer to these two principal fault systems as San 

Cayetano and Santa Monica-Channel Islands fault systems, respectively.   

2.3.1 San Cayetano Fault System 

The San Cayetano fault system includes the Santa Ynez Fault and San Cayetano Fault, 

which bound the Santa Ynez and Topatopa Mountains on the northern boundary of the WTR 

(Figures 1 and 3a). The main structural feature of the Santa Ynez Mountains is the ~160-km 
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long, east-west striking Santa Ynez anticlinorium, which has a predominantly overturned south 

limb and is composed of a 5-km thick section of Cretaceous, Eocene, and Oligocene strata 

(Dibblee, 1982). Although the Santa Ynez Fault bounds the range to the north, late-Quaternary 

motion on this structure is predominantly left-lateral strike-slip (Darrow & Sylvester, 1984), and 

the fault is considered too far north of the anticlinorium to have produced this structure (Levy et 

al., 2019). It is instead argued that a blind extension of the San Cayetano Fault west of where 

surface displacement terminates in the Ojai Valley may lie beneath the Santa Ynez Mountains 

and be responsible for most of the surface uplift and folding of the anticlinorium (Figure 3a) 

(Levy et al., 2019; Namson & Davis, 1988). The south-verging San Cayetano Fault becomes 

emergent in the easternmost Santa Ynez Mountains, where it cuts the south limb of the 

anticlinorium in a structurally complex series of plunging folds that form the boundary between 

the Santa Ynez and Topatopa Mountains (Rockwell, 1988). To the east, the Topatopa Mountains 

are largely composed of the same Eocene through Miocene strata as the Santa Ynez Mountains, 

but here these units generally strike north-south and dip gently off to the east (Figure 3a) 

(Dibblee, 1990b, 1990a, 1991c). The emergent portion of the San Cayetano Fault juxtaposes 

Eocene strata in the hanging wall against Quaternary sediments in the footwall with as much as 9 

km of stratigraphic separation (Rockwell, 1988). 

 Recent work on the San Cayetano fault system suggests that these structures and 

associated folds have evolved as a classic forward-propagating fold and thrust belt (Hubbard et 

al., 2014; Levy et al., 2019). The blind portion of the San Cayetano Fault beneath the Santa Ynez 

Mountains is likely no longer active as deformation stepped southward beginning around ~1 Ma 

(Yerkes & Lee, 1987), first to the Red Mountain and South Sulphur Mountain faults, and most 

recently to the Ventura-Pitas Point fault system (Figure 3a) (Hubbard et al., 2014; Levy et al., 

2019; Perea et al., 2017). These structures likely converge onto a mid-crustal decollement at 

depth, which has been interpreted to be a south-verging structure (Levy et al., 2019; Rockwell, 

1983). Rupture of this thrust ramp may be responsible for the large (up to ~10 m) co-seismic 

surface uplift and fault displacements documented along the Ventura-Pitas Point fault system 

(Hubbard et al., 2014; Hughes et al., 2018; Levy et al., 2019; McAuliffe et al., 2015; Rockwell et 

al., 2016). 

2.3.2 Santa Monica-Channel Islands Fault System 
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On the southern boundary of the WTR, the Santa Monica-Channel Islands fault system 

includes a series of south-verging reverse to left-lateral strike-slip faults (Figure 3b) (Davis & 

Namson, 1994; Dolan et al., 1997, 2000; Dolan & Pratt, 1997; Seeber & Sorlien, 2000; Shaw & 

Suppe, 1994). The Santa Monica Mountains and northern Channel Islands have been exhumed in 

the hanging wall of these structures and are generally composed of Cretaceous through Miocene 

marine sedimentary rocks and Miocene volcaniclastic units. The oldest rocks are exposed at the 

eastern end of the Santa Monica Mountains, where granitic basement and Jurassic metamorphic 

rocks (the Santa Monica Slate) are exposed in the hanging wall of the Santa Monica and 

Hollywood faults (Dibblee, 1991b, 1991a), and on Santa Cruz Island, where Jurassic-age schist 

is exposed south of the Santa Cruz Island Fault (Hill, 1976). The Paleocene through late-

Miocene strata generally dip gently to the north and are continuous along-strike for ~220 km 

from San Miguel Island in the west through the central Santa Monica Mountains in the east. The 

northward dip of the Paleocene through late-Miocene strata is likely a consequence of rotation in 

the hanging walls of the underlying north-dipping thrusts (Davis & Namson, 1994; Seeber & 

Sorlien, 2000; Shaw & Suppe, 1994; Sorlien et al., 2006). Progressive northward-tilting of the 

hanging walls of the north-dipping thrusts during Pliocene time suggests that these structures are 

listric (Pinter et al., 2001; Seeber & Sorlien, 2000). 

3 Low-Temperature Thermochronometry Methods 

Fault initiation and fault slip rates are commonly interpreted from low-temperature 

thermochronometry data. Ages from low-temperature thermochronometers are sensitive to 

tectonic and geomorphic processes affecting the upper few kilometers of the crust, and as such, 

are ideal for constraining the history of relatively young, brittle structures (Ehlers, 2005). Apatite 

(U-Th-Sm)/He ages (AHe) represent the time since a sample cooled below ~40-80°C, depending 

on radiation damage, grain size, and cooling rate, which equates to 2-4 km depth for typical 

geothermal gradients (Farley, 2002; Flowers, et al. 2009). Zircon (U-Th)/He (ZHe) ages record 

cooling below ~180-200°C, or depths of 5-8 km (Farley, 2002; Reiners et al., 2002). Here, 

samples were collected on vertical transects with respect to elevation and depth beneath a 

stratigraphic horizon, and resultant gradients in age versus depth represent exhumation rates 

averaged over several million years (Farley, 2002). We targeted multiple vertical and 

stratigraphic transects for sampling along-strike of the principal fault zones (Figure 3). 
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Collection of thermochronometry data from sedimentary rocks requires particular attention to the 

thermal history of individual mineral grains within the rock. Detrital grains commonly record an 

older thermal history related to the sedimentary source terrain, unless burial during 

sedimentation reaches a high enough temperature to reset the thermochronometer. Cooling ages 

that are younger than the depositional age of the sampled rock are assumed to be reset, and thus 

to record a thermal event related to the exhumation of the sedimentary rock. Conversely, cooling 

ages older than the depositional age of a sedimentary rock are inferred to be inherited from the 

source terrane from which the sedimentary rock was derived (Lock & Willett, 2008). 

3.1 Apatite and Zircon (U-Th-[Sm])/He Methods 

Samples were processed using standard methods to isolate apatite and zircon (Text S1). 

Individual mineral grains were hand-selected under a high-powered binocular microscope to 

screen for clarity, crystal morphology, and minimal inclusions of other potentially radiogenic 

minerals. All grains analyzed are >80 µm in both length and width. Helium outgassing was 

conducted on an Alphachron Helium Instrument at the University of Michigan following the 

procedures in Niemi & Clark (2018), and concentrations of U, Th, and Sm (apatite only) were 

measured using a Thermo Scientific Element 2 ICP-MS at the University of Arizona following 

the procedures in Reiners & Nicolescu (2006). Mean ages reported here are based on 3-10 

individual replicate analyses for each sample. Individual grains were excluded from calculation 

of mean ages and thermal models following the criteria of Niemi & Clark (2018) (Text S1).    

3.2 Inverse Thermal Modelling Approach 

We develop thermal histories using QTQt (Gallagher, 2012; Macintosh version 

64R5.7.0), which inverts thermochronometry age data from multiple samples on vertical profiles 

simultaneously. Uncorrected grain ages, grain sizes, and concentrations of He, U, Th, and Sm 

(AHe only) were entered into QTQt for each apatite and zircon grain (Supporting Information). 

Models were run with a burn-in of 30,000 iterations and then sampled over 80,000 iterations 

with a thinning of 1. Grain age error resampling using MCMC (Markov Chain Monte Carlo) was 

enabled to account for observed differences between analytical uncertainties in individual grain 

ages and reproducibility of ages (e.g. McDowell et al., 2005). Due to predominantly young 
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cooling ages, no radiation damage model was used for apatite samples, however, the Guenthner 

et al. (2013) radiation model was implemented for all zircon grains.  

Thermal models were constrained by stratigraphic data and higher temperature 

thermochronometry. Typically, models were constrained to a time and temperature range of 0 to 

110 Ma and 0 to 300°C, respectively. Depositional age constraints of samples from sedimentary 

rocks were inferred from stratigraphic ages on published geologic maps and used as depositional 

age constraints in the thermal models (Table 1; Dibblee, 1985, 1987b, 1987a, 1990b, 1990a, 

1991b, 1991a; Dibblee et al., 1998; Dibblee & Ehrenspeck, 1986, 1997). We did not impose 

burial depth constraints on samples. A crystallization age for the two samples collected from the 

pluton at the base of the Hollywood transect is constrained by a hornblende K/Ar age of 105 ± 

3.2 Ma (Miller & Morton, 1980). Fission track length and count data from a single apatite 

sample (WG2-90) from White (1992) was included in the Matilija Canyon transect thermal 

model. WG2-90 track length and count data were included in the QTQt input file for sample 17-

OJ-07, which was collected from the same outcrop.  

For each thermal model, the geothermal gradient was set to the range 30 ± 5 °C. This 

range is consistent with modern geothermal gradients measured in boreholes within the WTR 

(Bostick et al., 1978; Nathenson Marianne, 1987), as well as maximum paleo-geothermal 

gradients inferred from vitrinite reflectance data from Miocene through Pliocene sedimentary 

rocks in the Ventura Basin (Bostick et al., 1978) and the Cretaceous through Eocene section in 

the Santa Ynez Mountains (Helmold & van de Kamp, 1984). The agreement between modern 

and paleo-geothermal data suggests that the Cenozoic section in the WTR has not been subject to 

a higher geothermal gradient than is measured today, so we assume that the modern geothermal 

gradient is representative of the geothermal gradient during the last few million years. We define 

a present-day surface temperature of 12 ± 5 °C in each thermal model, and we assume that all 

samples were at the surface (5 ± 5 °C) at the time of deposition (Niemi & Clark, 2018). The 

present-day temperature difference between the highest and lowest samples on each transect was 

set to a typical atmospheric lapse rate of 6 ± 2 °C/km (Stone & Carlson, 1979). 

The spatial relationship of individual samples within in the thermal field through which 

they cooled can be used in a model to derive exhumation rates from cooling rates. Typically, 
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elevation or stratigraphic depth are used. Here, we defined vertical separation of individual 

samples in thermal models using stratigraphic separation between samples as derived from cross 

sections constructed from published geologic maps (Figures S1-S3; Dibblee, 1985, 1987, 1991a; 

Dibblee et al., 1998; Dibblee & Ehrenspeck, 1986). Where the stratigraphic separation was 

unclear or minimal, samples were modeled with vertical separation defined by present-day 

elevations above sea level (Figure 4). 

4 Apatite and Zircon Age Data 

New helium thermochronometry data are presented for seven transects in the Santa Ynez 

Mountains and Topatopa Mountains on the San Cayetano fault system, and two transects on the 

Santa Monica-Channel Islands fault system (Figures 1 and 3, Tables 1 and 2; Supplementary 

Information). Sixty-seven apatite ages were produced, for which 16 samples also have ZHe data. 

Age and thermal modelling results from two transects in the central Santa Monica Mountains 

(Niemi & Clark, 2018) are also interpreted in a regional context here. All samples were collected 

from the hanging walls of reverse faults that bound the principal ranges. Additional samples 

were collected off the main transects to identify the spatial distribution of young cooling ages 

(Figures 1 and 3, Table 2). 

 Pliocene to early Quaternary AHe ages from samples collected from Oligocene – 

Cretaceous sedimentary strata indicate that most samples are thermally reset and record recent 

exhumation on fault bounded ranges (Table 1). Reset AHe ages from the San Cayetano fault 

system transects range from 1.3 – 5.9 Ma, and AHe ages from the Santa Monica-Channel Islands 

fault system transects range from 2.6 – 8.6 Ma. Notably however, AHe samples are reset only in 

Oligocene and older samples (Tables 1 and 2). Samples from Miocene strata yield variable AHe 

cooling ages, with individual grain ages ranging from 1.4 – 79 Ma. Five Miocene samples yield 

replicate ages with poor grain reproducibility, and eight Miocene samples yield cooling ages that 

are older than the depositional age of the sampled strata, suggesting that Miocene and younger 

strata were not buried deeply enough to fully reset the apatite helium thermochronometer. These 

non-reset ages indicate that burial of the sampled locations cannot have exceeded ~2 km, 

assuming typical geothermal gradients (e.g. Townsend et al., 2020). The non-reset ages therefore 
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provide an upper limit on the magnitude of recent exhumation of < 2 km. Non-reset AHe ages 

were not included in thermal models. 

 Samples both on and off transects yield mean ZHe cooling ages that range from 15 – 56 

Ma. Samples collected from stratigraphic units that are middle-Eocene or older yield reset ZHe 

cooling ages. However, ZHe cooling ages that are considerably older than AHe cooling ages 

from the same sample suggests that these samples were variably thermally reset within the ZHe 

partial retention zone. Samples from stratigraphic units that are late-Eocene and younger yield 

ZHe cooling ages that are the same as, or older than, the depositional ages of the sedimentary 

rocks from which they were collected. We infer that these samples were not thermally reset 

during burial and therefore do not record cooling related to post-depositional exhumation.   

4.1 Santa Ynez Mountains 

 We collected samples for AHe and ZHe thermochronometry along Rattlesnake Canyon, 

north of Santa Barbara, CA, and along Matilija Canyon north of Ojai, CA (Figure 3a). These 

transects are above the blind section of the San Cayetano Fault and within the inferred hanging 

wall of the near-vertical Santa Ynez Fault. The Rattlesnake Canyon transect includes three 

samples that span 2,100 meters of stratigraphic separation in Cretaceous through Oligocene 

sandstones (Dibblee & Ehrenspeck, 1986). AHe ages range from 2.0 to 3.8 Ma, and ZHe 

analyses from the stratigraphically lowest sample (18-SBRC-07) yield a mean age of 15.3 ± 0.6 

Ma (Table 1). The Matilija Canyon transect includes six samples that span 3,500 meters of 

stratigraphic separation in Cretaceous through Oligocene sandstones (Dibblee, 1985, 1987a). 

AHe ages range from 1.6 to 2.9 Ma, and ZHe analyses on five samples yield mean ages of 17.7 

to 35.3 Ma (Table 1). A ZHe cooling age from one additional sample (17-OJ-01) exceeds the 

depositional age of the sampled Oligocene strata. Additionally, White (1992) reported a mean 

apatite fission track age of 2.0 ± 1.2 Ma (WG2-90) from a sample collected from the same 

outcrop as 17-OJ-07 (AHe age of 2.0 Ma). The mean age and track lengths of sample WG2-90 

were incorporated into the thermal models. AHe and ZHe analyses on both transects demonstrate 

clear age-stratigraphic relationships, but no age-elevation trend (Table 1, Table S1). 

4.2 Topatopa Mountains 
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We collected samples for AHe and ZHe thermochronology along five transects in the 

Topatopa Mountains, including, from west to east, Sisar Canyon northeast of Ojai, CA, Santa 

Paula Canyon and Santa Paula Peak north of Santa Paula, CA, Hopper Mountain north of 

Fillmore, CA, and Piru Canyon north of Piru, CA (Figure 3a). All transects are in the hanging 

wall of the emergent section of the San Cayetano Fault, and AHe cooling ages from Eocene 

through lower-Miocene strata range from 2.1 – 3.4 Ma in the western transects, to 1.3 – 3.3 Ma 

in the eastern transects. ZHe cooling ages from Eocene strata are 27 to 56 Ma, but ZHe cooling 

ages from Oligocene and Miocene strata are older than depositional ages of the sampled strata. 

Stratigraphic separation across the San Cayetano Fault decreases from west to east, as does the 

stratigraphic age of units exposed in the hanging wall (Rockwell, 1988). AHe cooling ages from 

samples collected from middle-upper Miocene strata along the easternmost transect at Piru are 

variably reset. For AHe samples that were fully reset on the Piru transect, we were unable to 

solve for unique time-temperature histories with thermal history modeling due to the lack of 

stratigraphic or elevation separation between samples. AHe and ZHe data from one sample were 

used to produce the Santa Paula Canyon thermal model, so no elevation or stratigraphic 

separation information was incorporated. Cooling ages from the Sisar Canyon, Santa Paula Peak, 

and Hopper Mountain transects show systematic age-elevation relationships. 

4.3 Santa Monica Mountains and Northern Channel Islands 

Samples were collected along one transect in the easternmost Santa Monica Mountains 

(Hollywood) (Figure 3b). AHe cooling ages from a Cretaceous quartz diorite and 

nonconformably overlying Cretaceous sandstone at the base of the Hollywood transect range 

from 2.6 to 8.6 Ma (Table 1). ZHe analyses from the lowest sample on the transect yield a mean 

cooling age of 20.6 Ma (Table 1). The Cretaceous sandstone is disconformably overlain by 

Miocene strata, and AHe cooling ages of 7.1 to 8.7 Ma from three samples collected from 

Middle-Miocene units are within the depositional age range of the sampled strata. These samples 

were included in the thermal model for predicted time-temperature histories but were not 

included in the inverse modeling for the best-fit thermal histories (Figure 4). One sample on the 

Hollywood transect yielded a cooling age older than the depositional age of the sampled strata 

(Table 2).  
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Samples were collected along two transects in the northern Channel Islands (Figure 3b). 

On Santa Rosa Island, five samples spanning 1000 meters of stratigraphic separation across 

Eocene through Miocene strata yield AHe ages of 6.4 to 9.6 Ma. A sixth sample from overlying 

Miocene strata yielded grain ages that exceed the depositional age of the formation. ZHe 

analyses from the stratigraphically lowest sample yield grain ages ranging from 51 to 85 Ma, 

which are older than the Middle-Eocene depositional age of the formation. On Santa Cruz Island, 

AHe cooling ages of seven samples from Paleocene through Miocene sedimentary rocks do not 

exhibit a systematic age-stratigraphic depth or age-elevation relationships. AHe analyses from 

one sample (18-PS-03) yield a relatively young cooling age of 7.0 ± 0.6 Ma, which is consistent 

with cooling ages from Santa Rosa Island (Figure 3b, Tables 1 and 2). However, AHe cooling 

ages from three other samples are within or older than the depositional ages of the sampled 

Miocene strata, and AHe ages of three samples from Eocene and Paleocene strata yield variable 

cooling ages ranging from 18.2 – 29.5 Ma. 

Previously published ages from the central Santa Monica mountains were reported by 

Niemi & Clark (2018) (Figure 3b). AHe and ZHe data were collected along Las Flores Canyon 

and Zuma Ridge spanning 1,600 meters (Las Flores Canyon) and 900 meters (Zuma Ridge) of 

stratigraphic separation. AHe ages from eight samples on the Las Flores Canyon transect range 

from 2.3 to 11.5 Ma, and AHe ages of thirteen samples from Zuma Ridge range from 4.5 to 12.6 

Ma. AHe ages exhibit both age-stratigraphic depth and age-elevation trends. ZHe ages from 

three samples on these transects range from 36 to 61 Ma. 

5 Exhumation Histories from Thermal Models 

 Thermal history models were produced in QTQt and yield constraints on the timing and 

rates of cooling of rocks above individual faults. We infer that the thermal histories record burial 

histories of the sedimentary rocks from which samples were collected, followed by the initiation 

of exhumation and rates of exhumation averaged over the last several million years. Models 

generally reveal cooling initiating in late Miocene through Pliocene time and continuing to the 

present (Figures 4, S4-S14). We assume that cooling is associated with rock exhumation 

(erosion) driven by reverse faulting. Full thermal histories are included in Supporting 
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Information (Text S3, Figures S4 – S14). Here we focus on the post-depositional exhumation 

history. 

An implicit assumption of the thermal modeling approach is that the current vertical 

sample separation reflects the paleo-vertical separation as samples passed through the AHe and 

ZHe partial retention zones (Farley, 2002). In a rapidly evolving structural system like the WTR, 

or where fault geometry is listric (Seeber & Sorlien, 2000), rotation of structural blocks in the 

uppermost crust may change the vertical separation of samples between the time the block 

passed through the helium partial retention zones and its exhumation to the surface (Figure 5). 

We observe an inverse relationship between stratigraphic depth and cooling ages on the 

Rattlesnake Canyon and Matilija Canyon transects despite the near-vertical attitude of the strata 

today, suggesting that a component of the rotation occurred after the samples passed through the 

helium partial retention zone. For these transects, we modeled samples using vertical separation 

defined by both elevation and stratigraphic separation, but we found that for both cases, 

predicted AHe and ZHe ages poorly fit the observed data (Figures 5, S4-S8). Samples on both 

transects were collected from a narrow elevation range, so defining the vertical sample 

separation using stratigraphic separation increases the spacing between samples as compared to 

elevation separation (Figure 5). We find that thermal models from these transects with vertical 

separation defined by stratigraphic separation underpredict ZHe ages from the lowest samples 

(Figures 5, S5 and S7). However, thermal models from these transects produced with vertical 

separation defined by elevation overpredict ZHe ages (Figure 5, S8). Based on the results of end-

member models with vertical sample separation defined using elevation or stratigraphic 

separation, and the near-vertical attitude of the strata that we sampled, we infer that the strata 

rotated from horizontal to vertical as they passed through the AHe and ZHe partial retention 

zones. We assess the orientation of the samples at the time of cooling through the partial 

retention zones by calculating sample separation for several possible paleo-orientation 

configurations. We find that reducing vertical sample separation by rotating the stratigraphic 

sections back 55° from the current near-vertical dip to a paleo-dip of ~35° results in thermal 

models with predicted AHe and ZHe ages that closely match observed ages (Figure 5). Rates of 

exhumation inferred from thermal models with vertical sample separation defined using the full 

stratigraphic separation and reduced vertical sample separation defined using the rotated sections 
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differ by less than 10 percent, and the timing of cooling initiation is unchanged. We also note 

that the modeled ~35° paleo-dip is consistent with typical thrust ramp geometries. 

Thermal modelling results reveal a gradient in the timing of cooling initiation along the 

San Cayetano Fault system. Cooling on the San Cayetano fault system first begins at ~8 Ma, as 

recorded by the Rattlesnake Canyon Transect (Table 2, Figure 4). At 6 Ma, cooling initiates at 

Matilija Canyon in the eastern Santa Ynez Mountains, at 5 Ma cooling initiates at Sisar Canyon 

at the boundary between the Santa Ynez Mountains and Topatopa Mountains, cooling initiates at 

4 Ma at Santa Paula Canyon, and cooling initiates at 3 Ma at Santa Paula Peak and Hopper 

Mountain in the central to eastern Topatopa Mountains (Figure 4). Collectively, these data record 

cooling initiating first on the west end of the San Cayetano fault system and progressing 

eastward until at least ~3 Ma. Samples collected from the Miocene Modelo Formation at Piru 

Canyon at the eastern end of the Topatopa Mountains are variably reset for apatite, and therefore 

do not record a cooling age. However, the 3 Ma timing of exhumation inferred from the thermal 

models to the west at Hopper Mountain and Santa Paula Peak is consistent with an inferred ~3.2 

Ma timing of initiation of the San Cayetano Fault in the easternmost Topatopa Mountains (Levy 

et al., 2019; Rockwell, 1983). The timing of fault initiation is not constrained directly, but is 

inferred from microfauna analysis of the Lower Pliocene Pico Formation (Rockwell, 1983). 

 On the Santa Monica-Channel Islands fault system, the earliest cooling begins at ~10 Ma 

on Santa Rosa Island (Table 2, Figures 4 and 6). The timing of cooling is consistent with the end 

of deposition of the Beechers Bay Formation, the youngest sedimentary unit exposed on Santa 

Rosa Island today, in Middle Miocene time (Dibblee et al., 1998). Cooling initiates at 8 Ma at 

Zuma Ridge in the central Santa Monica Mountains, and at 5 Ma at Las Flores Canyon, which 

lies further to the east (Figures 4 and 6). Collectively, these data suggest cooling and inferred 

exhumation along the Santa Monica-Channel Islands fault system initiating first in the west and 

propagated east over ~5 million years (Figure 6). However, we acknowledge that the data density 

here is lower than in the north; sampling was limited by both the Pacific Ocean and the exposure 

of apatite-bearing sedimentary rocks that experienced sufficient burial to reset the apatite 

thermochronometer. Thermal history models from the Hollywood transect at the easternmost end 

of the Santa Monica Mountains imply cooling initiating between 7 and 8 Ma, earlier than cooling 

observed in the central portion of the range (Figures 4 and 6). The Santa Rosa Island, Zuma 
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Ridge, and Las Flores Canyon cooling histories each experienced an initial phase of rapid 

cooling, followed by an apparent slower rate of cooling that continued until the present (Figure 

4). However, the apparent decrease in cooling rate occurs at temperatures below the closure 

temperature of the AHe thermochronometer. The thermal histories are unconstrained at these low 

temperatures, and it is equally likely that no further cooling occurred after the initial pulse of 

rapid cooling (Figure 4), although marine terraces (Colson, 1996; Shaller & Heron, 2004) and 

geodetic data (Marshall et al., 2013) indicate Pleistocene to recent fault motion. 

Time averaged rates of apparent exhumation (assuming a geothermal gradient of 30 

°C/km) are generally higher on the San Cayetano fault system than the Santa Monica-Channel 

Islands system (Figure 6 and Table 3). Exhumation rates along the six transects from Rattlesnake 

Canyon in the west, through Santa Paula Peak to the east range from 0.9 mm/yr to 1.2 mm/yr. 

The Hopper Mountain transect to the east of Santa Paula Peak records a more rapid exhumation 

rate of 1.6 mm/yr. On the Santa Monica-Channel Islands fault system, Las Flores Canyon in the 

center of the range records the highest exhumation rate, at 1.0 mm/yr. Zuma Ridge records a 

slower exhumation rate of 0.7 mm/yr, and the Hollywood and Santa Rosa Island transects on the 

margins of the range record slower exhumation rates of 0.5 mm/yr and 0.3 mm/yr, respectively 

(Table 3). 

6 Discussion 

 The young cooling ages in the WTR can be contextualized within the regional tectonics 

by comparing these ages and rates to other fault bounded ranges adjacent to and surrounding the 

plate boundary. The regional distribution of cooling ages suggests that much of the rugged 

topography surrounding the Big Bend has experienced little exhumation in late Cenozoic time 

(Figure 1). Apatite fission track cooling ages from the San Rafael Mountains to the north of the 

WTR are early Miocene, Oligocene, and Eocene in age (White, 1992), and apatite fission track 

ages immediately south of the San Andreas Fault near Mt. Pinos are early-Miocene and 

Oligocene (Niemi et al., 2013) (Figure 1). AHe cooling ages from the northern San Gabriel 

Mountains generally exceed 10 Ma and are as old as Cretaceous (Buscher & Spotila, 2007). In 

contrast, the youngest ages recorded in WTR transects are latest Miocene through Quaternary, 

which are similar to ages in mountains ranges immediately adjacent to the San Andreas Fault, 
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including the southeastern San Gabriel Mountains (AHe as young as ~1.8 Ma; Blythe et al., 

2000), San Emigdio Mountains (AHe as young as 5 Ma;  Niemi et al., 2013), and Yucaipa Ridge 

(AHe ages as young as 1.4 Ma; Spotila et al., 2001). The observation that thermochronometry 

ages from the WTR are similar in age or younger than ages much more proximal to the plate 

boundary indicates either a far more complex deformation field surrounding the Big Bend than 

previously envisioned by flower structures, or perhaps a structural distinction between the faults 

that underlie the WTR and the main plate boundary.  

6.1 Initiation and Propagation of Reverse Faulting within the Western Transverse Ranges 

It has been previously assumed that the formation of the Big Bend geometry of the San 

Andreas fault caused regional shortening within the surrounding area (Crowell, 1979, 1982; 

Link, 1982; Link & Osborne, 1978). From that perspective, we could anticipate that (1) reverse 

faults would initiate synchronously with the initiation of the Big Bend at ~5 Ma, and (2) that 

reverse faults would propagate away from the SAF (i.e., east to west). However, our inferred 

fault histories challenge this assumed relationship, based on both the timing of fault initiation 

and the propagation directions of the major fault systems. For both the northern and southern 

WTR, we observe initial faulting in the west and prior to the formation of the Big Bend at ~5 

Ma, with propagation of major fault systems toward the east over several million years.  

The initiation of rock exhumation beneath the Santa Ynez and Topatopa Mountains starts 

at ~8 Ma and continues through 3 Ma (Figure 6). We suggest that this ~5 million year 

progression reflects the initiation and linkage of faults within the San Cayetano fault system (e.g. 

Abbey & Niemi, 2018), likely driven by eastward tip propagation of the San Cayetano Fault that 

underlies the Santa Ynez Mountains and becomes emergent in the Topatopa Mountains (Levy et 

al., 2019). The North Channel-Pitas Point and Ventura Fault trend similarly demonstrates a west-

to-east propagation of reverse faulting and folding (Figure 3a; Hughes et al., 2018; Levy et al., 

2019; Rockwell et al., 1984; Sorlien & Nicholson, 2015), although this fault trend is 

considerably younger than the principal fault systems on the boundaries of the WTR block, 

having likely initiated at ~1 Ma as a forward step in the San Cayetano fold-and-thrust belt system 

(Levy et al., 2019). The west to east propagation of faulting also mirrors the gradient in 

stratigraphic age of the sedimentary rocks exposed in the hanging wall of the fault, where 
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Cretaceous strata are exposed in the west and Plio-Pleistocene sediments are exposed in the east 

(Dibblee, 1982). As the Topatopa Mountains contain a near-continuous sedimentary section, we 

infer that the stratigraphic age of exposed section is a crude proxy for the magnitude of 

exhumation, although we note that deposition in the easternmost part of the range was still 

ongoing when exhumation initiated in the west (Figure 8). The difference in the magnitude of 

exhumation along-strike is therefore likely a consequence of eastward-propagation of the San 

Cayetano Fault.  

Exhumation initiates in the Santa Monica-Channel Islands fault system in the northern 

Channel Islands at ~10 Ma, followed by Zuma Ridge in the central Santa Monica Mountains at 

~7 Ma, and Las Flores Canyon further to the east at 5 Ma (Niemi & Clark, 2018) (Figure 6). The 

Santa Monica-Channel Islands system is composed of a series of vertical sinistral and north-

dipping thrusts that are argued to be part of regional, although segmented, thrust fault system, 

rather than a single through going fault (Davis & Namson, 1994; Seeber & Sorlien, 2000; Shaw 

& Suppe, 1994; Sorlien et al., 2006). Our data imply a ~5 million year eastward progression in 

the initiation of these individual structures, starting with the Channel Islands Thrust (Pinter et al., 

2003; Shaw & Suppe, 1994) in the west, to the Malibu Coast Fault and Santa Monica Fault in the 

central and eastern Santa Monica Mountains (Niemi & Clark, 2018). However, we also 

acknowledge that the thermal history model of the Hollywood transect data implies that reverse 

faulting here initiated at ~7 Ma, prior to reverse faulting in the central portion of the Santa 

Monica Mountains. The easternmost Santa Monica Mountains are at the extreme southeast 

corner of the WTR adjacent to the Verdugo Hills and San Gabriel Mountains, and exhumation 

initiation here may potentially be related to motion on the San Gabriel Fault, the northern strand 

of which initiated at 7.5 Ma (Blythe et al., 2002). 

Reverse faulting in the WTR is not likely to have initiated because of changes in strike of 

the plate boundary, at least initially. The Mojave Block on the east side of the San Andreas Fault 

has translated south relative to the Big Bend at a slower rate than the WTR have translated north 

relatively to the bend, and if we assume that the Mojave Block is fixed through time, restoration 

of slip across the San Andreas Fault places the WTR 300 km further south at 10 Ma, assuming a 

long-term slip rate of ~30 mm/yr (e.g. Figure 2; Crowell, 1979; Sieh & Jahns, 1984). At the time 

the Big Bend developed at 5 Ma, the WTR were located 150 km south of their current location, 
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likely well beyond the compressive stress field generated by the Big Bend. Therefore, initiation 

of strain localization within the WTR may be a manifestation of stresses unrelated to the 

restraining bend (e.g. Woodcock, 1986) and the current proximity of the WTR to the Big Bend is 

potentially a coincidence. 

 6.2 Regional Heterogeneities in Deformation and Rheology  

We hypothesize that large-scale lithologic heterogeneities within the Pacific Plate likely 

play a role in localizing deformation within the WTR. The southern California Borderlands 

region to the south of the WTR consists of a series of generally northwest- to southeast-striking 

terranes of variable composition (Bohannon & Geist, 1998; ten Brink et al., 2000; Crouch, 1979; 

Crouch & Suppe, 1993; M. Grove et al., 2008; Reeves et al., 2015; Figure 7). Two of these 

terranes have relatively high lithosphere-scale strength, including the Nicolas Terrane south of 

Santa Cruz and Santa Rosa Islands, which consists of more than three km of relatively 

undeformed Cretaceous through Oligocene forearc strata overlying oceanic crust (Crouch, 1979), 

and the Peninsular terrane southeast of the Santa Monica Mountains, which consists of relatively 

undeformed Mesozoic arc rocks overlain by forearc sedimentary strata (ten Brink et al., 2000; 

Crouch, 1979; Reeves et al., 2015) (Figure 7). To the north of the Santa Ynez Fault, the WTR are 

bounded by a structurally complex block, comprised in part of equivalents of the Precambrian-

basement floored Tujunga Terrane to the east, and by a thick sequence of Cretaceous-Cenozoic 

sedimentary strata overlying Jurassic metasedimentary basement to the west (K. Grove, 1993; 

Kellog et al., 2008; Vedder et al., 1983). Thus the WTR is juxtaposed between terranes to the 

north and south that have high lithospheric strength (Figure 7).  

Forearc rocks of the WTR are underlain by pervasively sheared, mechanically weak 

Franciscan Complex rocks (Dibblee, 1982; Namson & Davis, 1988). Although the Franciscan 

Complex may underlie other terrains to the north or south, the complicated history of extension, 

vertical-axis rotation, and subsequent shortening of the WTR block potentially further weakened 

the underlying deep lithosphere (Figure 7 and 8; Atwater, 1998; Eymold & Jordan, 2019; 

Hornafius et al., 1986; Luyendyk, 1991). However, uncertainty remains over the deep 

lithospheric structure of the WTR; an upper-mantle high velocity body extending beneath the 

collective Transverse Ranges has been proposed to reflect downwelling of the Pacific Plate due 
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to continent-continent collision (Fuis et al., 2012), but neither gravity nor receiver functions 

demonstrate significant differences in the thickness WTR lithosphere compared to other 

continental terrains (with the exception of the Inner Continental Borderlands, where the crust has 

thinned (ten Brink et al., 2000; Crouch, 1979; Lekic et al., 2011; Reeves et al., 2015). 

We suggest that the contrasts in lithospheric strength of the adjacent terranes, as well as 

differential motions between the blocks, concentrate shortening within the WTR. The 

comparatively strong northwest-southeast trending lithospheric blocks on the Pacific Plate are 

translating to the northwest along the main plate boundary (Zeng & Shen, 2016), with the weak, 

extended, and rotated WTR caught in between. The Miocene-to-present rotation of the WTR has 

also resulted in an orientation favorable to contraction, with the east-west fabric of the block 

juxtaposed against the northwest-southeast direction of plate motion. The potential differences in 

lithosphere-scale strength, and a favorable orientation for shortening, may explain the 

localization of deformation so far from the restraining bend in the main transform margin 

between the Pacific and North American plates. 

Similarly, lithosphere-scale contrasts in rheology have been suggested to control the 

localization of deformation elsewhere along the Pacific-North American plate boundary (ten 

Brink et al., 2018; Niemi et al., 2013; Spotila et al., 2007; Zoback et al., 1987). Within the San 

Andreas Fault system, thermochronometry data from opposing sides of the transform margin 

reveal that Miocene to present deformation is localized within the weakened basement rocks of 

the San Emigdio Mountains (Niemi et al., 2013). This weak, deformed lithosphere is caught 

between comparatively strong Mesozoic Peninsular Ranges batholith and Proterozoic gneiss in 

the Mt. Pinos block to the south, and strong, dense oceanic lithosphere beneath the San Joaquin 

Valley to the north (Chapman et al., 2010; Holbrook & Mooney, 1987; Namson & Davis, 1988; 

Niemi et al., 2013). Niemi et al. (2013) hypothesize that these strong contrasts in the mechanical 

strength of the lithosphere played a role in localizing deformation within the weak lithosphere of 

the San Emigdio Mountains. A similar pattern is observed on the Queen Charlotte transform 

margin further north along the Pacific-North American plate boundary, where deformation 

localized on the boundary between continental and oceanic lithosphere (ten Brink et al., 2018).  
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The formation of the Big Bend itself is likely a consequence of lithosphere-scale 

contrasts in rheology. The location of the main strand of the Pacific-North American transform 

margin has stepped east through time, and the restraining bend developed with the opening of the 

Gulf of California and an eastward step of the southern San Andreas Fault into the deformed, 

weak basement of the Mojave Block (Atwater & Stock, 1998; Crowell, 1979; Oskin & Stock, 

2003). The central segment of the San Andreas Fault is currently fixed on the western margin of 

the Sierran Microplate, where strong oceanic lithosphere and Sierran arc basement rocks likely 

explain a lack of observed internal deformation and prevent eastward stepping of the margin 

(Argus & Gordon, 1991; Plattner et al., 2010). The Big Bend is therefore required to transfer 

plate boundary motion from the eastward-stepping southern San Andreas Fault, around the 

mechanically strong Sierran Microplate to the central segment of the San Andreas, and 

ultimately north to the Mendocino Triple Junction. 

Although the hypothesis that rheological contrasts may explain strain localization is not 

new (ten Brink et al., 2018; Niemi et al., 2013; Spotila et al., 2007; Zoback et al., 1987), our 

results from the WTR suggest that rheological contrasts may be more important to strain 

localization than proximity to restraining or releasing bends. The San Andreas Fault is the 

archetypal transform margin system from which new hypotheses are exported to other field 

settings, and detailed studies on dip-slip fault systems near other continental transform margins 

may reveal similarly complex fault initiation timing and propagation that challenge simple 

models of restraining- and releasing-bend tectonism. 

7 Conclusions 

 Thermochronometric data from the Western Transverse Ranges provide insight into the 

evolution of reverse faulting adjacent to the Big Bend restraining bend in the North American-

Pacific Plate transform margin. High-density sampling for thermochronometric data from nine 

new transects and two published transects (Niemi & Clark, 2018) reveal predominantly Pliocene 

to Pleistocene apatite (U-Th-Sm)/He cooling ages along the San Cayetano fault system on the 

northern boundary of the WTR, and latest-Miocene to Pliocene cooling ages along the Santa 

Monica-Channel Islands fault system on the southern boundary. Cooling histories from inverse 

modelling of thermochronometry data imply an eastward propagation of reverse faulting over ~5 
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Myr on both fault systems. In the north, exhumation initiates in the Santa Ynez Mountains on the 

west end of the San Cayetano fault system at 8 Ma and progresses east until 3 Ma. In the south, 

exhumation first initiates in the northern Channel Islands at 10 Ma and propagates east to the 

central Santa Monica Mountains by 5 Ma. Along both boundaries, reverse faulting initiates prior 

to development of the Big Bend and propagates towards the San Andreas Fault, suggesting that 

restraining bend tectonism is not the primary source of shortening in the WTR, as previously 

assumed. Post-Miocene deformation in the broader region around the Big Bend is localized 

within the WTR, which has mechanically weaker basement rocks. We posit that contrasts in 

lithosphere-scale mechanical strength may explain the distribution of young cooling ages and 

active reserve faulting in the WTR. The hypothesis that rheological contrasts may be a more 

important control on strain localization than proximity to bends in continental transform margins, 

developed here from the San Andreas transform margin, has the potential to be exported broadly 

to other transform margin systems. 

Data Availability Statement 

 Thermochronometry sample and analytical data are available at the University of 

Michigan Deep Blue data repository (https://doi.org/10.7302/ab76-1628). 
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Table 1: Thermochronometry data used in inverse thermal modelling. We exclude grains with 

uranium concentrations under 5 ppm from thermal models and calculation of mean ages. Outliers 

were identified using the Q-test at the 90% confidence interval. We consider samples with a 

standard error greater than 1.0 Ma that is also greater than 20 percent of the mean age to have 

low reproducibility, and report ranges of individual grain ages instead of mean ages. We also 

report ranges of individual grain ages instead of mean ages for samples with grain ages that are 

older than the depositional age of the sedimentary rock from which they were collected as these 

ages are likely inherited and do not reflect recent cooling of the sample. 

Sample 
Name 

Longitude Latitude Elevation Modelled 
Stratigraphic 

Position 

Geologic Formation Age of Formation Mean 
Apatite He 

Age 

Mean Zircon 
He Age 

 
(degrees) (degrees) (m) (m) 

  
(Ma) (Ma) 

Rattlesnake Canyon Transect (RC) 

18-SBRC-03 -119.6805 34.4745 763 1222 Cozy Dell Shale Late-Eocene 3.8 ± 0.3 
 

18-SBRC-05 -119.6660 34.4892 1113 641 Juncal Early- to Middle-Eocene 3.0 ± 0.1 
 

18-SBRC-07 -119.6715 34.5025 693 35 Unnamed Marine Cretaceous 2.0 ± 0.1 15.3 ± 0.6 

Matilija Canyon Transect (MC) 

16-OJ-01 -119.2897 34.4737 280 2428 Coldwater Sandstone Late-Eocene 2.9 ± 0.3 52.0 - 71.4 # 

16-OJ-02 -119.3033 34.4855 315 1493 Matilija Sandstone Middle- to Late-Eocene 2.0 ± 0.03 34.3 ± 3.8 

17-OJ-06 -119.2753 34.5072 540 428 Unnamed Marine Cretaceous 1.6 ± 0.2 10.3 - 36.3 ** 

17-OJ-07 -119.2974 34.5040 418 901 Juncal Early- to Middle-Eocene 1.95 ± 0.53 17.7 ± 3.1 

17-OJ-08 -119.3058 34.4946 368 1072 Juncal Early- to Middle-Eocene 1.5 - 2.1 *** 
 

17-OJ-09 -119.2964 34.4839 282 1892 Cozy Dell Shale Late-Eocene 2.0 ± 0.1 35.3 ± 0.7 

Sisar Canyon Transect (SC) 

18-OSC-03 -119.1298 34.4641 723 
 

Matilija Sandstone Middle- to Late-Eocene 2.1 ± 0.1 
 

18-OSC-05 -119.1302 34.4725 1085 
 

Juncal Early- to Middle-Eocene 2.7 ± 0.2 11.8 - 40.5 * 

18-OSC-07 -119.1059 34.4993 1928 
 

Juncal Early- to Middle-Eocene 3.3 ± 0.2 
 

18-OSC-10 -119.1405 34.4959 1606 
 

Matilija Sandstone Middle- to Late-Eocene 3.4 ± 0.02 
 

Santa Paula Canyon (SPC) 

16-SP-03 -119.0843 34.4375 342 
 

Coldwater Sandstone Late-Eocene 2.1 ± 0.1 56.3 ± 8.8 

Santa Paula Peak (SPP) 

18-SPP-02 -119.0134 34.4254 760 
 

Matilija Sandstone Middle- to Late-Eocene 1.3 ± 0.2 
 

18-SPP-03 -119.0097 34.4403 1512 
 

Matilija Sandstone Middle- to Late-Eocene 2.7 ± 0.3 
 

18-SPP-06 -119.0068 34.4248 936  Matilija Sandstone Middle- to Late-Eocene  50.0 ± 7.8 

Hopper Mountain Transect (HM) 

16-FM-01 -118.9218 34.4522 264 
 

Sespe Oligocene 1.7 ± 0.1 53.2 - 72.0 # 

17-FC-01 -118.9133 34.4560 353 
 

Vaqueros Sandstone Oligocene to Early-Miocene 1.6 ± 0.2 
 

17-FC-02 -118.9148 34.4804 756 
 

Sespe Oligocene 1.9 ± 0.4 
 

17-FC-03 -118.9149 34.4750 671 
 

Sespe Oligocene 1.7 ± 0.1 
 

17-FC-04 -118.9042 34.4695 552 
 

Vaqueros Sandstone Oligocene to Early-Miocene 1.8 ± 0.2 
 

18-FC-01 -118.8722 34.4778 1263 
 

Monterey Middle- to Late-Miocene 3.3 ± 0.3 
 

18-FC-02 -118.8849 34.4702 1142 
 

Monterey Middle- to Late-Miocene 1.9 ± 0.2 
 

Santa Rosa Island Transect (SRI) 

18-SRI-05 -120.1220 33.9123 249 874 Glendora Volcanics Early-Miocene 8.6 ± 1.3 
 

18-SRI-06 -120.1188 33.8975 160 283 South Point 
Sandstone 

Middle-Eocene 6.4 ± 0.1 51.3 - 85.0 # 

18-SRI-07 -120.1214 33.9005 163 397 Sespe Oligocene 8.4 ± 0.9 
 

18-SRI-10 -120.1217 33.9103 247 647 Sespe Oligocene 7.6 ± 0.5 
 

Hollywood Transect (H) 

16-NC-01 -118.3612 34.1083 176 1 Granitic Rocks Cretaceous 3.0 ± 0.1 22.1 ± 1.5 

17-HW-01 -118.3510 34.1236 292 1755 Middle Topanga Middle-Miocene 7.1 ± 0.8 a 
 

17-HW-02 -118.3471 34.1246 289 1980 Upper Topanga Middle-Miocene 8.5 - 8.7 *** 
a 

 

17-HW-03 -118.3533 34.1127 357 855 Granitic Rocks Cretaceous 4.6 ± 0.2 
 

17-HW-04 -118.3537 34.1157 378 1020 Unnamed Strata Cretaceous 8.6 ± 1.3 
 

17-HW-06 -118.3232 34.1346 511 2476 Upper Topanga Middle-Miocene 8.7 ± 1.6 a 
 

# Mean cooling age is older than the depositional age of the sedimentary rock. Range of grain ages reported instead of mean age. Grains not used in 
thermal modelling. 

* Standard error is >20% of mean age, and two of four grain ages are the same as the depositional age of the sedimentary rock. Range of grain ages 
reported instead of mean age. Grains not used in thermal modelling. 

** Standard error is >20% of mean age. Range of grain ages reported instead of mean age. 

*** Less than three grains analyzed or remaining after rejecting outliers and low-U grains. Range of grain ages reported instead of mean age. 
a Mean cooling age is within the depositional age of the sampled strata. Not used in inverse modeling, but predicted cooling histories and ages are 
included. 
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Table 2: Thermochronometry data not used in inverse thermal modelling. Thermochronometry 

data assessment and rejection criteria is identical to Table 1. 

Sample 
Name 

Longitude Latitude Elevation Geologic Formation Age of Formation Mean Apatite 
He Age 

Mean Zircon 
He Age  

(degrees) (degrees) (m) 
  

(Ma) (Ma) 

Matilija Canyon 

17-OJ-05 -119.2722 34.5166 586 Coldwater Sandstone Late-Eocene 2.7 ± 0.3 49.4 - 62.9 # ** 

Gridley Canyon 

17-GC-02 -119.2357 34.5008 1253 Juncal Early- to Middle-Eocene 3.3 ± 0.1 26.3 ± 3.5 

17-GC-05 -119.2227 34.4908 763 Juncal  Early- to Middle-Eocene 2.8 ± 0.2 
 

17-GC-07 -119.2215 34.4757 482 Cozy Dell Shale Late-Eocene 2.4 ± 0.3 
 

17-GC-08 -119.2276 34.4652 309 Coldwater Sandstone Late-Eocene 2.6 ± 0.2 
 

17-GC-09 -119.2459 34.4621 295 Sespe Oligocene 3.6 ± 0.6 
 

Ojai Valley 

17-OJ-01 -119.2017 34.4398 368 Sespe Oligocene 5.0 ± 0.8 
 

17-OJ-03 -119.2681 34.5293 801 Cozy Dell Shale Late-Eocene 2.3 ± 0.2 
 

17-OJ-04 -119.2370 34.5473 1094 Matilija Sandstone Middle- to Late-Eocene 2.7 ± 0.5 
 

17-VC-01 -119.3145 34.3604 79 Sespe Oligocene 2.4 - 9.2 ** 
 

Santa Paula Canyon 

16-SP-01 -119.0821 34.4393 356 Cozy Dell Shale Late-Eocene 2.3 ± 0.2 
 

Piru Canyon 

16-PC-01 -118.7612 34.4670 344 Monterey Middle- to Late-Miocene 4.8 - 24.3 ** 
 

16-PC-02 -118.8137 34.4223 333 Monterey Middle- to Late-Miocene 5.9 ± 1.0 75.2 - 89.4 # 

16-PC-03 -118.7597 34.4715 346 Monterey Middle- to Late-Miocene 20.5 - 48.7 # ** 
 

16-PC-04 -118.7557 34.4622 365 Monterey Middle- to Late-Miocene 2.8 - 27.0 ** 63.7 - 86.3 # 

16-PC-06 -118.7607 34.4889 341 Monterey Middle- to Late-Miocene - **** 
 

Santa Susana Mountains 

14-Sy-01 -118.5328 34.3334 760 Towsley Late-Miocene 14.4 - 35.3 # *** 
 

14-Sy-02 -118.6173 34.3746 525 Towsley Late-Miocene 14.0 - 24.8 # *** 
 

Simi Hills 

17-ESC-01b -118.6701 34.1972 354 Detrital Sediments of Lindero Canyon Middle Miocene 22.3 - 43.7 # 
 

17-RP-01 -118.6372 34.2686 501 Chatsworth Late-Cretaceous 17.4 ± 1.0 
 

Santa Rosa Island 

18-SRI-02 -120.1036 33.9500 467 Rincon Formation Early-Miocene 12.0 - 34.3 # 
 

18-SRI-09 -120.1229 33.9081 297 South Point Sandstone Middle-Eocene 7.6 ± 0.4 
 

Santa Cruz Island 

18-PS-01 -119.8720 33.9804 7 Beechers Bay Middle-Miocene 21.9 - 31.9 # 
 

18-PS-03 -119.8626 33.9802 15 Vaqueros Early-Miocene 7.0 ± 0.6 
 

18-PS-04 -119.8604 33.9822 23 Jolla Viejo Middle-Eocene 29.5 ± 2.7 
 

18-PS-05 -119.8539 33.9917 65 Canada Middle- to Late-Eocene 18.2 ± 2.3 
 

18-PS-06 -119.8542 33.9966 195 Pozo Paleocene 22.5 ± 0.4 
 

18-PS-07 -119.8519 34.0005 288 Rincon Early-Miocene 10.4 - 79.2 # 
 

18-PS-08 -119.8710 33.9807 15 San Onofre Breccia Early-Miocene 14.3 ± 0.9 
 

Central and Western Santa Monica Mountains 

16-SM-02 -118.7939 34.0830 547 Lower Topanga Early- to Middle-Miocene 2.2 - 6.3 ** 
 

16-YB-01 -118.9510 34.0777 219 Lower Topanga Early- to Middle-Miocene 5.2 ± 0.2 
 

16-YB-02 -118.9501 34.0868 304 Lower Topanga Early- to Middle-Miocene 4.2 ± 0.8 
 

17-PMB-01 -119.0642 34.0903 5 Lower Topanga Early- to Middle-Miocene 6.5 ± 0.4 
 

Hollywood 

17-HW-09 -118.3425 34.1283 294 Upper Topanga Middle-Miocene 6.8 - 44.1 # ** 
 

# Mean cooling age is older than the depositional age of the sedimentary rock. Range of grain ages reported instead of mean age. 

** Standard error is >20% of mean age. Range of grain ages reported instead of mean age. 

*** Less than three grains analyzed or remaining after rejecting outliers and low-U grains. Range of grain ages reported instead of mean age. 

**** All but one grain rejected due to <5 ppm U concentration. Mean age not reported 
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Table 3: Timing of exhumation initiation and average exhumation rates as inferred from thermal 

models 

Transect Deepest Strata 
Exhumed 

Timing of Exhumation 
Initiation 

Rate of 
Exhumation 

    (Ma) (mm/yr) 

San Cayetano fault system 

Rattlesnake Canyon Cretaceous 8.0 0.9 

Matilija Canyon Cretaceous 6.0 1.2 

Sisar Canyon Early- to Middle-Eocene 5.0 1.2 

Santa Paula Canyon Late-Eocene 4.0 1.0 

Santa Paula Peak Middle- to Late- Eocene 3.0 1.2 

Hopper Mountain Oligocene 2.7 1.6 

Santa Monica-Channel Islands fault system 

Santa Rosa Island Middle-Eocene 10.0 0.3 

Zuma Ridge Paleocene 8.0 0.7 

Las Flores Canyon Upper Cretaceous 5.0 1.0 

Hollywood Cretaceous (pluton) 7.0 0.5 
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Figure Captions 

Figure 1: Simplified geology and structure of the Western Transverse Ranges (WTR) with 

sample locations. New apatite (U-Th-Sm)/He samples are shown by small circles with a 

concentric larger circle where paired with zircon (U-Th)/He ages. Previously published AHe are 

shown by small rectangles (Buscher et al., 2007; Niemi et al., 2013; Niemi & Clark, 2018), and 

previously published apatite fission track (AFT) are shown by small squares (White, 1992; 

Niemi et al., 2013). Faults with heavy line weights are the primary structures within the WTR. 

Figure 2: Present active faults in coastal southern California, USA, and Baja, Mexico (left) 

showing the locations of principal mountain ranges within the broader Transverse Ranges, 

including the San Gabriel Mountains, San Bernardino Mountains, San Emigdio Mountains, and 

the collective Western Transverse Ranges. The Western Transverse Ranges has undergone over 

90° of clockwise rotation and translated northwest with the Pacific Plate since Middle-Miocene 

time (right) (Luyendyk, 1991; Nicholson et al., 1994). Prior to 5 Ma, the San Gabriel Fault was 

the principal plate boundary structure. Abandonment of this structure and development of the 

new southern San Andreas Fault to the east of the San Gabriel Mountains gave rise to the Big 

Bend restraining bend in the San Andreas Fault. EF–Elsinore Fault; EPR–East Pacific Rise; GF–

Garlock Fault; HF–Hosgri Fault; MCF–Malibu Coast Fault; NIF–Newport Inglewood Fault; 

PMF–Pine Mountain Fault; SAF–San Andreas Fault; SCF–San Cayetano Fault; SClF–San 

Clemente Fault; SGF–San Gabriel Fault; SJF–San Jacinto Fault; SYF–Santa Ynez Fault. 

Figure 3: Bedrock geology and thermochronometry sample locations along (a) the San Cayetano 

fault system and (b) the Channel Islands-Santa Monica fault system in the Western Transverse 

Ranges. Transect labels: RC–Rattlesnake Canyon; MC–Matilija Canyon; SC–Sisar Canyon; 

SPC–Santa Paula Canyon; SPP–Santa Paula Peak; HM–Hopper Mountain; PC–Piru Canyon; 

SRI–Santa Rosa Island; ZR–Zuma Ridge (Niemi and Clark, 2018); LFC–Las Flores Canyon 

(Niemi and Clark, 2018); H–Hollywood. Fault abbreviations: ADF–Anacapa-Dume Fault; 

HWF–Hollywood Fault; MCF–Malibu Coast Fault; ORF–Oak Ridge Fault; RMF–Red Mountain 

Fault; SGF–San Gabriel Fault; SMF–Santa Monica Fault; SCIF–Santa Cruz Island Fault; SRIF–

Santa Rosa Island Fault; SSF–Santa Susana Fault; SSMF–South Sulphur Mountain Fault; VAA–

Ventura Avenue Anticline. F–Fault. 
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Figure 4: Inverse models of best-fit thermal histories for the last 15 Ma. Thermal history models 

from transects on both the San Cayetano and Santa Monica-Channel Islands fault systems are 

arranged from west (top) to east (bottom) (see Supporting Information for full thermal histories). 

Black arrows show timing of cooling initiation. Samples were buried between Cretaceous and 

late Miocene time, and have been exhumed since early Pliocene time from temperatures of 

100°C to 220°C. Predicted thermal histories for three samples collected from Miocene strata on 

the Hollywood are shown, but these samples were not used in the inversion. See Table 1 for 

samples included in each model. S – vertical sample separation defined by stratigraphic 

separation; E – vertical sample separation defined by elevation. 

Figure 5: Schematic figures and cooling histories demonstrating the effect of changing vertical 

sample separation on transects. (a) Schematic cross section demonstrating the relative difference 

in vertical spacing between samples (red dots) on an individual transect depending on whether 

elevation or stratigraphic separation are used to define the distance between samples. b) Rotation 

of strata in the hanging wall of a thrust ramp as sampled units pass through the apatite helium 

and zircon helium partial retention zones. Typically, the stratigraphically lowest sample is also 

the lowest elevation sample. c) Inverse thermal modelling results for the Matilija Canyon 

transect (Figure 2), with observed and predicted apatite He and zircon He cooling ages (left) and 

best-fit thermal histories (right). Prior to running the inverse cooling models, vertical sample 

separation was defined using elevation in the upper model, using a 35-degree paleo-dip in the 

center model, and using stratigraphic separation in the lower model. Note that the stratigraphic 

section on the Matilija Canyon transect is overturned, and that the highest-elevation sample is 

also the stratigraphically lowest. Error bars are ranges of sampled zircon Helium ages. Ranges of 

sampled apatite He ages are < 2 Ma. 

Figure 6: Timing of exhumation initiation along the (a) San Cayetano fault system, and (b) Santa 

Monica-Channel Islands fault system. (c) and (d) show apparent exhumation rates as inferred 

from the thermal models, assuming a geothermal gradient of 30°C/km. Panels (c) and (d) are the 

same extent as (a) and (b), respectively. Transect labels: RC–Rattlesnake Canyon; MC–Matilija 

Canyon; SC–Sisar Canyon; SPC–Santa Paula Canyon; SPP–Santa Paula Peak; HM–Hopper 

Mountain; PC–Piru Canyon; SRI–Santa Rosa Island; ZR–Zuma Ridge (Niemi & Clark, 2018); 

LFC–Las Flores Canyon (Niemi & Clark, 2018); H–Hollywood. Fault abbreviations: ADF–
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Anacapa-Dume Fault; HWF–Hollywood Fault; MCF–Malibu Coast Fault; ORF–Oak Ridge 

Fault; RMF–Red Mountain Fault; SGF–San Gabriel Fault; SMF–Santa Monica Fault; SSM –

South Sulphur Mountain Fault; SSF–Santa Susana Fault. 

Figure 7: Generalized map of terranes and faults west of the Pacific-North American plate 

boundary in southern California. The east-west trending Western Transverse Ranges (WTR) are 

bounded to the north and south by northwest-southeast trending terranes of variable composition 

and lithospheric strength. The Patton Terrane is predominantly composed of unmetamorphosed 

to low-grade metamorphosed graywacke and argillite, similar in composition to the Franciscan 

Complex (Bohannon & Geist, 1998). The Nicolas Terrane Forearc belt consists of 3+ km of 

Cretaceous through Oligocene forearc strata overlying oceanic crust. The Catalina terrane 

consists of highly deformed blueschist to amphibolite-grade accretionary rocks overlain by 

Neogene volcanic and sedimentary rocks (Grove et al., 2008). The Peninsular Terrance 

Mesozoic Terrane is overlain by a forearc sedimentary section both north and south of the WTR. 

The Obispo-Sur terrain consists of Franciscan complex rocks and is compositionally similar to 

the Patton Terrane (Vedder et al., 1983). Although the forearc strata of the WTR are likely part 

of the same Great Valley sequence that includes the Peninsular Terrane and Nicolas Terrane 

strata, the lithosphere-scale mechanical strength of the WTR is likely weaker due to its multi-

stage history of rotation and extension. F–Fault; N. A.–North American; Adapted from 

Bohannon & Geist (1998), Fisher et al. (2009), and M. Grove et al. (2008). 

Figure 8: Time steps showing the rotation, sedimentation, and exhumation of the Western 

Transverse Ranges since 15 Ma. The modern coastline of southern California, USA and Baja 

California, Mexico, are shown for geographic context. Solid black lines are faults. Clockwise 

rotation of the WTR initiates between 16-14 Ma, and sedimentation occurs throughout the region 

under a predominantly transtensional tectonic regime. The first pulse of rock exhumation 

initiates at ~10 Ma on Santa Rosa Island as rotation, regional extension, and basin formation 

slows. At 8 Ma, cooling initiates in the Santa Ynez Mountains on the western end of the San 

Cayetano fault system as the WTR transitions from predominantly transtensional to 

transpressional. By 5-6 Ma, the San Gabriel Fault is abandoned as the main plate boundary 

structure as the southern San Andreas Fault forms to the east, creating the Big Bend restraining 

bend. By this time, reverse faulting on the southern margin has propagated east to the central 
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Santa Monica Mountains, and reverse faulting on the northern margin has propagated east into 

the Topatopa Mountains. By 3 Ma, exhumation across the southern margin has slowed, whereas 

exhumation on the northern margin has continued propagating east. From 3 Ma to the present, 

forward propagation of the San Cayetano fold and thrust belt system results in rock exhumation 

in the center of the WTR block between the Santa Monica Mountains and Topatopa Mountains. 
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