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ABSTRACT

The correlation of the ca. 23 Ma Pinnacles 
and Neenach volcanic complexes provides the 
most robust estimate on the timing and mag-
nitude of Neogene right-lateral displacement 
on the San Andreas strike-slip fault system 
(California, United States). Displacement of 
∼315 km has been applied rigorously along 
the plate margin to guide reconstruction of 
offset paleogeographic features. We pres-
ent new detrital zircon U-Pb geochronology 
from the La Honda and western San Joaquin 
basins to document sediment provenance 
and reevaluate compositional constraints on 
a hypothesized key cross-fault tie (i.e., Castle 
Rock–Recruit Pass submarine fan system). 
Whereas the Upper Oligocene–Lower Mio-
cene Vaqueros Formation of the La Honda 
basin was likely recycled from or shared a 
similar southern Sierra Nevada–western 
Mojave source with the underlying Eocene 
stratigraphy, we found that the Temblor For-
mation of the central Temblor Range (e.g., 
Recruit Pass submarine fan) was derived 
directly from Late Cretaceous northern Sa-
linian basement. Furthermore, the Carneros 
Sandstone of the northern Temblor Range 
had a central Sierra Nevada batholith source 
that was likely recycled during early Miocene 
unroofing of the underlying stratigraphy. 
Conversely, strata of the southwest San Joa-
quin basin have provenance characteristics 
that match more closely with those of the La 
Honda basin.

Our data preclude a contiguous Castle 
Rock–Recruit Pass submarine fan system 
across the San Andreas fault. These relation-
ships are resolved by restoring the ca. 105–
100 Ma basement of the northernmost Salin-
ian block an additional ∼45 km or greater 
farther south relative to the Sierra Nevada 

batholith during late Oligocene–early Mio-
cene time. Inconsistency in displacement 
along the San Andreas fault with the coeval 
correlation of the Pinnacles–Neenach vol-
canic complex is reconciled by postdeposi-
tional Miocene–Quaternary off-fault NW-SE 
structural shortening via major thrusts and/
or transrotation of the Tehachapi block, in 
combination with extension of the northern 
Salinian block. This additional displacement 
reduces the need for pre–28 Ma slip on the 
San Andreas or predecessor faults to resolve 
Cretaceous through Eocene cross-fault re-
lationships and reconciles an early Miocene 
discrepancy with Pacific–North America 
relative plate motion. This study highlights 
the fact that displacement histories of major 
strike-slip faults are divergent across chang-
ing structural domains, and recognition of 
slip disparities can constrain the magnitude 
of deformation.

INTRODUCTION

The San Andreas fault system is one of the 
best-studied transform margins in the world and 
has had a profound impact on current under-
standing of the kinematic relationship between 
transform margins and the greater framework 
of plate tectonics (e.g., Atwater, 1970; Atwater 
and Molnar, 1973). The kinematic history of the 
San Andreas fault and other strike-slip fault sys-
tems globally has been largely constrained on 
the basis of displaced paleogeologic features, or 
piercing points, across the fault trace (e.g., Dick-
inson et  al., 1972; Matthews, 1976; Graham, 
1978). Age versus offset relationships between 
piercing points can be used to reconstruct the 
time-displacement history of strike-slip fault-
ing, constraining the timing of fault initiation 
and slip rates. However, this simple concept can 
be complicated by a number of factors, includ-
ing discrepancies between piercing points, strain 
partitioning, and off-fault strain. For example, 
discrepancies in strain markers have been attrib-
uted to complex off-fault deformation along the 

southern segment of the San Andreas fault (Pow-
ell, 1993; Darin and Dorsey, 2013), the Northern 
Anatolian fault zone (Armijo et al., 1999; Şengör 
et al., 2005), and other analogous plate bound-
ary–scale strike-slip fault systems. Significant 
crustal shortening across the northern boundary 
of the Tibetan Plateau via thrusts was accom-
modated by slip along the Altyn-Tagh transform 
fault (Ritts et  al., 2004; Zhang et  al., 2014), 
and basement strain markers along the Alpine 
fault have been used to constrain the timing of 
intracontinental deformation of Zealandia (King, 
2000; Mortimer, 2014, 2018; Lamb et al., 2016). 
In the case of the San Andreas fault system, such 
complexities may account for discrepancies in 
slip offsets that have long been noted between 
Pacific and North American relative plate motion 
(Dickinson and Wernicke, 1997).

This study revisited the central San Andreas 
fault system to demonstrate how incorpora-
tion of off-fault strain may better resolve time-
displacement reconstructions, thus providing a 
case study that may be applied to other strike-
slip fault systems. The ca. 28 Ma initiation of 
the modern San Andreas fault system (Atwater, 
1989), and subsequent northward migration of 
the Mendocino triple junction and displacement 
of the Salinian block (Fig.  1), had significant 
consequential effects on the regional tectonic 
events of western North America. In central 
California, these included the demise of the 
Ancestral Cascade magmatic arc as the southern 
terminus of partial melting associated with the 
subducted Juan de Fuca plate migrated north-
ward (Graham et al., 1984); reconfiguration of 
the Mesozoic Great Valley forearc basin and 
associated subduction complex along the central 
California margin into the Sacramento, San Joa-
quin, and adjacent basins of the Salinian block 
(Graham, 1978; Page, 1981; Bartow, 1991); 
and abrupt reorganizations in continental-scale 
paleodrainage to the California margin (Gooley 
et al., 2020).

Basement lithologies, volcanic centers, and 
paleogeographic features that formed across 
the San Andreas fault have subsequently been †gooleyjt@gmail.com.
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displaced and provide constraints on the magni-
tude and timing of right-lateral slip (e.g., Huff-
man, 1972; Dickinson et  al., 1972; Graham 
et  al., 1989). Perhaps the most authoritative 
constraints on the long-term displacement his-
tory of the Salinian block are: (1) the ∼415 km 
of right-lateral offset of the Cretaceous plu-
tonic rocks at its inferred northern edge from 
the southern extent of the Cretaceous Sierra 
Nevada batholith (Figs.  1 and 2; Dickinson 

et al., 2005); and (2) the correlation of the ca. 
23 Ma Pinnacles and Neenach volcanic com-
plexes based on similar stratigraphy, geochem-
istry, and geochronologic constraints (Mat-
thews, 1973, 1976). The estimated amount of 
315 km of right-lateral slip since the eruption 
of the Pinnacles-Neenach volcanic center has 
been uniformly applied along the central and 
northern traces of the San Andreas fault to look 
for corroborating lithologic and paleogeo-

graphic features that were coeval with its initia-
tion and early offset. These include inferred dis-
placement of: (1) 280–305 km based on early 
Miocene shoreline and volcanic rocks (Dickin-
son et al., 1972); (2) 320–330 km based on late 
Oligocene and early Miocene paleobathymet-
ric features in the La Honda and San Joaquin 
basins (Stanley, 1987); and (3) 320–330 km 
based on a petrographically and stratigraphi-
cally similar deep-water fan system that was 
interpreted to be contiguous across these basins 
(Graham et al., 1989).

Eocene geologic features were found to 
generally match these displacements, includ-
ing the contiguous Eocene Butano–Point of 
Rocks deep-water fan system of the La Honda 
and San Joaquin basins that was reportedly 
displaced by 300–330 km (Clarke and Nilsen, 
1973; Graham et al., 1989) and Eocene forearc 
strata and volcanics that were offset by an esti-
mated 305–320 km (Nilsen, 1984). These con-
straints suggested that little to no displacement 
occurred on the modern San Andreas fault prior 
to 23 Ma. The remaining 100 km discrepancy 
in offset between the Cretaceous basement 
and Oligocene–Miocene Pinnacles-Neenach 
volcanic complexes led some workers to infer 
an earlier stage of right-lateral slip on the San 
Andreas fault or a predecessor fault (“two-stage 
slip” model; Fig. 3) during Late Cretaceous and/
or Paleogene time (Suppe, 1970; Graham, 1978; 
Dickinson et al., 2005).

However, the cross-fault correlation of the 
Eocene Butano and Point of Rocks submarine fan 
(Clarke and Nilsen, 1973) was challenged on the 
basis of incompatible sandstone compositions, 
paleocurrent directions, and conglomerate clast 
lithologies (Seiders and Cox, 1992). Further-
more, using detrital zircon U-Pb geochronology, 
Sharman et al. (2013) confirmed that the Eocene 
Butano and Point of Rocks submarine fans did 
not share a similar provenance; therefore, the 
deep-water submarine fan system was not con-
tiguous across the plate boundary and could not 
be used as a reliable piercing line for estimating 
fault displacement. Rather, the western Mojave 
and southern Sierran source of the Butano Sand-
stone suggests that the Salinian block was located 
an additional 50–75 km to the south relative to 
the Sierra Nevada batholith during Eocene time 
(Sharman et  al., 2013). The most important 
implication of this finding was that Paleogene 
displacement (pre–Pinnacles-Neenach volcanic 
complexes) was required on the modern San 
Andreas fault. The additional ∼100 km of dis-
placement of Salinian plutonic rocks could have 
occurred either entirely on the early San Andreas 
fault system or as a combination with proto–San 
Andreas fault movement (Sharman et al., 2013; 
see revised models of Fig. 3).

Figure 1. Regional geologic map of western United States showing main tectonic features 
and basement units discussed in the text. Map is modified from Dickinson (2008), Surpless 
and Beverly (2013), Sharman et al. (2015), Dumitru et al. (2015), and Gooley et al. (2020). 
State abbreviations: AZ—Arizona; CA—California; ID—Idaho; NV—Nevada; OR—Or-
egon; UT—Utah; MEX—Mexico.
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In this study, we revisited the Oligocene–
Lower Miocene deep-water fan systems and 
associated rocks of the northern Salinian block 
and western San Joaquin basin. In principle, 
if a sedimentary fan with a common sediment 
source had been deposited across the develop-
ing plate boundary and was subsequently off-
set, then the provenance of the strata within 
each half of the displaced unit would be 

 indistinguishable. Specifically, we used detri-
tal zircon U-Pb geochronology to evaluate 
the provenance of the Recruit Pass (Temblor 
Formation) and Castle Rock (Vaqueros Forma-
tion) deep-water fans and adjacent stratigraphy 
and test if these correlative systems were con-
tiguous across the northern San Andreas fault 
(Graham et al., 1989). Our data challenge the 
Castle Rock–Recruit Pass fan correlation, and 

we propose a revised cross-fault correlation 
for the northern Salinian block and western 
San Joaquin basin. This correlation results in 
a greater slip displacement than previously 
recognized along the northern segment of the 
San Andreas fault, and we propose kinematic 
solutions for resolving apparent discrepancy 
in the magnitude of slip relative to the coeval 
Pinnacles-Neenach volcanic center.

Figure 2. Geologic map of central California showing key faults, basement and volcanic units discussed in the text, and locations of detrital 
zircon samples in the San Joaquin basin and northern Salinian block presented in this study. Map location is shown on the inset of California 
(CA). Samples are colored by late Oligocene–middle Miocene benthic foraminiferal stages of western North America (refer to Fig. 4). 
Geologic units were modified from Jennings et al. (1997), Chapman et al. (2010), and Sharman et al. (2015).
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STUDY AREA AND STRATIGRAPHIC 
FRAMEWORK

Northern Salinian Block

The La Honda basin, which is bounded by 
the Cretaceous Salinian granitic rocks of Mon-
tara Mountain (ca. 104–102 Ma) to the north 
and Ben Lomond Mountain (ca. 99–92 Ma) to 
the south (Mattinson, 1994; Kistler and Cham-
pion, 2001), is currently expressed as the struc-
turally complex and extensively vegetated out-
crops of the Santa Cruz Mountains (Fig. 2). The 
western part of the basin has been displaced 
northward along the San Gregorio–Hosgri fault 
(Fig. 1; Dickinson et al., 2005). The La Honda 
basin has a composite stratigraphic thickness 

of more than 14 km of sedimentary and vol-
canic strata (Stanley, 1990). Subsidence of the 
early La Honda basin is thought to have initi-
ated during the Paleocene, possibly associated 
with transpressional tectonics due to oblique 
subduction, and this was enhanced during Oli-
gocene–Miocene time as a result of transten-
sion along the newly developing San Andreas 
fault (Stanley, 1990).

The Eocene deep-water Butano Sandstone, 
deposited during the early phase of basin forma-
tion, is exposed along the northern and southern 
flanks of the La Honda basin. Stanley (1985) 
described the Oligocene and Miocene strata of 
the La Honda basin in detail, as summarized in 
Figure 4A. This study focused on the sandstone 
facies of the Upper Oligocene through Lower 

Miocene Vaqueros Formation and equivalent 
stratigraphy. Two thick, stratigraphically distinct 
units of deep-water sandstone are recognized on 
the northern and southern margins of the basin. 
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Figure 3. Alternative displacement histories of the San Andreas fault (boxes labeled with lowercase letters; see Table S2 [text footnote 1]). 
Correlations of the ca. 23 Ma Pinnacles and Neenach volcanic complexes and granitic rocks of the Cordilleran magmatic arc are the 
primary constraints on dextral displacement of the Salinian block. Previous Paleogene constraints suggested no displacement along the 
modern San Andreas fault prior to 23 Ma and that Salinian basement was initially separated by a proto–San Andreas fault (two-stage 
slip model; e.g., Suppe, 1970). Recent revision of the sediment source for Eocene strata of the northern Salinian block (Sharman et al., 
2013) required an additional ∼50–75 km of Paleogene displacement on the modern San Andreas fault. In this model, slip could have 
occurred entirely on the San Andreas or additionally on a predecessor fault. The correlation of the Oligocene–Miocene strata of the La 
Honda basin and western San Joaquin basin (hatchured box) that corroborate coeval Pinnacles-Neenach displacement was reevaluated 
in this study.

Figure 4. Stratigraphic correlation and 
lithostratigraphy of (A) the northern Sa-
linian block and (B) western San Joaquin 
basin. Note time scale change after 20 Ma. 
Relative stratigraphic positions of detrital 
zircon samples are indicated (see Table 1 for 
details). Sampled sandstone units are color 
coordinated with Figures 5, 6, 7, 9, 10, and 
11. L—late; M—middle; E—early; Sst—
Sandstone; Sh—Shale; Fm—Formation; 
Mbr—Member.
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The northern Vaqueros submarine fan is poorly 
exposed, but it generally thins southwards (Stan-
ley, 1985) and contains granitic detritus and 
radiolarian chert grains that were interpreted to 
have been derived from the northern Salinian 
basement and Franciscan subduction complex, 
respectively (Graham et al., 1989). The southern 
Castle Rock submarine fan was derived from a 
granitic source, has generally northward- and 
eastward-trending paleocurrents, and is the dis-
tal deep-water equivalent to the shallow-marine 
shelf sandstone of the Laurel Unit and coarse-
grained fan delta facies of the Zayante Sandstone 
(Fig. 4A). At the center of the basin, the sand-
stone and distal shale units interstratify with over 
1500 m of volcanics (e.g., the Mindego Basalt; 
Fig. 4A). Stanley (1985) interpreted the Mind-
ego Basalt to have been erupted by a submarine 
volcanic complex in the center of a pull-apart 
basin, with laterally adjacent siliciclastic units 
shed off the flanks of the granitic basement highs 
filling the rapidly subsiding basin.

The Middle Miocene siliceous and calcareous 
mudstone of the Monterey Formation uncon-
formably overlies the Lower Miocene units and 
is generally laterally correlative to the north and 
south with the shallow-marine Lompico Sand-
stone (Fig. 4A), the northern exposure of which 
directly onlaps the granitic basement of Montara 
Mountain. The next closest southward exposure 
of Eocene through Lower Miocene stratigraphy 
(Fig. 4A) is greater than 30 km to the south, just 
west of the current trace of the San Andreas fault 
near San Juan Bautista (Fig. 2).

Western San Joaquin Basin

The Neogene San Joaquin basin is the south-
ern remnant of the Cretaceous–early Neogene 
Great Valley forearc basin (Fig.  1) that was 
overprinted by strike-slip tectonism of the San 
Andreas fault system, including translation of 
the Salinian block in late Cenozoic time. The 
basin is bounded on the east and southeast by the 
southern half of the Cretaceous Sierra Nevada 
batholith. To the northwest, the southern extent 
of the Diablo Range (Fig. 2) is composed primar-
ily of Cretaceous Franciscan subduction com-
plex that has been uplifted by pre– and syn–San 
Andreas fault–related transpression (Wentworth 
et al., 1984; Bloch et al., 1993). The Temblor 
Range consists of exhumed Cenozoic basin fill 
along the trace of the San Andreas fault. To the 
south, the strata of the San Emigdio Mountains 
have been exhumed by series of northward-verg-
ing thrusts north of the Garlock fault (Fig. 2).

The Eocene through Upper Miocene stratig-
raphy of the western San Joaquin basin is sum-
marized in Figure 4B. The Eocene Point of Rocks 
Sandstone of the deep-water Kreyenhagen For-

mation is only exposed in outcrop as far south as 
the northern Temblor Range, but the unit persists 
southwestward into the subsurface. Previously 
thought to have been sourced by granitic high-
lands from the southwest side of the San Andreas 
fault (e.g., Clarke and Nilsen, 1973), north-
west-directed paleoflow indicators (Nilsen and 
Simoni, 1973) and detrital zircon geochronologic 
data suggest that the deep-water Point of Rocks 
Sandstone was derived from the Sierra Nevada 
batholith to the east (Sharman et al., 2013).

During Oligocene time, evolving tectonic 
conditions associated with the early develop-
ment of the transform plate margin caused 
rapidly changing basin conditions in the west-
ern margin of the San Joaquin basin that are 
recorded in the strata of the Temblor Formation 
(Carter, 1985). In particular, lower members of 
the Temblor Formation record episodes of uplift 
(e.g., shallow marine Wygal Sandstone) and 
deepening (e.g., Santos Shale) that culminated 
in the deposition of three distinct submarine fan 
systems during the late Zemorrian (late Oligo-
cene) through Saucesian (early Miocene) ben-
thic stages (Fig. 4B; Graham et al., 1989). These 
deep-water sandstone units were deposited in 
middle and lower bathyal paleowater depths 
(Simonson and Krueger, 1942; Graham et al., 
1989), and paleobathymetric maps based on 
benthic foraminiferal paleoecology portray the 
Zemorrian and Saucesian stages of the San Joa-
quin basin to have had a bathymetric low south 
of Bakersfield and place the Temblor Range on 
the western upslope side of the northeastward-
deepening basin (Bandy and Arnal, 1969).

The northernmost “Carneros submarine fan” 
(Fig.  4B) consists of the Carneros Sandstone 
Member of the Temblor Formation, where 
exposed in the northern Temblor Range, and proj-
ects southwestward into the subsurface (Pence, 
1985), where it is penetrated by wells at Elk Hills 
and Buena Vista fields. Carneros submarine fan 
sandstone contains detrital radiolarian chert and 
porphyritic felsite that were likely sourced from 
the exposed Mesozoic Franciscan subduction 
complex and Cretaceous Great Valley Group of 
the southern Diablo Range (Fig. 2; Pence, 1985; 
Graham et  al., 1989). Southeast of the Carne-
ros fan in the San Joaquin basin subsurface, a 
volcanic-rich sandstone unit of unknown origin 
is present (Gordon et al., 2017), and the strati-
graphic relationship has not been fully determined 
(“Volc.” unit of Elk Hills/Buena Vista fields; 
Fig. 4B). However, similar ash-rich units have 
been reported within the underlying Upper San-
tos Shale (Reid, 1995), and these deposits may be 
equivalent or derived from a similar source. The 
“Recruit Pass submarine fan” is exposed in the 
central Temblor Range and is separated from the 
Carneros fan by a northwest-southeast–trending 

submarine paleotopographic high (the Belgian 
anticline). In contrast to the Carneros fan, Recruit 
Pass submarine fan sandstone is dominated by 
granitic detritus and additionally contains basalt 
fragments instead of radiolarian chert and porphy-
ritic felsite fragments (Bent, 1985; Graham et al., 
1989). Finally, the “Maricopa submarine fan” 
is exposed in the southernmost Temblor Range 
and San Emigdio Mountains (Fig. 4B; Graham 
et  al., 1989). Bent (1985) described the Tem-
blor Formation sandstone of the Maricopa fan 
as compositionally enriched in basalt grains and 
recycled sedimentary lithics, and Gillespie (1986) 
presented evidence of a northward-directed paleo-
current. These authors interpreted the sediment to 
have been locally derived from Paleocene sand-
stones juxtaposed across the San Andreas fault.

An unconformity related to late Saucesian 
uplift separates the Relizian transgressive, shal-
low-marine, bioclastic Button Bed Sandstone 
from the underlying deep-water units in the 
Temblor Formation (Carter, 1985). Although tra-
ditionally grouped with the Temblor Formation, 
this unit is genetically linked with the overlying 
biosiliceous bathyal mudstone of the Monterey 
Formation. Together, the Button Bed Sandstone 
and Monterey Formation record a rapid trend in 
subsidence in the basin (Graham et al., 1989).

La Honda–San Joaquin Correlation

While recognizing spatial and temporal 
uncertainties in the preferred realignment of the 
Pinnacles-Neenach volcanic centers (Matthews, 
1973) and corroborating shoreline, volcanic, 
and paleobathymetric features of the southern 
San Joaquin basin (Dickinson et al., 1972; Stan-
ley, 1987), Graham et al. (1989) considered the 
petrologic composition of the Oligocene and 
Lower Miocene strata (Fig.  5) and found that 
the juxtaposition of the La Honda and San Joa-
quin basins favorably aligned the Vaqueros and 
Temblor Formation sediment dispersal systems 
(Fig. 6). Although Graham et al. (1989) acknowl-
edged that pre–middle Miocene tectonic rotation 
of the southern San Joaquin basin remained to 
be addressed (Kanter and McWilliams, 1982; 
McWilliams and Li, 1985; Plescia and Calderone, 
1986), they found that northeastward-trending 
paleocurrent indicators, granitic sandstone petro-
facies, and inferred subsurface geometry of the 
thick-bedded Castle Rock and Recruit Pass deep-
water fan systems were similar and interpreted 
315–320 km of right-lateral slip along the San 
Andreas fault. Similarly, based on this preferred 
alignment, Reid (1995) determined that volcanic 
vents associated with the Mindego Basalt of the 
La Honda basin were the likely source of ash 
and tuff deposits within the western San Joaquin 
basin (e.g., volcanic-rich Carneros Sandstone).
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METHODS

Sampling Strategy

In total, 24 new samples from Upper 
Oligocene to Middle Miocene sandstones 
were analyzed in this study (2296 analyses). 
We collected nine outcrop samples throughout 
the Salinian block (Fig. 4A) and 10 outcrop 
and five  subsurface (core) samples along the 
west side of the San Joaquin basin (Fig. 4B) 
in order to characterize provenance trends 
along a wide range of latitude on each side 
of the plate margin when ∼315 km of slip is 
restored on the San Andreas fault (Fig. 6). We 
also included one previously published Upper 
Oligocene sample from the San Emigdio 
Mountains (Shulaker et  al., 2019). Where 

Figure 6. Paleogeographic reconstruction of central California during late Oligocene–early Miocene time as visualized prior to this 
study. Palinspastic restoration of ∼315 km of slip on the San Andreas fault aligns the ca. 23 Ma Neenach and Pinnacles volcanic com-
plexes (Matthews, 1973, 1976) and late Zemorrian through early Saucesian stage paleobathymetry of the La Honda and San Joaquin 
basins (Stanley, 1985). Slip on the Garlock fault is not restored, and treatment of the Salinian block as a rigid object during restoration 
produces a gap (cross-hatched area) due to the bend in the San Andreas fault. Additionally, ∼155 km of late Miocene–Quaternary slip on 
the San Gregorio–Hosgri fault has been removed (Dickinson et al., 2005; Sharman et al., 2015). Interpreted sediment dispersal systems 
investigated in this study are shown, including the correlative Castle Rock and Recruit Pass deep-water submarine fans (Graham et al., 
1989). Locations of sandstone samples for detrital zircon U-Pb geochronology are indicated. Geographic features: BL—Ben Lomond 
Mountain; GR—Gabilan Range; MM—Montara Mountain; SEM—San Emigdio Mountains; SL—Santa Lucia Range; SNB—Sierra 
Nevada batholith.

Figure 5. Published detrital 
compositional relationships in 
sandstones of the northern Sa-
linian block (La Honda basin) 
and western San Joaquin basin. 
Ternary plot of sand grain frac-
tions from Oligocene–Lower 
Miocene sandstone samples (af-
ter Bent, 1985; Stanley, 1985; 
Graham et al., 1989) is shown in 
terms of monocrystalline quartz 
(Qm), feldspar (F), and total 
rock fragments (Lt).
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possible, samples were preferentially selected 
directly from or near localities previously 
analyzed for sandstone petrography (e.g., 
Bent, 1985; Stanley, 1985; Graham et  al., 
1989) and where biostratigraphic constraints 
on benthic foraminiferal stage (Zemorrian–
Relizian) were well established (Fig. 2). Each 
sample consisted of fine- to coarse-grained 
sandstone and was analyzed for detrital zircon 
U-Pb geochronology.

Compilation of Published Detrital Zircon 
Data

We also compiled previously published 
detrital zircon U-Pb distributions measured 
from Middle Eocene sandstone units of the 
northern Salinian block and western San 
Joaquin basin. These units stratigraphically 
underlie those analyzed in this study and allow 
both temporal comparison of provenance 
trends and evaluation of local sediment recy-
cling during the early development of the plate 
boundary. Sources for Eocene data included: 
(1) nine samples (810 total analyses) from 

the La Honda basin and San Juan Bautista 
area of the northern Salinian block (Shar-
man et al., 2013; Jacobson et al., 2011); and 
(2) eight samples (802 total analyses) from 
the western and southern San Joaquin basin 
(northern Temblor Range and San Emigdio 
Mountains; Lechler and Niemi, 2011; Shar-
man et al., 2013; Saleeby et al., 2016). Fig-
ure 4 shows the relative stratigraphic positions 
of sandstone samples in the northern Salin-
ian block and western San Joaquin basin, and 
Table 1 provides the sample locations, ages, 
and stratigraphic units from which they were 
acquired.

Detrital Zircon U-Pb and Th/U Analytical 
Methods

About 2–5 kg rock samples were collected 
from each outcrop, and ∼250–500 g samples 
were collected for each core sample. Detrital 
zircon grains were concentrated after crushing 
and disaggregating in Stanford’s Earth Materials 
laboratory by applying standard hydrodynamic, 
magnetic, and density separation techniques 

(Appendix S11). Measurement of detrital zircon 
U-Pb ages (100–200 analyses each) was per-
formed at both the University of California–Santa 
Cruz (UCSC) and the University of Arizona 
LaserChron Center (ALC) following the standard 
laser-ablation–inductively coupled plasma–mass 
spectrometry (LA-ICP-MS) methods described 
by Gehrels et al. (2008). Data reduction meth-
ods for results obtained from UCSC have been 
described by Sharman et al. (2013). Additional 
details for analytical methods and the full data 
tables are presented in the data supplement 
(Appendix S1; Tables S3 and S4). The measured 
U-Pb ages were filtered using the following cri-
teria: (1) 206Pb/204Pb > 200, U-Pb discordance 

1Supplemental Material. Appendix S1: Sample 
preparation and analytical methods; Table S1: 
Original sample names; Table S2: San Andreas fault 
offset estimates used in Figures  3 and 15; Tables 
S3 and S4: U-Th-Pb data; Table S5: Modern river 
and Eocene Th/U data sources; Table S6: Major 
structures with NW-SE deformation. Please visit 
https://doi .org/10.1130/GSAB.S.12947168 to access 
the supplemental material, and contact editing@
geosociety.org with any questions.

TABLE 1. DETRITAL ZIRCON SAMPLE LOCATIONS

Sample Formation Unit Age Benthic  
stage

Area Latitude
(°N)

Longitude
(°W)

Source

Middle–Upper Miocene
LOM-1 Lompico Fm. M. Miocene Relizian Santa Cruz Mtns. North 37.487716 122.395501 This study
LOM-2 Lompico Fm. M. Miocene Relizian Santa Cruz Mtns. South 37.100320 122.034010 This study

Oligocene–Lower Miocene
VQ-1 Vaqueros Fm. Vaqueros Fan E. Miocene Sauc. Santa Cruz Mtns. North 37.418290 122.351750 This study
LB-1 Lambert Shale Castle Rock Fan E. Miocene Sauc. Santa Cruz Mtns. 37.128580 122.017810 This study
CR-1 Vaqueros Fm. Castle Rock Fan L. Oligocene Zem. Santa Cruz Mtns. South 37.227500 122.096639 This study
CR-2 Vaqueros Fm. Castle Rock Fan L. Oligocene Zem. Santa Cruz Mtns. South 37.157528 122.001333 This study
CR-3 Vaqueros Fm. Castle Rock Fan L. Oligocene Zem. Santa Cruz Mtns. South 37.117861 121.943333 This study
SJB-2 Vaqueros Fm. Vaqueros Sst. L. Oligocene Zem. San Juan Bautista 36.863583 121.616100 This study
SJB-3 Vaqueros Fm. Zayante Sst. E. Miocene Sauc. San Juan Bautista 37.842525 121.944688 This study
AG-1 Temblor Fm. Agua Sst. Oligocene Zem. Temblor Range North 35.481157 119.895668 This study*
CRN-1 Temblor Fm. Carneros Fan E. Miocene Sauc. Temblor Range North 35.444760 119.857710 This study
CRN-2 Temblor Fm. Carneros Fan E. Miocene Sauc. Temblor Range North 35.443540 119.847340 This study
CRN-3 Temblor Fm. Carneros Fan E. Miocene Sauc. Elk Hills Field 35.315250 119.582076 This study
CRN-4 Temblor Fm. Carneros Fan E. Miocene Sauc. Elk Hills Field 35.303827 119.549115 This study
CRN-5 Temblor Fm. Carneros Fan E. Miocene Sauc. Elk Hills Field 35.281665 119.446324 This study
CRN-6v Temblor Fm. Carneros (Volc.) E. Miocene Sauc. Elk Hills Field 35.273532 119.383613 This study
CRN-7v Temblor Fm. Carneros (Volc.) E. Miocene Sauc. Buena Vista Field 35.198324 119.460764 This study
WYG-1 Temblor Fm. Wygal Sst. Oligocene Zem. Temblor Range North 35.377998 119.778618 This study*
RP-1 Temblor Fm. Recruit Pass Fan E. Miocene Sauc. Temblor Range Central 35.216500 119.710750 This study
RP-2 Temblor Fm. Recruit Pass Fan E. Miocene Sauc. Temblor Range Central 35.204315 119.680474 This study
MC-1 Temblor Fm. Maricopa Fan E. Miocene Sauc. Temblor Range South 35.027409 119.449065 This study
PLT-1 Pleito Fm. Oligocene Zem.–Sauc. San Emigdio Mtns. 34.913917 119.160694 This study
TF-1 Temblor Fm. Lower Temblor L. Oligocene Zem.–Sauc. San Emigdio Mtns. 34.952056 119.131306 Shulaker et al. (2019)
TF-2 Temblor Fm. Upper Temblor E. Miocene Sauc. San Emigdio Mtns. 34.935313 118.998644 This study*

Paleocene–Eocene
BUT-1 Butano Sst. E.–M. Eocene Ulat.–Nariz. Santa Cruz Mtns. South 37.142667 122.190139 Sharman et al. (2013)
BUT-2 Butano Sst. E.–M. Eocene Ulat.–Nariz. Santa Cruz Mtns. South 37.159300 122.235000 Sharman et al. (2013)
BUT-3 Butano Sst. E.–M. Eocene Ulat.–Nariz. Santa Cruz Mtns. South 37.198889 122.196389 Sharman et al. (2013)
BUT-4 Butano Sst. E.–M. Eocene Ulat.–Nariz. Santa Cruz Mtns. South 37.232306 122.232306 Sharman et al. (2013)
BUT-5 Butano Sst. E.–M. Eocene Ulat.–Nariz. Santa Cruz Mtns. North 37.378500 122.263700 Sharman et al. (2013)
BUT-6 Butano Sst. E.–M. Eocene Ulat.–Nariz. Santa Cruz Mtns. South 37.142699 122.188864 Jacobson et al. (2011)
SJB-1 San Juan Bautista Fm. E.–M. Eocene Ulat.–Nariz. San Juan Bautista 36.862722 121.600694 Sharman et al. (2013)
POR-1 Point of Rocks Sst. M. Eocene Ulat.–Nariz. Antelope Valley 35.727267 120.018117 Sharman et al. (2013)
POR-2 Point of Rocks Sst. M. Eocene Ulat.–Nariz. Temblor Range North 35.437720 119.848090 Sharman et al. (2013)
POR-3 Point of Rocks Sst. M. Eocene Ulat.–Nariz. Temblor Range North 35.381750 119.779139 Sharman et al. (2013)
TEJ-1 Tejon Fm. Uvas Congl. E.–M. Eocene Ulat.–Nariz. San Emigdio Mtns. 34.899472 119.150056 Sharman et al. (2013)
TEJ-2 Tejon Fm. Metralla Sst. M. Eocene Ulat.–Nariz. San Emigdio Mtns. 34.905972 119.156528 Sharman et al. (2013)
TEJ-3 Tejon Fm. Uvas Congl. E.–M. Eocene Ulat.–Nariz. San Emigdio Mtns. 34.943470 119.251540 Lechler and Niemi (2011)
TEJ-4 Tejon Fm. E.–M. Eocene Ulat.–Nariz. San Emigdio Mtns. 34.896030 119.100410 Saleeby et al. (2016)
SEF-1 San Emigdio Fm. L. Eocene Nariz. San Emigdio Mtns. 34.917056 119.168083 Sharman et al. (2013)

Note: Coordinates are in World Geodetic System 1984 (WGS84). Fm.—Formation; Sst.—Sandstone; Congl.—Conglomerate; Volc.—volcanics; Mtns—Mountains;  
E.—Early; M.—Middle; L.—Late; Nariz.—Narizian; Ulat.—Ulatisian; Zem.—Zemorrian; Sauc—Saucesian.

*Hand samples from Bent (1985); see Supplemental Material (text footnote 1) for original sample names.
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<20%, and maximum reverse discordance <5%. 
U concentration and U/Th ratio were calibrated 
relative to the Sri Lanka zircon standard. Cumu-
lative density plots (CDPs), kernel density esti-
mate (KDE) plots, and plots of Th/U ratios were 
generated using detritalPy (Sharman et al., 2018).

Detrital Zircon Statistical Methods

Detrital Zircon Maximum Depositional Age 
Calculations

We used our detrital zircon U-Pb age results 
to calculate maximum depositional ages 
(MDAs) for our samples in an effort to fur-
ther resolve ambiguous biostratigraphic and 
geochronologic constraints. The MDAs pro-
vided constraints for the correlation of time-
equivalent  stratigraphic units within the La 
Honda and San Joaquin basins. The presence 
of coeval volcanism in central California and 
surrounding regions (e.g., Stanley 1985, 1990) 
provides a reasonable expectation for finding 
young detrital zircon that is needed for MDA 
estimates to be useful in constraining deposi-
tional age (Sharman and Malkowski, 2020). 
Following Dickinson and Gehrels (2009) and 
Coutts et al. (2019), we present estimates based 
upon three different approaches (Table 2): (1) 
the youngest single grain age (YSG); (2) the 
weighted mean age of the youngest cluster of 
at least two ages within a 1σ error (YC1σ2+); 
and (3) the weighted mean age of the young-
est cluster of at least three ages within a 2σ 
error (YC2σ3+). Grain clusters were defined 
following the approach outlined in Sharman 

et al. (2018). In 16 of 19 samples that yielded 
any Oligocene–Miocene zircon, the calculated 
YC1σ2+ age was within <3.0% error of the 
YC2σ3+ age. We used the YC1σ2+ age as our 
preferred MDA for these samples, as Dickin-
son and Gehrels (2009) demonstrated that the 
YC1σ2+ age underestimated a depositional age 
in only <5% of their samples. For two samples, 
only the YSG yielded a Cenozoic MDA, which, 
in both cases, was consistent with biostrati-
graphic constraints (Table  2). Coutts et  al. 
(2019) suggested that the YSG age is preferable 
for samples with 50–100 analyses but warned 
that this method is susceptible to contamina-
tion or disturbance of the U-Pb systematics of 
zircon (e.g., lead loss), as illustrated by Herriott 
et al. (2019). We therefore placed greater con-
fidence in MDA calculations based on multiple 
grain clusters versus the YSG.

Multidimensional Scaling
We used nonmetric multidimensional scal-

ing (MDS) to assess the degree of dissimilar-
ity between samples and further infer potential 
shared sediment source areas. Following the 
methods of Vermeesch (2013), detrital zircon 
age distributions were mapped together on a 
dimensionless plot to graphically display simi-
larity. We used the Kolmogorov-Smirnov Dmax 
(maximum separation between CDPs of sample 
pairs) as a similarity metric (Saylor and Sun-
dell, 2016; Sharman et al., 2018). Samples that 
plot in proximity on the MDS plot are more 
similar (i.e., lower Dmax) than samples that plot 
farther apart.

RESULTS

Detrital Zircon U-Pb Age Distributions

U-Pb age data were organized from north-
to-south for the Salinian block and San Joaquin 
basin and are graphically displayed as KDEs in 
Figure 7. The proportions of key age fractions 
(sensu Andersen et al., 2018) that correspond to 
known basement ages (Figs. 1 and 2) are pre-
sented in Table 3, and fault-parallel trends in 
age fraction proportions are shown in Figure 7. 
The age fractions recognized in this study can 
be broadly grouped into three categories based 
upon geologic relationships throughout the 
western North American Cordillera: (1) pre-
Permian zircon assemblages of the Laurentian 
provinces and Paleozoic terranes of the North 
American interior (older than ca. 300 Ma); (2) 
Permian–Paleogene Cordilleran arc assem-
blages (ca. 285–53 Ma); and (3) Paleogene–
Neogene volcanic centers (ca. 52–10 Ma).

Northern Salinian Block

The Oligocene–Lower Miocene Vaqueros 
Formation of the La Honda basin (Santa Cruz 
Mountains) has a diverse assemblage of detrital 
zircon ages (Fig. 7). All samples were dominated 
by mid- to Late Cretaceous (135–85 Ma; 50%–
71%) age fractions, although peak ages differed, 
with a subordinate fraction of Jurassic to Early 
Cretaceous (200–135 Ma), and minor fractions 
of Permian to Triassic (300–200 Ma), pre-
Permian (>300 Ma), and Oligocene to Miocene 

TABLE 2. SUMMARY OF DETRITAL ZIRCON MAXIMUM DEPOSITIONAL AGE (MDA) CALCULATIONS FOR OLIGOCENE–MIOCENE SAMPLES

Sample Formation Unit Total 
grains

Youngest 
single grain
(Ma ± 1σ)

Youngest overlapping cluster 
within 1σ error

Youngest overlapping cluster 
within 2σ error

Preferred 
MDA

Type

YC1 (2+): 
(Ma ± 1σ)

MSWD No. 
grains

YC2 (3+): 
Ma ± 1σ

MSWD No. 
grains

(Ma ± 1σ)

LOM-1 Lompico Fm. 107 92.6 ± 0.9 92.7 ± 0.9 0 2 93.8 ± 0.7 2 3 NA NA
LOM-2 Lompico Fm. 116 82.1 ± 2.4 83.6 ± 1.1 0.5 2 89.7 ± 0.6 0.4 8 NA NA
VQ-1 Vaqueros Fm. Vaqueros fan 105 18.4 ± 0.8 18.6 ± 0.5 0.2 6 18.6 ± 0.4 0.2 6 18.6 ± 0.4 YC1(2+)
LB-1 Lambert Sh. Castle Rock fan 99 23.8 ± 1.2 23.9 ± 1.0 0.1 2 24.9 ± 0.9 1.1 4 23.9 ± 1.0 YC1(2+)
CR-1 Vaqueros Fm. Castle Rock fan 97 24.0 ± 1.1 24.0 ± 1.0 0.1 2 86.3 ± 0.6 2.7 4 24.0 ± 1.0 YC1(2+)
CR-2 Vaqueros Fm. Castle Rock fan 101 26.7 ± 1.2 26.6 ± 1.1 0.1 2 27.2 ± 1.1 1.4 3 26.6 ± 1.1 YC1(2+)
CR-3 Vaqueros Fm. Castle Rock fan 97 26.4 ± 1.4 27.0 ± 0.9 0.6 3 27.0 ± 0.9 0.6 3 27.0 ± 0.9 YC1(2+)
SJB-2 Vaqueros Fm. Vaqueros Sst. 98 33.8 ± 1.1 84.3 ± 0.8 0.5 6 82.6 ± 0.8 2.4 6 33.8 ± 1.1 YSG
SJB-3 Vaqueros Fm. Zayante Sst. 148 22.2 ± 0.3 22.3 ± 0.2 0.6 2 22.7 ± 0.1 2.8 5 22.3 ± 0.2 YC1(2+)
AG-1 Temblor Fm. Agua Sst. 108 24.6 ± 0.8 27.1 ± 0.3 0 2 26.8 ± 0.3 3.8 3 27.1 ± 0.3 YC1(2+)
CRN-1 Temblor Fm. Carneros fan 98 48.1 ± 1.4 48 ± 1.3 0.1 2 90.7 ± 0.4 1.2 14 NA NA
CRN-2 Temblor Fm. Carneros fan 98 44.7 ± 0.7 88.1 ± 0.8 0.8 3 89.2 ± 0.5 1.5 5 NA NA
CRN-3 Temblor Fm. Carneros fan 58 25.7 ± 0.6 27.8 ± 0.5 0.2 2 27.0 ± 0.4 4 3 27.8 ± 0.5 YC1(2+)
CRN-4 Temblor Fm. Carneros fan 59 22.0 ± 0.6 22.7 ± 0.4 1.1 3 22.9 ± 0.3 1.1 4 22.7 ± 0.4 YC1(2+)
CRN-5 Temblor Fm. Carneros fan 59 25.6 ± 0.7 87.4 ± 0.9 0.3 6 90.1 ± 0.6 2.1 12 25.6 ± 0.7 YSG
CRN-6v Temblor Fm. Carneros (Volc.) 60 16.7 ± 0.5 17.3 ± 0.1 0.4 12 17.8 ± 0.1 1.2 23 17.3 ± 0.1 YC1(2+)
CRN-7v Temblor Fm. Carneros (Volc.) 98 16.1 ± 0.7 16.6 ± 0.3 0.6 5 17.2 ± 0.2 1.5 11 16.6 ± 0.3 YC1(2+)
WYG-1 Temblor Fm. Wygal Sst. 110 89.4 ± 1.6 91.0 ± 0.6 0.3 9 92.9 ± 0.4 1.3 20 NA NA
RP-1 Temblor Fm. Recruit Pass fan 88 18.4 ± 1.1 18.7 ± 0.7 0.1 3 19.1 ± 0.6 1.4 4 18.7 ± 0.7 YC1(2+)
RP-2 Temblor Fm. Recruit Pass fan 197 20.4 ± 0.3 22.4 ± 0.2 0.7 3 22.4 ± 0.2 0.7 3 22.4 ± 0.2 YC1(2+)
MC-1 Temblor Fm. Maricopa fan 99 16.5 ± 0.6 18.3 ± 0.2 0.3 4 17.8 ± 0.2 3.4 3 18.3 ± 0.2 YC1(2+)
PLT-1 Pleito Fm. 99 28.8 ± 0.7 29.3 ± 0.4 0.5 3 29.7 ± 0.3 1.3 4 29.3 ± 0.4 YC1(2+)
TF-1 Temblor Fm. Lower Temblor 99 23.7 ± 0.5 23.9 ± 0.3 0.4 4 24.2 ± 0.3 1.6 5 23.9 ± 0.3 YC1(2+)
TF-2 Temblor Fm. Upper Temblor 107 19.3 ± 0.6 19.9 ± 0.2 0.2 8 20.1 ± 0.1 0.7 12 19.9 ± 0.2 YC1(2+)

Note: Coordinates are in World Geodetic System 1984 (WGS84). Fm.—Formation; Sst.—Sandstone; Sh.—Shale; Volc.—volcanics; MSWD—mean square of weighted 
deviates; NA—not applicable.
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Figure 7. Kernel density estimates (KDEs) and histograms of detrital zircon U-Pb ages for key stratigraphic intervals from Oligocene–
Middle Miocene sandstones of the northern Salinian block (left) and western San Joaquin basin (right). See Table 1 for sources of data and 
Figure 4 for stratigraphic nomenclature. KDEs have a 2 m.y. bandwidth and are colored based on detrital zircon age fractions (see key on 
top), with peak ages labeled. Numbers of displayed and total grain analyses (n) are shown. Dashed gray curves of the two volcanic-rich 
Carneros Sandstone samples (CRN-6&7v) are KDEs with the Oligocene–Miocene detrital fraction removed. Changes in proportion of de-
trital zircon age fractions are shown to the right of the KDEs. Sst—Sandstone.
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(34–0 Ma) ages (Table 3). Notably, the Cenozoic 
age fraction increases northward from the sand-
stones of the Castle Rock fan to Vaqueros fan 
(Fig. 7), while Permian to Triassic ages decrease. 
Cenozoic ages yielded MDAs that matched the 
previously reported biostratigraphic age con-
straints of late Oligocene age (Zemorrian stage) 
for the Castle Rock fan and Lambert Shale units 
(ca. 27–23 Ma) and an early Miocene age (Sauc-
esian stage) for the Vaqueros fan (ca. 18.6 Ma; 
Table  2). The distribution of Cretaceous ages 
was variable throughout the La Honda basin 
(Fig. 7). The Vaqueros fan (VQ-1) and south-
ernmost samples of the Castle Rock fan (CR-2 
and 3) showed peak ages of ca. 99–97 Ma, with 
the Castle Rock samples including a substantial 
100–85 Ma fraction (Table 3). In contrast, the 
northernmost Castle Rock fan sample (CR-1) 
and the Lambert Shale (LB-1) showed increased 
110–100 Ma ages, with peak ages of ca. 100 and 
102 Ma, respectively.

The two middle Miocene (Relizian stage) 
samples of the Lompico Sandstone showed 
greater variation than the underlying units. The 
southern Lompico Sandstone sample (LOM-2; 
Fig. 4A) had a similar age fraction to the Vaque-
ros Formation but lacked Cenozoic ages (Fig. 7) 
and had more abundant Jurassic to Early Cre-
taceous and Permian to Jurassic fractions. In 
contrast, the northern sample of the Lompico 
Sandstone (LOM-1), which is in depositional 
contact with granitic basement (Fig. 2), showed 
over 80% Cretaceous ages, with a strong uni-
modal peak age at ca. 101 Ma.

The Oligocene age (Zemorrian stage) Vaque-
ros Sandstone at San Juan Bautista (Fig. 2) was 

notably different than the sandstones of the La 
Honda basin in that it had a much higher abun-
dance of Jurassic to Early Cretaceous ages (87%; 
ca. 147 and 168 Ma age peaks). The sample 
(SJB-2) had additional latest Cretaceous ages 
with a younger peak age of ca. 91 Ma (Fig. 7). 
However, the overlying early Miocene age 
(Saucesian) Zayante Sandstone was substan-
tially different. The Zayante Sandstone sample 
(SJB-3) yielded over 85% Cretaceous zircon 
ages that showed peak ages between 114 and 
97 Ma. Furthermore, this sample lacked the lat-
est Cretaceous ages present in the underlying 
Vaqueros Sandstone and had the lowest abun-
dance of Jurassic to Early Cretaceous ages (7%) 
of all of the samples in the Salinian block.

Western San Joaquin Basin

The detrital zircon age distributions of the 
Oligocene through Lower Miocene sandstones 
of the Temblor Formation generally showed 
similar age fractions as the sandstones of the 
La Honda basin. Notably, the Permian to Tri-
assic ages (300–200 Ma) that were present in 
small quantities in the La Honda basin were 
nearly absent in the San Joaquin basin samples 
(Table 3). Furthermore, detrital zircon age distri-
butions varied more with latitude than they did 
with stratigraphic position (Zemorrian vs. Sauc-
esian; Fig. 7). The Agua Sandstone and overly-
ing Carneros Sandstone exposed in the northern 
Temblor Range (Fig. 2) predominantly showed 
Late Cretaceous ages (53%–67%; peaks at ca. 
97, 98, and 106 Ma) with subordinate quantities 
of mid-Cretaceous and Jurassic to Early Creta-

ceous ages. No Oligocene or Miocene ages were 
found in the Carneros Sandstone of the northern 
Temblor Range. Both outcrop Carneros Sand-
stone samples (CRN-1 and 2) had a small frac-
tion of Eocene grains (peaks at ca. 47–46 Ma) 
that were not found in any of the other Oligo-
cene–Miocene samples (Fig. 7). Eocene source 
rocks are not present in central California, but 
Eocene grains of similar age have been reported 
in the Point of Rocks Sandstone that underlies 
the Carneros Sandstone in the Temblor Range 
(Sharman et al., 2013).

Downdip at Elk Hills field (Figs. 2 and 6), the 
subsurface equivalent of the Carneros Sandstone 
showed more variable age distributions, including 
greater abundance of Permian to Early Cretaceous 
ages (Table 3) and the presence of 2%–9% Oligo-
cene–Miocene ages (MDAs of 26–22 Ma). Peak 
Cretaceous ages ranged ca. 86, 98, and 104 Ma 
in these three samples (CRN-3, 4, and 5), respec-
tively (Fig. 7). Further basinward, the two sam-
ples (CRN-6v and 7v) of volcanic-rich sandstone 
were dominated by Miocene and Oligocene ages 
(up to 55% and 17%, respectively). These units 
were associated with the Carneros Sandstone 
based on general stratigraphic subsurface corre-
lation (Fig. 4B), and MDAs of 16.6 and 17.3 Ma 
(YC1σ2+) suggest that the volcanic-rich sand-
stone was deposited at the very end of the early 
Miocene or later. Additionally, these samples 
had the highest proportion of pre-Permian ages 
(>300 Ma) in this study (8% and 13%; Table 3).

The Oligocene Wygal Sandstone and younger 
Recruit Pass fan of the central Temblor Range 
showed similar age distributions dominated 
by mid- to Late Cretaceous ages (>80%), and 

TABLE 3. PROPORTIONS OF DETRITAL ZIRCON AGE FRACTIONS

Sample Formation Unit Grains Detrital zircon age fractions (Ma)

0–23 
(%)

23–34 
(%)

34–65 
(%)

65–85 
(%)

85–100 
(%)

100–110 
(%)

110–135 
(%)

135–200 
(%)

200–300 
(%)

>300 
(%)

Middle–Upper Miocene
LOM-1 Lompico Fm. 107 0 0 0 0 32 44 5 12 4 4
LOM-2 Lompico Fm. 116 0 0 0 2 21 13 9 34 13 8

Oligocene–Lower Miocene
VQ-1 Vaqueros Fm. Vaqueros Fan 105 6 9 0 0 26 20 5 28 2 6
LB-1 Lambert Shale Castle Rock Fan 99 0 4 0 0 26 21 18 20 5 5
CR-1 Vaqueros Fm. Castle Rock Fan 97 0 2 0 2 24 25 9 29 2 7
CR-2 Vaqueros Fm. Castle Rock Fan 97 0 3 0 1 29 12 9 31 11 3
CR-3 Vaqueros Fm. Castle Rock Fan 101 0 3 0 2 30 22 20 16 4 4
SJB-2 Vaqueros Fm. Vaqueros Sst. 98 0 1 0 5 13 3 4 67 2 4
SJB-3 Vaqueros Fm. Zayante Sst. 148 1 3 0 1 29 24 33 7 1 0
AG-1 Temblor Fm. Agua Sst. 108 0 4 2 4 33 20 20 8 0 8
CRN-1 Temblor Fm. Carneros Fan 98 0 0 2 1 46 17 15 11 0 7
CRN-2 Temblor Fm. Carneros Fan 98 0 0 2 1 33 23 18 17 0 5
CRN-3 Temblor Fm. Carneros Fan 59 2 8 2 3 32 15 7 20 7 3
CRN-4 Temblor Fm. Carneros Fan 58 0 5 0 16 40 9 17 10 0 3
CRN-5 Temblor Fm. Carneros Fan 59 0 2 0 2 31 20 19 19 2 7
CRN-6v Temblor Fm. Carneros (Volc.) 60 55 15 2 5 5 5 0 5 0 8
CRN-7v Temblor Fm. Carneros (Volc.) 98 43 17 0 2 7 2 4 11 0 13
WYG-1 Temblor Fm. Wygal Sst. 110 0 0 0 0 27 37 19 13 1 3
RP-1 Temblor Fm. Recruit Pass fan 88 3 2 0 0 40 44 5 3 1 1
RP-2 Temblor Fm. Recruit Pass fan 197 2 1 0 0 32 34 15 9 2 5
MC-1 Temblor Fm. Maricopa fan 99 16 5 1 2 23 19 9 21 0 3
PLT-1 Pleito Fm. 99 0 4 0 5 27 9 3 41 0 10
TF-1 Temblor Fm. Lower Temblor 99 0 8 2 2 31 22 25 7 2 0
TF-2 Temblor Fm. Upper Temblor 107 12 1 0 0 39 18 17 10 0 3

Gray scale: 0% 10% 20% 30% 40% 50% 60% 70%

Note: Fm.—Formation; Sst.—Sandstone; Volc.—volcanics.

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/doi/10.1130/B35681.1/5192658/b35681.pdf
by USGS Library, Jared Thomas Gooley 
on 02 December 2020



Gooley et al.

12 Geological Society of America Bulletin, v. 130, no. XX/XX

specifically showed the highest abundance of 
110–100 Ma ages in this study (34%–44%). The 
peak age for the Wygal Sandstone is ca. 106 Ma, 
and the two Recruit Pass samples (RP-1 and 2) 
had peak ages of ca. 102 and 104 Ma, respec-
tively (Fig. 7). Furthermore, the Recruit Pass fan 
sandstones had low proportions of pre- and post-
Cretaceous zircon (Table 3), the latter of which 
yielded MDAs of ca. 19 and 22 Ma (YC1σ2+; 
Table 2). Previously, the Recruit Pass fan was 
generally assigned to late Zemorrian or Sauc-
esian age (ca. 28–16.5 Ma) based on foraminif-
eral samples (Graham et al., 1989). The base of 
the sandstone is not exposed, but samples were 
taken from the lower and upper portions of the 

outcrop (Fig. 4), and the new MDAs constrain 
most of the Recruit Pass fan deposition to have 
occurred during the Saucesian or later.

With the exception of the volcanic-rich 
Carneros Sandstone, the southern Temblor 
units had the greatest abundance of Cenozoic 
ages (Table 3). The Lower Miocene Maricopa 
fan in the southern Temblor Range had ∼21% 
Cenozoic ages that yielded a preferred YC1σ2+ 
MDA of ca. 18 Ma (Table 2). Additionally, the 
Maricopa fan had higher abundances of Juras-
sic to Early Cretaceous ages (21%) than the 
sandstones to the north and had Cretaceous age 
peaks at ca. 93 and 105 Ma. In the San Emig-
dio Mountains (Fig. 6), the Lower Oligocene 

Pleito Formation had two distinct dominant 
age fractions: Late Cretaceous and Jurassic to 
Early Cretaceous (Fig. 7). Conversely, the over-
lying Temblor Formation samples (Zemorrian 
and Saucesian stage; TF-1 and TF-2) gave less 
abundant Jurassic to Early Cretaceous ages, 
significantly more mid- to Late Cretaceous 
ages than the Pleito Formation (Table 3; Fig. 7), 
and greater than 8% Cenozoic ages (YC1σ2+ 
MDAs of ca. 24 and 19 Ma).

Detrital Zircon Th/U Ratios

In a survey of detrital zircons of the North 
American Cordillera, McKay et  al. (2018) 
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(data from Malkowski et al., 2019; Saleeby et al., 2016). (C) Eocene forearc strata interpreted to have a central Sierra Nevada source and 
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observed that zircon produced by melts asso-
ciated with extensional magmatism contains 
variable Th/U, including significant higher 
fractions (>1.0), whereas melts associated with 
compressional magmatism are less variable 
with low Th/U (<1.0). Furthermore, Bouchet 
et al. (2014) compiled a database of Pb isotope 
compositions from basement ores, K-feldspars, 
and felsic whole-rock samples for the west-
ern United States and converted the data set 
into modeled 232Th/238U ratios (Fig. 8A). They 
found a spatial trend of high Th/U values from 
the Snake River basin, across the eastern Great 
Basin, and into the Mojave and Yavapai blocks 
(Figs.  1 and 8). Conversely, the lowest Th/U 
values were observed in more westward areas 
dominated by younger basement ages (e.g., 
western Great Basin, Sierra Nevada, Peninsular 
Ranges, Salinian block, Klamath Mountains, 
Cascade Ranges, and Columbia River and Colo-
rado Plateaus).

Sharman et al. (2018) noted that the Th/U 
ratios in Mesozoic detrital zircon of the 
 California forearc basin, specifically Jurassic to 
Early Cretaceous age fractions (200–135 Ma), 
were systematically higher (>0.6 mean) for 
sandstone with inferred southern Sierra Nevada 
and northwestern Mojave Desert provenance 
(i.e., Butano Sandstone), relative to those 
with Sierra Nevada batholith provenance (i.e., 
Point of Rock Sandstone; ∼0.6 mean). Fig-
ure 8C shows published detrital zircon U-Pb 
and Th/U data for all Eocene sandstone of the 
California forearc with inferred central Sierra 
Nevada and Mojave–southern Sierran sources 
(Sharman et al., 2015). Furthermore, published 
detrital zircon U-Pb data from modern rivers 
with headwaters in the central Sierra Nevada 
batholith, southeastern Sierra Nevada (Kern 
River drainage), and Jurassic plutons southeast 
of the Sierra Nevada batholith (Lechler and 
Niemi, 2011; Niemi, 2013; Malkowski et al., 
2019) provide the best proxy for ages and 
Th/U values of the source regions (Fig. 8C). 
Zircon grains derived from the central Sierra 
Nevada batholith have few Th/U values higher 
than 1.0 (<3%), with mean values of ∼0.5 and 
0.6 for Cretaceous and Jurassic zircon, respec-
tively. In contrast, zircon grains derived from 
the Mojave and southern Sierra Nevada have a 
greater abundance of Th/U values higher than 
1.0 (>13%), with mean values of 0.6–0.7 and 
0.8–0.9 for Cretaceous and Jurassic zircon, 
respectively.

The range in Th/U values for detrital zircon 
(∼0–4) differs from the range for modeled whole-
rock Th/U values (∼3.4–4.4; Bouchet et al., 2014) 
because U and Th are preferentially incorporated 
into minerals at different proportions as they 
crystallize out of melt. It should be noted that 

U and Th content in minerals will depend on the 
order of crystallization, and therefore the chemi-
cal composition of an accessory mineral does not 
have a simple proportional relationship with the 
chemistry of the magma (Breiter, 2016). How-
ever, the trends in Th/U distributions for modern 
river sediment and the Eocene sandstones of the 
California forearc match  remarkably well with 
the spatial trends of their inferred basement 
source regions (Figs.  8A–8C; Bouchet et  al., 
2014). Because basement source areas for cen-
tral California share similar U-Pb age fractions, 
and because provenance interpretations of detri-
tal zircon samples are mostly based on relative 
abundances of these fractions, we used the detri-
tal zircon Th/U to further discriminate among 
sources of similar age. This approach has suc-
cessful been used by Riggs et al. (2013, 2020) 
to discern between similar age populations in 
the early Mesozoic Cordilleran arc. For each 
Oligocene–Lower Miocene depositional system 
of the San Joaquin and northern Salinian block, 
we compiled Th/U values by Jurassic to Early 
Cretaceous (group J; 200–125 Ma), mid- to Late 
Cretaceous (group K; 125–65 Ma), and Ceno-
zoic (group CZ; 65–0 Ma) U-Pb age fractions 
and present the distribution (KDE) and mean and 
median values for each age group in Figure 9.

Mesozoic (200–65 Ma) Detrital Zircon Th/U 
Values

The distribution of Th/U ratios for zircon 
grains in groups K and J of the Oligocene–Lower 
Miocene Temblor and Vaqueros Formations had 
few variations with stratigraphic age but was 
spatially diverse. Sandstones of the La Honda 
basin (Fig. 9, top) had among the largest range 
(wide distributions) and highest Th/U values in 
this study. Mean Th/U values for group K and J 
zircon grains were highest in the northern Vaque-
ros fan (1.0 and 1.2, respectively), with values as 
high as ∼3.0. There was a slight southward trend 
in decreasing values across the basin, with mean 
group K and J values of 0.5 and 0.9, respectively, 
in the Castle Rock fan. South of the La Honda 
basin, the sandstones of the San Juan Bautista 
area (Fig. 2) showed variable Th/U ratios. The 
Vaqueros Sandstone continued to have high 
group K and J values (mean 0.6 and 1.0), but 
the overlying Zayante Sandstone had the lowest 
values of samples from the Salinian block (0.4 
and 0.5, respectively; Fig. 9).

The Upper Oligocene to Lower Miocene 
(Zemorrian–Saucesian) Temblor Formation 
sandstones of the western San Joaquin basin 
(Fig. 9, bottom) showed a distinct northwest to 
southeast increase in mean Th/U of both group K 
and J zircon grains, with the greatest difference 
at the spatial transition from central to southern 
Temblor Range. Sandstones of the northern Tem-

blor Range had few Th/U values greater than 1.0, 
with mean values restricted to 0.4–0.7 for both 
groups, although the highest mean value (Agua 
Sandstone, group J) only had a small sampling of 
11 zircon grains and may not have been statisti-
cally robust (Fig. 9). The Wygal Sandstone and 
Recruit Pass fan of the central Temblor Range 
showed the lowest values in the western San Joa-
quin basin. To the southeast, the volcanic-rich 
sandstones that interfinger with the Carneros fan 
(see Fig. 6) were abruptly high in Th/U relative 
to their updip counterpart. The Maricopa subma-
rine fan of the southern Temblor Range and the 
Temblor Formation of the San Emigdio Moun-
tains showed slightly higher Th/U group K zircon 
values (mean 0.5) than the northern sandstones, 
but significantly higher group J values (mean 
0.8–0.9). The Lower Oligocene Pleito Forma-
tion, which underlies the Temblor Formation in 
the southern San Joaquin basin (Fig. 4B), had the 
greatest range of values in the basin (∼3.0) and 
highest mean Th/U for group K and J zircon val-
ues (0.7 and 1.1, respectively; Fig. 9).

Cenozoic (65–0 Ma) Detrital Zircon Th/U 
Values

The distribution of Th/U in the young, near-
contemporaneous zircon grains of group CZ was 
highly variable throughout the study area (Fig. 9). 
For example, whereas the updip Carneros Sand-
stone of the northern Temblor Range had a mean 
value of 0.6, the downdip volcanic-rich deposits 
had the greatest range (up to ∼3.5), with few zir-
con values less than 0.5 and a mean Th/U value 
of 1.2 (Fig. 9). The group CZ zircon grains of the 
La Honda basin (northern Salinian block) and the 
Temblor Range (San Joaquin basin) all had mean 
Th/U values greater than 0.6, with the Vaqueros 
fan, Agua Sandstone, and Maricopa fan exceed-
ing a mean of 1.0 (Fig. 9). In contrast, the few 
group CZ zircon grains present in the southern-
most Temblor Formation–age sandstones (San 
Juan Bautista region and San Emigdio Moun-
tains) showed the lowest values (mean <0.5).

SANDSTONE PROVENANCE

Potential Sediment Sources

The plutonic, volcanic, metamorphic, and 
sedimentary rocks that were possible sources of 
local and extraregional sediment to the central 
California margin during the Cenozoic have been 
discussed at length in recent studies ( Sharman 
et al., 2015; Gooley et al., 2020). These include 
northerly sources (i.e., Idaho batholith, Ceno-
zoic volcanism in the Great Basin, and Klamath 
Mountains), sources adjacent to the San Joa-
quin basin (i.e., granitic basement of the Sierra 
Nevada batholith, Salinian block, and Mojave 
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Desert; Fig. 1), and intrabasinal sources (local 
Cenozoic volcanism and the underlying stra-
tigraphy). While all of these are considered as 
possible sources of sediment, the latter adjacent 

and local sources are considered the most plau-
sible source areas for the western San Joaquin 
basin and northern Salinian block. In addition, 
we compared our data to the Eocene stratigraphy 

that was derived from the Sierra Nevada batho-
lith and Mojave Desert sources (e.g., Sharman 
et al., 2013, 2015) to demonstrate changing sedi-
ment source areas.

Detrital Zircon Provenance

A comparison of the detrital zircon age 
fractions of Eocene through Lower Miocene 
sandstones of the northern Salinian block and 
western San Joaquin basin showed that mix-
ing of Sierra Nevada and southern Sierran and 
Mojave zircon occurred as new and recycled 
sediment sources were redistributed across the 
basin. Ternary mixture diagrams of the rela-
tive proportions of zircon ages most similar to 
southern Sierran and western Mojave sources 
(>135 Ma) with ages representative of the 
Early (135–100 Ma) and Late (100–65 Ma) 
Cretaceous magmatic arc show a clear dis-
tinction between the Sierra Nevada batholith–
derived Eocene Point of Rocks Sandstone and 
the Mojave–southern Sierran–sourced Butano 
Sandstone and Tejon Formation (Figs.  4 and 
10A). The Oligocene–Lower Miocene sand-
stones show variability in this ternary space 
relative to the Eocene fields. The Early and Late 
Cretaceous age groups are also present in the 
Salinian basement rocks of Montara Mountain 
and the northern Gabilan Range (135–100 Ma), 
and Ben Lomond and southern Gabilan Range 
(100–65 Ma; Fig. 2).

Additionally, a nonmetric MDS comparison 
of statistical similarities of Oligocene to Lower 
Miocene Salinian and San Joaquin basin sam-
ples with the underlying Eocene sandstones 
can be used to infer sediment mixing trends 
between two distinct fields: central Cretaceous 
Sierran Nevada batholith and Mojave–southern 
Sierran (Fig. 10B). Since our samples have con-
temporaneous ages (e.g., Oligocene–Miocene 
volcanics) that were not available as sources 
of zircon for older samples, we removed all 
late Cenozoic (<34 Ma) zircon ages from this 
first MDS plot. Samples that clustered closely 
were interpreted to share a similar sediment 
source, while outliers may have had additional 
sources or an abundance of a single fraction 
(e.g., distinct plutonic ages). However, in a 
second plot (Fig. 10C), we compared only Oli-
gocene through Lower Miocene sandstones and 
included all zircon ages. By comparing these 
plots, we can discern whether younger source 
fractions affected the statistical comparison of 
pre-Cenozoic basement sources.

Northern Salinian Block Provenance
The Vaqueros Formation sandstones of the La 

Honda basin share some similarities in detrital 
age distributions with the underlying Butano 

Figure 9. Detrital zircon Th/U 
vs. U-Pb age for Oligocene–
Lower Miocene sandstone 
samples of the northern Sa-
linian block and western San 
Joaquin basin. Age fractions 
are divided by Cenozoic (CZ; 
0–65 Ma), mid–Late Creta-
ceous (K; 65–125 Ma), and 
Jurassic–Early Cretaceous 
(J; 125–200 Ma). Black line 
is the kernel density estimate 
(KDE) of the U-Pb ages, and 
colored line is the cumulative 
distributions plot (CDP) of 
Th/U, with the correspond-
ing KDE shown on the right 
y axis. The median Th/U ratio 
for each distribution is shown 
as a circle on the CDP at 0.5, 
and the mean Th/U ratio 
is denoted by a dashed line 
with the value labeled above. 
Numbers of samples (N) and 
analyses in each plot (n) are 
annotated. Note that a single 
value >3.0 in the Carneros 
volcanic-rich sandstone and a 
single value >2.5 in the Mari-
copa fan (group CZ) extend 
into the overlying chart.
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Formation. Elevated Jurassic–Early Cretaceous 
age fractions with high Th/U values were likely 
originally derived from the western Mojave 
Desert and/or southern Sierra Nevada batholith 
(Figs. 2 and 9). However, the increased abun-
dance of Cretaceous zircon in the Vaqueros 
Formation relative to the Eocene Butano Sand-
stone suggests increased contributions from a 
mid-Cretaceous granitic source. Specifically, 
we interpret variations in the peak Cretaceous 
ages (Fig. 7) to reflect exhumation and erosion 
of the Ben Lomond and Montara Mountain gra-
nitic basement of the northern Salinian block 
(Stanley, 1985; Graham et al., 1989). Further-

more, petrologic evidence of Franciscan detri-
tus (e.g., radiolarian chert) contributing to the 
Vaqueros submarine fan sandstone indicates 
that secondary recycling of subduction complex 
and older Paleogene strata occurred. There-
fore, the Mojave and southern Sierran sediment 
was likely recycled into the Oligocene–Lower 
 Miocene sandstones from Paleogene strata (e.g., 
Butano Sandstone) exhumed from the adjacent 
hinterland.

MDS and ternary mixing relationships support 
the inference that the sandstones of the Vaqueros 
fan, Castle Rock fan, and Lambert Shale repre-
sent mixtures of recycled Mojave–southern Sier-

ran detritus with a Cretaceous igneous source 
(Fig. 10). The southern Lompico Sandstone of 
the La Honda basin shares similar age fractions 
with the Butano Sandstone, including elevated 
Permian through Early Cretaceous age fractions 
originally derived from a Mojave–southeastern 
Sierran source. This relationship likely reflects 
recycling directly from the older forearc depos-
its of the southern La Honda basin (Fig.  1). 
Conversely, the northern Lompico Sandstone 
sample directly onlaps the granitic basement 
of Montara Mountain, and the unimodal Creta-
ceous age peak (ca. 101 Ma) likely is the most 
informative representation of the U-Pb age of the 

B C

A

Figure 10. Detrital mode and provenance mixing relationships in sandstones of the northern Salinian block (La Honda basin) and western 
San Joaquin basin. (A) Ternary diagram of Cretaceous (65–100 and 100–135 Ma) and Jurassic–Precambrian (>135 Ma) U-Pb detrital zir-
con ages for Middle Eocene (left) and Oligocene–Lower Miocene (right) sandstones of the southwestern San Joaquin basin and northern 
Salinian block. Fields that encompass the Middle Eocene strata (gray) are projected to the right plot for comparison. (B) Dimensionless 
nonmetric multidimensional scaling (MDS) plot of detrital zircon U-Pb age distributions for Eocene and Oligocene–Lower Miocene sand-
stone samples. Late Cenozoic zircon ages (<34 Ma) were excluded from the MDS transformation in order to compare basement sources. 
Provenance fields are indicated with mixing trends between sources. (C) MDS plot of Oligocene–Lower Miocene sandstone samples includ-
ing all zircon ages. GVG—Great Valley Group; Ss—Sandstone.

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/doi/10.1130/B35681.1/5192658/b35681.pdf
by USGS Library, Jared Thomas Gooley 
on 02 December 2020



Gooley et al.

16 Geological Society of America Bulletin, v. 130, no. XX/XX

southern side of the Montara Mountain tonalite 
(Figs. 2 and 7). In comparison, the modern San 
Lorenzo River catchment consists of southern La 
Honda basin Cenozoic stratigraphy and the Ben 
Lomond granodiorite. The U-Pb age distribution 
from modern San Lorenzo River sediment (Sick-
mann et al., 2016) has a Cretaceous age peak (ca. 
98 Ma) likely representative of Salinian granites 
of the southern La Honda basin and has age frac-
tions similar to those of the southern Castle Rock 
fan samples (i.e., CR-2 and 3; Fig. 7).

The detrital zircon age distributions of the 
Vaqueros Formation of San Juan Bautista are 
similar to the Eocene Butano Sandstone and San 
Juan Bautista Formation (Figs.  4A and 10A). 
Mixing trends show that this sandstone (SJB-2) 
is unlikely to have received a sediment contribu-
tion from the Cretaceous Sierra Nevada batholith 
or Salinian block (Figs. 10B and 10C), and it is 
evident that Mojave and southern Sierra detritus 
continued to be routed to the area south of the La 
Honda basin through the Oligocene. However, 
the overlying Zayante Sandstone (SJB-3) shows 
an abrupt transition to principally Cretaceous 
granitic sources (Fig. 7). This likely reflects early 
uplift of northern Gabilan Range granites along 
the Zayante fault (Fig. 2; Clark and Rietman, 
1973; Stanley, 1985).

Western San Joaquin Basin Provenance
The sandstones of the western San Joaquin 

basin demonstrate inconsistent and variable 
age distributions from north to south; however, 
samples of Oligocene and early Miocene age 
are generally similar within local geographic 
regions (Fig. 7), and we infer that this is due 
to latitudinal changes in sediment provenance. 
The sandstones of the northern Temblor Range 
(Agua and Carneros) have U-Pb age distribu-
tions and Th/U ratios (Fig. 9) that were likely 
originally sourced from the Sierra Nevada 
batholith and were subsequently recycled from 
the Franciscan subduction complex and Great 
Valley forearc strata (Fig. 10) exposed in the 
emergent Temblor Range and southern Dia-
blo Range. This interpretation is supported by 
reported Franciscan detritus and facies relations 
culminating in alluvial deposits in the north-
west Carneros Sandstone (e.g., Pence, 1985; 
Graham et al., 1989). The shift in Cretaceous 
age peaks in the Carneros Sandstone sample of 
Elk Hills relative to outcrop samples (Fig. 7) 
may be the product of stratigraphic unroof-
ing and sediment recycling of Cretaceous 
through Eocene strata that recorded an evolv-
ing Cretaceous magmatic arc. Alternatively, the 
increased abundance of 110–100 Ma ages (e.g., 
CRN-5; Fig. 7) could have been contributed by 
the northernmost Salinian basement, west of 
the San Andreas fault. The differing lithology, 

U-Pb ages, Th/U ratios, and relatively young 
MDAs (ca. 17–16 Ma) of volcanic-rich sand-
stone at Elk Hills and Buena Vista suggest that 
this unit is distinct from the proper Carneros 
Sandstone and rather is an interfingering or 
overlying unit rather than a downdip deposi-
tional counterpart.

The central Temblor Range Oligocene Wygal 
Sandstone and sandstones of the Recruit Pass 
submarine fan have significantly fewer pre-
Cretaceous ages than those found in Oligo-
cene–Lower Miocene sandstone throughout 
the rest of the western and central San Joaquin 
basin (Fig. 7) and demarcate the lowest Th/U 
values for group K and J zircon in the basin 
(Fig.  9). These samples fall within the Cre-
taceous  Sierran source fields or are entirely 
distinct from other samples on the MDS plots 
(Figs. 10B and 10C) and are well into the Sier-
ran arc sources in ternary space (Fig.  10A). 
The minor pre-Cretaceous ages in the shallow-
marine Wygal Sandstone (Fig. 7), unconform-
able relationship with underlying Eocene strata 
(Fig. 4B), and reported pebbles from the Great 
Valley Group (Bent, 1985; Carter, 1985) dem-
onstrate that sediment recycling off the south-
ern Diablo Range likely occurred. However, a 
Cretaceous source of sediment with ages ca. 
106–102 Ma was directly available to the cen-
tral Temblor Range and, by the time of Recruit 
Pass fan deposition, was not diluted by detri-
tal age distributions that are found throughout 
much of the basin.

During Eocene time, the southern San Joaquin 
basin had an introduction of sediment derived 
from the southern Sierran and Mojave Desert 
(Sharman et  al., 2015). This is demonstrated 
by the presence of pre-Cretaceous zircon in the 
Tejon and San Emigdio Formations (Fig. 10A). 
Shulaker et al. (2019) documented a reduction 
in drainage area of this source region by early 
Miocene time by comparing changes in Pb 
isotopic compositions of K-feldspar in Lower 
Eocene and Lower Miocene strata to igneous 
basement sources. The U-Pb age distributions of 
the Oligocene–Lower Miocene sandstones in the 
San Emigdio Mountains and southern Temblor 
Range further constrain the timing of drainage 
reorganization in the San Joaquin basin. This is 
supported by the presence of Jurassic age frac-
tions and specifically group J zircon grains with 
high Th/U values (Fig. 9), which are common in 
sediment sourced from the Mojave region (e.g., 
Butano Sandstone; Fig. 8). Specifically, the tran-
sition from the Pleito Formation to the Temblor 
Formation in the San Emigdio Mountains (sam-
ples PLT-1 to TF-1 in Figs. 4B, 7, and 10) dem-
onstrates a switch from a primary extraregional 
Mojave source to a local Sierra Nevada batholith 
source by the end of Oligocene time (MDA of 

ca. 23.9 Ma; Table 2). To the north, in the south-
ern Temblor Range, the younger Lower Miocene 
Maricopa fan received a mixture of these sources 
(Fig. 10), likely recycled from exhumed Eocene 
strata from the southwest, with an additional 
source of ca. 21 Ma volcanic detritus. This lat-
ter switch in provenance constrains the timing of 
redistribution of southern Sierran– and Mojave-
sourced sediment into the southern San Joaquin 
basin to around 18 Ma or earlier (Table 2).

Sources of Cenozoic (30–18 Ma) Zircon in 
Central California

With the exception of the ca. 23 Ma Pinna-
cles-Neenach volcanic complex, late Oligocene 
volcanic rocks with ages of ca. 30–24 Ma are 
rare throughout central California (Stanley et al., 
2000). However, an Upper Oligocene–Lower 
Miocene unit of fluvially reworked rhyolitic 
volcanic detritus (i.e., Valley Springs Formation) 
is widespread to the north throughout the Sac-
ramento and northern San Joaquin basin (Bar-
tow, 1992). Stratigraphic and sedimentologi-
cal evidence shows that the volcanic sediment 
was derived from eruptive centers in the Great 
Basin (Nevada caldera complex; Fig.  1) and 
transported across the Sierra Nevada through 
paleovalleys (Henry and Faulds, 2010; Henry 
et al., 2012; Wakabayashi, 2013). Furthermore, 
detrital zircon U-Pb ages from correlative units 
in the southwestern Sacramento basin (Fig. 1; 
Gooley et al., 2020) show a ca. 27–23 Ma age 
fraction (ca. 24 Ma peak) that corresponded 
to felsic volcanism of the Nevada caldera belt 
(Fig.  1). Southward fluvial transport into the 
San Joaquin basin occurred during late Oligo-
cene–early Miocene time (Bartow, 1991), and it 
is likely that Oligocene age fractions present in 
the Carneros Sandstone were reworked from the 
Valley Springs Formation and distributed along 
the western margin of the basin through shallow-
marine mixing of sediment. However, the source 
of >24 Ma Oligocene age fractions in southern 
San Joaquin basin (San Emigdio Mountains) and 
the La Honda basin is less clear. These ages pos-
sibly represent earlier phases of volcanism than 
previously recognized in the volcanic centers 
of central California (e.g., Pinnacles-Neenach, 
Mindego volcanics) associated with the devel-
opment of the transform margin. Alternatively, 
Great Basin volcaniclastic sediment may have 
circumvented the southern Sierra Nevada and 
supplied the southernmost San Joaquin basin 
and northern Salinian block.

Late Oligocene–early Miocene volcanic rocks 
(ca. 28–22 Ma) in central California include 
the Mindego volcanic center of the Santa Cruz 
Mountains, Zayante volcanics of the northern 
Gabilan Range, and the Tecuya and Tunis volca-
nics in southern San Emigdio Mountains (Fig. 2; 
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Stanley, 1990). Reid (1995) suggested that vol-
canic vents associated with the Mindego Basalt 
(La Honda basin) were the most likely source of 
early Miocene volcanic detritus in the western 
San Joaquin basin center. In concurrence, the 
high Th/U early Miocene age fractions (Fig. 9) 
in the similar-age Vaqueros fan (La Honda basin) 
and Maricopa fan (southern Temblor Range) 
were likely derived from an intermediate–mafic 
volcanic source (e.g., the Mindego volcanic 
center). More specifically, the very high Th/U 
volcanic-rich Carneros Sandstone unit of the 
Buena Vista and Elk Hills fields could possibly 
have been associated with a younger phase of 
increased volcanism from the Mindego volcanic 
complex that shed eastward into the San Joaquin 
basin. Conversely, the relatively lower Th/U 
early Miocene age fractions found in the San 
Emigdio Mountains (Figs. 7 and 9) were likely 
sourced from the updip Tecuya volcanics to the 
southeast (Fig. 4B).

Sources of Late Cretaceous (110–100 Ma) 
Zircon to the Central Temblor Range

The dominantly Cretaceous U-Pb age dis-
tribution of the Temblor Formation sandstones 
at Recruit Pass requires a source of exclusively 
Cretaceous-age detritus (ca. 106–102 Ma) to 
have been in close proximity to the central Tem-
blor Range. A possible source of 110–100 Ma 
sediment was the southern Sierra Nevada batho-
lith (east of Bakersfield, Fig. 2). However, east-
ward-trending paleocurrents in the Recruit Pass 
fan (Carter, 1985; Graham et al., 1989), the posi-
tion of the central Temblor Range on the west-
ern paleobathymetric slope of the Zemorrian–
Saucesian stage San Joaquin basin (Bandy and 
Arnal, 1969), and presence of adjacent coeval 
sandstones with diverse age distributions (Fig. 9) 
make it highly implausible for 110–100 Ma 
Sierra Nevada detritus to have circumvented 
the entire San Joaquin basin and been deposited 
uniquely in the central Temblor Range.

Alternatively, 110–100 Ma granite of the Salin-
ian block is currently exposed at Montara Moun-
tain and the northern Gabilan Range (Fig.  2). 
The northern side of Montara Mountain has been 
radiometrically dated with zircon U-Pb ages of 
ca. 104–102 Ma (Mattinson, 1994; Kistler and 
Champion, 2001). Furthermore, the detrital ages 
from the Middle Miocene Lompico Sandstone, 
which directly onlaps Salinian basement, sug-
gest that the southern side of Montara Mountain 
yields ca. 101 Ma zircon. Therefore, the granite 
of Montara Mountain was a likely source of detri-
tal zircon for the Recruit Pass fan. The age of the 
granitic basement north of Montara Mountain is 
unconstrained, as the northernmost Salinian block 
has been translated northward along the San Gre-

gorio–Hosgri fault and is presently submerged in 
the Pacific Ocean (Fig. 1).

SAN ANDREAS FAULT SLIP HISTORY

Cross-Fault Relationships of the Salinian 
Block and San Joaquin Basins

A comparison of the detrital zircon age dis-
tributions from Oligocene–Lower Miocene 
submarine fan systems of Graham et al. (1989) 
demonstrate (Fig. 6) that the Recruit Pass sub-
marine fan of the Temblor Formation does not 
share a common provenance with the Castle 
Rock fan, Lambert Shale, or other Vaqueros 
Formation sandstones (Fig. 11). Furthermore, 
based on our MDAs (Table 2), the Recruit Pass 
fan is likely to have been primarily deposited 
during the Saucesian (early Miocene), whereas 
the Castle Rock fan is primarily Zemorrian (late 
Oligocene; Fig.  4). These data challenge the 
hypothesized contiguous Castle Rock–Recruit 
Pass submarine fan system across the trace of 
the San Andreas fault (e.g., Graham et al., 1989; 
Fig. 6). While this alone does not preclude the 
two depositional systems from having been 
adjacent across the fault, we propose that the 
provenance relationships of Oligocene–Lower 
Miocene sandstones throughout the northern 
Salinian block and western San Joaquin basin 
can be best resolved by aligning the northern 
Salinian basement (e.g., Montara Mountain) 
adjacent to the central Temblor Range (Fig. 12). 
Some researchers (Champion, 1989; Champion 
and Kistler, 1991) have invoked a pre–5 Ma 
segment of the San Gregorio–Hosgri fault 
that dextrally translated Montara Mountain 
∼40–80 km northward from an original posi-
tion next to Ben Lomond, based on alignment 
of a steep gradient in basement Sr initial values. 
However, there is no independent evidence of 
significant strike-slip displacement along faults 
in the La Honda basin, and the differing zir-
con U-Pb ages of the Montara Mountain (ca. 

104–102 Ma) and Ben Lomond (ca. 99–91 Ma; 
Kistler and Champion, 2001) basement do not 
support this correlation.

A solution that aligns the northern Salin-
ian basement adjacent to the Temblor Range is 
appealing because it: (1) juxtaposes a source of 
ca. 104–101 Ma granitic basement next to the 
Wygal and Recruit Pass sandstones; (2) aligns 
the high Th/U southern Sierran and Mojave-
derived sediment that was redistributed into 
sandstones of the La Honda basin with the simi-
lar Maricopa fan and Temblor Formation of the 
San Emigdio Mountains; and (3) aligns mafic to 
intermediate volcanics of the Mindego volcanic 
center so that it could have possibly supplied the 
high Th/U volcanic zircon that is prevalent in the 
Maricopa fan and volcanic-rich distal Carneros 
Sandstone (Fig. 12).

Reconciling Variable Displacement of 
Coeval Features

Restoration of the Montara Mountain granite of 
the northern Salinian block to a position adjacent 
to the central Temblor Range (Fig. 12) requires 
at least 360 ± 15 km of post–early Miocene (ca. 
16 Ma) right-lateral displacement of the Salinian 
block. The uncertainty in displacement magnitude 
is estimated by considering the reported width 
of the Recruit Pass fan (∼30 km; Graham et al., 
1989). Slip displacement along the San Andreas 
fault greater than 360 km is possible if the Salin-
ian granite north of Montara Mountain were the 
source of sediment for the Recruit Pass fan. When 
this slip magnitude is palinspastically restored 
(Fig. 12), it presents an apparent misalignment of 
other previously accepted cross-fault ties (Fig. 6), 
including the early Miocene shoreline and volca-
nic rocks of San Juan Bautista and the San Emig-
dio Mountains (Fig. 4; Dickinson et al., 1972), the 
late Oligocene and early Miocene paleobathym-
etry on the southern margin of the La Honda and 
San Joaquin basins (Stanley, 1987), and, most 
notably, the approximate 315 km of offset on the 

Figure 11. Cumulative dis-
tribution function of detrital 
zircon U-Pb age distributions 
from Oligocene–Lower Mio-
cene sandstones of the northern 
Salinian block and western San 
Joaquin basin.
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ca. 23 Ma Pinnacles and Neenach volcanic com-
plexes (Matthews, 1976).

Figure  13 shows the 45 km discrepancy 
between the newly proposed Montara Moun-
tain–Recruit Pass correlation and the Pinnacles-
Neenach volcanics. While these incongruent dis-
placement estimates from coeval features seem 
to be in conflict, we consider this discrepancy 
to be revealing of the complexities of the plate 
boundary. In previous work, there has been a ten-
dency in the study of the San Andreas and similar 
strike-slip faults to treat displaced crustal blocks 
as rigid objects that are translated to satisfy sin-
gle or corresponding one-dimensional tie points 
through time (e.g., Matthews, 1976; Burnham, 
2009). Specifically, most published palinspas-
tic reconstructions of the northern San Andreas 
transform margin translate the Salinian block to 
the southeast without accounting for off-fault 
deformation on either side of the plate boundary. 
In other words, it is tempting to try to apply a sin-

gle displacement history to the entire trace of the 
fault (e.g., competing models in Fig. 3). There 
are many features along the transform margin, 
outlined below, that have been recognized to 
have caused significant crustal deformation (e.g., 
extension of the La Honda basin and contraction 
of the southern San Joaquin basin; Stanley, 1985; 
Namson and Davis, 1988), such that the dis-
tances between piercing points on the same side 
of the fault (Fig. 13) would have changed over 
time; however, estimating the amount of defor-
mation is often a challenge. We propose that the 
discrepancy between the Montara–Recruit Pass 
and Pinnacles-Neenach piercing points is the 
result of a net ∼45 km of northwest-southeast–
directed off-fault deformation that occurred on 
one or the other side of the fault since the early 
Miocene. This off-fault deformation consisted of 
either fault-parallel elongation on the northwest 
side of the San Andreas fault (between Montara 
Mountain and the Pinnacles volcanic center) 

or shortening on the southeast side of the fault 
(between Recruit Pass and the Neenach volcanic 
center), or a combination of the two.

A similar hypothesis of differential slip through 
off-fault deformation has been previously invoked 
for the post–16 Ma slip history of the San Gre-
gorio–Hosgri fault, a subsidiary fault west of the 
San Andreas fault (Fig. 2). Colgan and Stanley 
(2016) proposed the effects of transrotation of the 
Transverse Ranges and shearing throughout the 
Santa Maria basin of the southern Salinian block 
to explain south-to-north, gradually increas-
ing dextral offset along the San Gregorio–Hos-
gri fault. These displacements range from 0 km 
at the southern terminus with the clockwise-
rotating western Transverse Ranges to greater 
than 150 km of displacement north of the zone 
of deformation. Furthermore, Darin and Dorsey 
(2013) proposed a similar model for explaining 
apparent slip discrepancies among three previ-
ously recognized cross-fault markers along the 
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Figure 12. Alignment of sediment dispersal systems in the northern Salinian block and western San Joaquin basin during late Oligocene–
early Miocene time (compare with previous interpretation shown in Fig. 6). Tectonic restoration of ∼360 km slip on the San Andreas fault 
aligns ca. 105–100 Ma basement of the northernmost Salinian block (i.e., MM—Montara Mountain) with the Recruit Pass deep-water fan 
system, but it creates a misalignment of Pinnacles and Neenach volcanic complexes, as well as San Juan Bautista (SJB) and San Emigdio 
Mountains (SEM) strata. Detrital zircon U-Pb age fractions are shown as pie diagrams corresponding to basement ages of the Cordilleran 
arc and Cenozoic volcanic rocks. Bold dashed line demarcates lower Th/U ratios of Cretaceous–Jurassic detrital zircon derived from the 
Sierra Nevada batholith from higher Th/U ratios derived from the Mojave block. Other geographic features: BL—Ben Lomond Mountain; 
GR—Gabilan Range; SNB—Sierra Nevada batholith.
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southern San Andreas fault, invoking extensional 
elongation during transrotation of the eastern 
Transverse Ranges as a plausible explanation.

The structural features along the San Andreas 
fault in central California that produced either 
northwest-southeast elongation across the Salin-
ian block or shortening on the southern Sierra 
Nevada block are highlighted in Figure 13 and are 
summarized in Supplementary Table S6 (see foot-
note 1). We present two end-member solutions 
for reconciling the apparent ∼45 km disparity in 
displacement between the offset of the Pinnacles 
and Neenach volcanics and the proposed offset of 
granitic basement of the northern Salinian block 
with the central Temblor Range (Fig. 14). These 
models are not mutually exclusive, and palinspas-
tic reconstruction of the central California margin 

likely requires a combination of these end-mem-
ber styles of off-fault deformation.

Model 1: Post–Early Miocene Transrotational 
Shear of the Tehachapi Block

Paleomagnetic studies of rocks in the San 
Emigdio Mountains and Tehachapi Range 
(Fig. 1) have demonstrated that the southern San 
Joaquin basin and “tail” of the Sierra Nevada 
batholith (“Tehachapi block” of Dickinson, 
1996) have experienced up to 90° of clockwise 
rotation since Cretaceous time, 44° of which 
occurred between ca. 22 and 16 Ma (Kanter 
and McWilliams, 1982; Plescia and Calderone, 
1986; Graham et al., 1990; Goodman and Malin, 
1992). The rotation of the Tehachapi block sig-
nificantly altered the geometry of the basin but 

has largely not been applied to paleogeographic 
reconstructions (for an exception, see Goodman 
and Malin, 1992).

In an attempt to reconcile an excess of 
>700 km Pacific–North America plate motion 
observed from seafloor magnetic anomalies 
(Stock and Molnar, 1988) relative to the esti-
mated 315 km of slip on the San Andreas fault 
(Graham et al., 1989), Dickinson (1996) inves-
tigated the cumulative effects of transrotational 
shear (sensu Ingersoll, 1988) across the Trans-
verse Ranges, Mojave, and Tehachapi blocks 
and displacement on subsidiary faults west of 
the San Andreas fault. Dickinson’s (1996) study 
was monumental in demonstrating that global 
seafloor plate motions as implied by seafloor 
magnetic anomalies could be congruent across 

Figure 13. Map showing pre–
16 Ma palinspastic alignment 
of Pinnacles and Neenach volca-
nic complexes (∼315 km offset) 
with Mesozoic plutonic rocks 
(gray) and Cenozoic volcanic 
rocks (orange). Trace of the fu-
ture San Andreas fault zone is 
expanded (cross-hatched area) 
to highlight cross-fault correla-
tions and to annotate distances 
between key geologic features. 
Granitic basement of northern-
most Salinian block (pink) is 
misaligned with Cenozoic deep-
water fan (yellow) of the cen-
tral Temblor Range (this study; 
∼360 km offset) by ∼45 km. 
Faults and structural domains 
that have resulted in postde-
positional northwest-southeast 
extension (blue) or shorten-
ing (red) of the Salinian block 
and Sierra Nevada block are 
shown. Note that longitude and 
latitude indicated west and east 
of the San Andreas fault are 
respective to modern locations 
of the Salinian block and North 
America. Faults: Bf—Butano 
fault; Cf—Chalone fault; Gf—
Garlock fault; LHf—La Honda 
fault; Paf—Pastoria fault; 
Pf—Pilarcitos fault; Pif—Pin-
nacles fault; Plf—Pleito fault; 

RRf—Rinconada-Reliz fault; WRf—Wheeler Ridge fault; WWf—White Wolf fault; Z-Vf—Zayante-Vergeles fault. Geographic features 
of the Salinian block: BL—Ben Lomond Mountain; CV—Carmel Valley; GR—Gabilan Range; MM—Montara Mountain; MY—Mon-
terey Peninsula; PV—Pinnacles Volcanics; SJB—San Juan Bautista; SL—Santa Lucia Range; SV—Salinas Valley; Zv—Zayante volcanics. 
Geographic features of the San Joaquin basin and Mojave Desert: BV—Buena Vista field; EH—Elk Hills field; NV—Neenach volcanics; 
PP—Polonio Pass; SEM—San Emigdio Mountains; THM—Tehachapi Mountains; TR—Temblor Range (n—north, c—central, s—south). 
Depositional tie: RP—Recruit Pass fan.

1000 25 50

kilometers

44°44°

Zv

MM RP

~23 M
a cr

oss-
fault t

ie 

(~315 km
 of o

ffs
et)

~160 km – Montara Mountain to Pinnacles Volcanics

~45 km discrepancy
Z-Vf

WWf

WRf

Paf
Plf

RRf

GfBf

LHf

Cf

Pif

Pf

NVTHM

PV

PP

BV

BL

MY SV

CV

GR

SJB

EH

nTR

cTR

sTR

SEM

SL

Mojave
block

Sierra
Nevada

La Honda
basin

Pacific
Ocean

San Andreas
fault zone

(expanded)

San Joaquin
basin

~23 M
a cr

oss-
fault t

ie 

(~315 km
 of o

ffs
et)Zv

MM RP

~23 M
a cr

oss-
fault t

ie 

(~315 km
 of o

ffs
et)

~23–18 Ma cross-fault tie 

(~360 km of offset)
Z-Vf

WWf

WRf

Paf
Plf

RRf

GfBf

LHf

Cf

Pif

Pf

NVTHM

PV

PP

BV

BL

MY SV

CV

GR

SJB

EH

nTR

cTR

sTR

SEM

SL

Mojave
block

Sierra
Nevada

La Honda
basin

Pacific
Ocean

~115 km – Recruit Pass

to Neenach Volcanics

~45 km discrepancy

~23–18 Ma cross-fault tie 

(~360 km of offset)~160 km – Montara Mountain to Pinnacles Volcanics

San Andreas
fault zone

(expanded)

~115 km – Recruit Pass

to Neenach Volcanics

San Joaquin
basin

122ºW 119ºW

36ºN

35ºN

37ºN

38ºN

120ºW 119ºW

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/doi/10.1130/B35681.1/5192658/b35681.pdf
by USGS Library, Jared Thomas Gooley 
on 02 December 2020



Gooley et al.

20 Geological Society of America Bulletin, v. 130, no. XX/XX

continental tectonic boundaries, thereby resolv-
ing arguments against modern plate-tectonic 
theory (cf. Hill, 1971; Dickinson et al., 1972). 
Using 45° of clockwise rotation across the 60 km 
panel length of the Tehachapi block, Dickinson 
(1996) calculated that ∼44 ± 8 km of margin-
parallel shear occurred between 22 and 16 Ma 
(Fig. 14A). These relationships can be reconciled 
by dextral shearing of the western Mojave (i.e., 
northward translation of the Neenach volcanic 
center) and tectonic shortening of the southern 
San Joaquin basin (red shaded area in Fig. 14A). 
The estimated 44 km of margin-parallel short-
ening within the Tehachapi block that occurred 
during early Miocene time due to transrotation 
completely satisfies the approximate 45 km of 
slip disparity along the San Andreas fault pro-
posed in this study.

Model 2: Post–Early Miocene Extension of 
the Salinian Block and Contraction of the 
Southern San Joaquin Basin

Significant extension of the La Honda pull-
apart basin likely occurred during early to 
middle Miocene time. Considering that basin 
depth to extension relationships are typically 
10%–20% in transtensional basins, Stanley 
(1985) estimated that northwest-southeast exten-
sion ranged from 7.5 to 35 km (15–25 km if only 
using the current extent of the Mindego Basalt). 
Stanley (1985) suspected that the La Honda pull-
apart basin was a direct result of slip along the 
San Andreas fault, although other authors have 
ascribed the extension to the northward migra-
tion of the Mendocino fracture zone (e.g., Gra-
ham et al., 1989). Additionally, dextral transten-
sion is believed to have occurred from ca. 14 to 

6 Ma in a block between the San Andreas fault 
and Pinnacles volcanics (Graymer et al., 2013) 
and may have resulted in up to 8 km of fault-
parallel elongation (Fig. 13).

Within the northern Salinian block, series 
of northwest-striking, high-angle faults (i.e., 
Butano, La Honda, Ben Lomond, and Zay-
ante-Vergeles faults; Fig.  14D) were active 
during Oligocene through Miocene time and 
controlled patterns of sediment and volcanic 
deposition (Cummings et  al., 1962; Clark 
and Rietman, 1973; Stanley and McCaffrey, 
1983); however, the timing and amount of 
strike-slip displacement along these faults, 
if any, are uncertain (Stanley, 1985). Fur-
thermore, fold axes throughout the La Honda 
basin also strike northwest and increase in 
abundance northward and with proximity to 

Figure 14. End-member mod-
els for reconciling the ∼45 km 
disparity in displacement be-
tween the offset of the Pin-
nacles and Neenach volcanics 
(∼315 km offset) and the pro-
posed offset of granitic base-
ment of the northern Salinian 
block with the central Temblor 
Range (∼360 km offset). (A, D) 
Maps showing pre-Miocene 
(ca. 23 Ma) alignment of offset 
features with faults and struc-
tural domains of northwest-
southeast extension (blue) and 
contraction (red), and restored 
areas highlighted (shaded blue 
or red). (B, E) Plots show-
ing the off-fault deformation 
(OFD) caused by Salinian ex-
tension and Sierra Nevada–
Mojave block shortening over 
time. (C, F) Plots displaying the 
resulting effect of OFD on the 
cumulative displacement his-
tory of the San Andreas fault 
(see Supplementary Table S2 
[text footnote 1] for key cross-
fault ties) north and south of 
the Tehachapi block. A two-
stage slip model (gray dashed 
lines) includes initial displace-
ment of Salinian granites along 
a proto–San Andreas fault, 
as opposed to a constant slip 
model (black dashed lines). In 
model 1 (A–C), early Miocene 

transrotational shear of the Tehachapi block (after Dickinson, 1996) accounts entirely for the disparity in San Andreas fault displacement, 
and displacement histories north and south of the Tehachapi block converge by ca. 16 Ma. In model 2 (D–F), OFD due to early Miocene 
Salinian extension and Pliocene–Quaternary contraction in the southern San Joaquin basin (see Supplementary Table S6 [text footnote 
1] for estimates) results in presently converging slip histories. See Figure 13 for labels of faults, geographic features, and depositional ties.
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the San Andreas fault. Although the structural 
folding occurred across the basin, deforma-
tion is only slightly oblique to the San 
Andreas fault (Fig.  4) and would have had 
only minimal effect on fault-parallel shorten-
ing of the Salinian block.

In comparison, contractional features within 
the southern San Joaquin basin and San Emigdio 
Mountains include several northward-verging 
reverse faults that have been active since the 
Pliocene (Fig. 14D; Davis, 1983; Davis, 1986; 
Dibblee, 1986; Namson and Davis, 1988; Wood 
and Saleeby, 1997). These faults (e.g., White 
Wolf, Wheeler Ridge, Pleito, and Pastoria faults) 
have been extensively mapped with varying esti-
mates of shortening. For example, Namson and 
Davis estimated >19 km of shortening across 
the Pleito, Pastoria, and associated blind thrusts 
north of the San Andreas fault, while restoration 
of the schematic cross section of Niemi et al. 
(2013) produced 12–15 km of shortening. The 
Wheeler Ridge and White Wolf faults are located 
on the northern end of this zone of deformation 
(Fig. 14D), and the latter is estimated to have had 
up to 15 km of northwest-southeast shortening 
and significant right-lateral strike-slip displace-
ment (Chapman et al., 2010).

The net effects of faulting adjacent to the 
San Andreas fault (off-fault deformation) that 
resulted in the Cenozoic northwest-southeast 
elongation of the Salinian block (between the 
Pinnacles and Montara Mountain) and the 

shortening of the southern San Joaquin basin 
(between the Neenach volcanics and central 
Temblor Range) are more than sufficient to 
account for the 45 km of apparent slip discrep-
ancy along the San Andreas fault (Fig. 14D; see 
Supplementary Table S6 for a complete list of 
features).

Implications for San Andreas Fault 
Slip History and Relative Pacific–North 
American Plate Motion

The timing of the off-fault deformation from 
transrotational shear (model 1) or Salinian exten-
sion and San Joaquin basin shortening (model 
2) is summarized in Figures 14B and 14E. The 
resulting effect of each of these models on plate 
deformation is a disparity in the slip histories 
of the San Andreas fault south (i.e., Pinnacles-
Neenach correlation) and north of the Tehachapi 
block (i.e., Montara–Recruit Pass correlation), as 
shown in Figures 14C and 14F. In the transro-
tational model 1, slip histories converge by the 
end of early Miocene time (ca. 16 Ma), while 
in model 2, with extensional and contractional 
faulting, slip histories are presently converging.

Regardless of the model of off-fault deforma-
tion, a major implication of both models is that 
pre–28 Ma displacement on the San Andreas 
is not required. While Sharman et  al. (2013) 
required 50–75 km of post-Eocene to late Oli-
gocene displacement (Fig. 3), this study’s addi-

tional Oligocene–Lower Miocene constraint on 
the correlation of the northern Salinian block and 
western San Joaquin basin effectively removed 
the minimum pre-Oligocene displacement esti-
mate of their Eocene cross-fault tie (i.e., Mojave 
Desert provenance of the Butano Sandstone; 
point “m” on Figs. 14C and 14E) while retaining 
previous correlations that were in apparent con-
flict (Eocene forearc strata of northern  Gabilan 
Range and San Emigdio Mountains; point “k”; 
also see Fig.  3). With the present informa-
tion available, we cannot resolve whether the 
displacement of the Salinian block occurred 
entirely on the San Andreas fault (constant slip 
model) or whether a portion of this displacement 
also occurred on a predecessor fault (two-stage 
model; e.g., Suppe, 1970), so we chose to show 
both scenarios in Figures 14C and 14F. In the 
scenario of constant slip, the Salinian block 
would have been displaced continuously by 
∼415 km since the initiation of the San Andreas 
fault (ca. 28 Ma), with ∼55 km of displacement 
prior to deposition of the Recruit Pass Sandstone 
during the early Miocene (Figs. 14C and 14F). 
Conversely, the two-stage slip model allows up 
to 55 km of initial right-lateral displacement of 
the Late Cretaceous Salinian basement prior to 
Eocene time (ca. 56 Ma), followed by 360 km of 
San Andreas fault displacement.

Finally, the sum of transrotational shear 
across multiple structural domains and cumu-
lative slip on the San Andreas fault was shown 
by Dickinson (1996) to satisfy most of the 
relative Pacific–North American plate slip 
budget, although a slip deficit of ∼100 km 
remained unaccounted for in that study. Dick-
inson and Wernicke (1997) further considered 
additional effects of Cenozoic WNW-directed 
extension of the Basin and Range Province. 
This adjustment satisfactorily resolved post–
16 Ma relative plate motions but continued to 
result in an apparent early Miocene discrep-
ancy in displacement. The authors hypoth-
esized that this might be due to deformational 
events associated with the capture of the Mon-
terey microplate during the development of 
the transform margin.  However, by using the 
apparent slip history of the Pinnacles-Neenach 
offset for the San Andreas fault (Fig. 3; Mat-
thews, 1976; Graham et al., 1989), the >45 km 
deficit in right-lateral slip demonstrated in this 
study effectively cancels out the shear that 
Dickinson (1996) attributed to the Tehachapi 
block to the north. Instead, it is imperative that 
the total slip history for the San Andreas fault 
north of all shear domains is used in order to 
rectify discrepancies with the relative plate 
motion budget. When our revised San Andreas 
fault slip history of 360 km of offset since the 
early Miocene time (Fig. 14) is applied with 

Figure 15. Comparison of cu-
mulative displacement of the 
central California transform 
margin, as inferred from (1) 
relative rotation of the Pacific–
North American plates, and 
(2) cumulative slip of the San 
Andreas fault and incremental 
effects of shear from coastal 
transrotational domains across 
the central California mar-
gin (modified from Dickinson, 
1996) and inland extension 
across the Basin and Range 
(Dickinson and Wernicke, 
1997). The newly proposed 
amount of 360 km of slip on the 
San Andreas fault (this study) 
north of the transrotational do-
mains reconciles the previously 
reported discrepancy in early 
Miocene displacement. Refer 
to table 4 of Dickinson (1996) 
and table  1 of Dickinson and 
Wernicke (1997) for calculation 

of the cumulative effects of transrotational and transtensional domains on the San Andreas 
transform margin.
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Dickinson’s (1996) estimates of transrota-
tional shear for all domains to the south and 
Dickinson and Wernicke’s (1997) extension 
of the Basin and Range, this discrepancy is 
reconciled (Fig. 15). This resolution of rela-
tive plate motion with cumulative dextral 
shear along the western North American con-
tinental plate boundary not only supports our 
new cross-fault correlation and slip magnitude 
of the San Andreas fault, but it also presents 
a solution for a tectonic puzzle that has been 
under investigation for nearly five decades 
(Hill, 1971; Dickinson et al., 1972; Dickinson 
and Wernicke, 1997).

CONCLUSIONS

Despite similar petrographic composition, 
new detrital zircon data from the Castle Rock 
and Recruit Pass submarine fans of the Vaque-
ros and Temblor Formations suggest a dissimilar 
provenance, which challenges their established 
correlation and use as a cross-fault marker to 
estimate San Andreas fault offset. Instead, the 
Oligocene–Miocene sandstones of the northern 
Salinian block have similar detrital zircon age 
distributions as, and probable recycling from, 
the underlying Eocene Butano Sandstone that 
was derived from the southern Sierra Nevada 
and western Mojave Desert. Strata of the west-
ern San Joaquin basin have a spatially diverse 
provenance history. Specifically, sandstones in 
the central Temblor Range (e.g., Recruit Pass 
fan) were derived from the granitic basement of 
the northernmost Salinian block, while southern 
San Joaquin basin sandstones are more similar to 
those of the La Honda basin. These spatial rela-
tionships are best resolved by restoring 360 km 
or more of displacement on the San Andreas 
fault since early Miocene time. Disparity in this 
slip magnitude with the coeval 315 km of slip 
on the Pinnacles and Neenach volcanic centers 
is due to at least 45 km of off-fault deformation 
along the central California transform margin. 
This new constraint removes the need for, but 
does not preclude, controversial Paleogene 
slip on the San Andreas or precursor faults and 
solves an early Miocene slip deficit between 
Pacific–North American relative plate motion 
and displacement across the transform margin.
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