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ABSTRACT The San Gabriel and Canton faults represent early stages in the development of the San Andreas fault system. How-
ever, questions of timing of initiation and magnitude of slip on these structures remain unresolved, with published estimates
ranging from 42–75 km and likely starting in the Miocene. This uncertainty in slip history reflects an absence of appropriate
piercing points. We attempt to better constrain the slip history on these faults by quantifying the changing proportions of
source terranes contributing sediment to the Ventura Basin, California, through the Cenozoic, including refining data for a key
piercing point.
Ventura Basin sediments show an increase in detrital zircon U-Pb dates and mineral abundances associated with crystalline
sources in the northern San Gabriel Mountains through time, which we interpret to record the basin’s northwest translation
by dextral strike-slip faulting. In particular, an Oligocene unit mapped as part of the extra-regional Sespe Formation instead
has greater affinity to the Vasquez Formation. Specifically, the presence of a unimodal population of ∼1180 Ma zircon, high
(57%) plagioclase content, and proximal alluvial fan facies indicate that the basin was adjacent to the San Gabriel anorthosite
during deposition of the Vasquez Formation, requiring 35–60 km of slip on the San Gabriel-Canton fault system. Mixture
modeling of detrital zircon data supported by automated mineralogy highlights the importance of this piercing point along the
San Gabriel-Canton fault system and suggests that fault slip began during the late Oligocene to early Miocene, which is earlier
than published models. These two lines of evidence disagree with recent models that estimate >60 km of offset, requiring a
reappraisal of the slip history of an early strand of the San Andreas transform zone.
KEYWORDS detrital zircon geochronology, strike-slip tectonics, tectonic reconstruction, tectonostratigraphy

INTRODUCTION AND TECTONIC HISTORY

The San Andreas Fault is currently the primary geologic
boundary between the Pacific and North American

plates. This plate boundary is the most studied in the world
due to its complex change from a convergent to transform
margin beginning at ∼28 Ma (Atwater, 1989) and its inher-
ent seismicity and proximity to large population centers.
The San Gabriel and Canton faults are older strands of the
San Andreas fault system and despite decades of debate,
existing reconstructions of slip are still in conflict. The two
faults are herein considered the San Gabriel-Canton fault
system (SGCF) due to their similar trend and offsetting
basement features (Fig. 1).

Along transform margins, piercing points are interpreted
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where similar basement features or contacts between sedi-
mentary units intersect the fault trace (Crowell, 1962). Pierc-
ing points are useful references for structural restorations
because many of these points were originally adjacent be-
fore later offset by lateral fault movement. However, slip
offset and fault timing estimates often have high degrees of
uncertainty. This is especially true when using sedimentary
rocks because sediment routing is complex and dynamic
near transform faults, and the paleogeography was likely
different than it is today. Previous studies have utilized
detrital zircon geochronology to restore piercing points
along the North American transform margin (Sharman
et al., 2013; Gooley et al., 2020). Past reconstructions of the
SGCF recognized similarities between crystalline units in
the San Gabriel Mountains (SGM) and at Frazier Mountain
(Fig. 1), but disagreed on the magnitude of slip required
to restore these piercing points to their pre-offset locations
(∼42–46 km, Powell, 1993; 60–75 km, Crowell, 2003). These
models agreed that movement along the SGCF ended ∼5
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Figure 1: A) Geologic map of the eastern Ventura Basin (after Dibblee, 2010; Jennings, 2010; Jacobson et al., 2011). B) Inset map of
the eastern Ventura Basin, showing sample locations t0-t7.

Ma when slip was transferred to the modern trace of the
San Andreas Fault (Crowell, 1982; Powell, 1993). However,
the early history of the SGCF remains unclear, and two
models use the offset of the Mint Canyon Formation in
the Soledad Basin to estimate a different timing of fault
initiation (15–13 Ma, Powell, 1993; ∼18 Ma, Hoyt et al.,
2018).

Sedimentary units within the Ventura Basin record depo-
sition adjacent to the SGCF before, during, and after SGCF
slip (Fig. 1A; Yeats et al., 1994). Prior to SGCF initiation,
Eocene marine sediments of the Juncal and Matilija For-
mations were deposited in a large, integrated catchment
within the forearc basin created by the subduction of the
Farallon Plate (Jacobson et al., 2011; Sharman et al., 2015).
By Oligocene time, the forearc basin was filling with flu-
vial deposits of the Sespe Formation south of the study
area (Ingersoll et al., 2018). In the study area, the clast size
and mineralogy of Oligocene conglomerates suggests local
sources in the emergent SGM and subsequent right-lateral

translation ∼60 km (Bohannon, 1975) during the Miocene.
Miocene deep-marine deposits of the Modelo Formation
continued to record proximal sedimentation from the SGM
(Rumelhart and Ingersoll, 1997). This pattern continued un-
til Pliocene time, when the SGCF became inactive (Crowell,
2003).

Past reconstructions of slip along the SGCF used con-
glomerate clasts and multiple crystalline sources as pierc-
ing points, and provenance changes were interpreted as
evidence of basin translation along the fault (Crowell, 1954;
Bohannon, 1975). However, the heterogeneous mineralogy
of these large clasts creates high uncertainty in previous
total slip offset estimates; a more detailed and complete
record of the provenance of the sand-sized fraction has
not been completed. This study highlights an Oligocene
sample with a unimodal age fraction that is a more ap-
propriate indicator of provenance than sedimentary units
used in previous reconstructions and documents continual
changes in detrital zircon (DZ) age spectra and SEM-based
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automated mineralogy (SAM) data in the Eocene-Pliocene
Ventura Basin. We interpret this progression as a change
in provenance as the basin translated northward along the
SGCF. We demonstrate 35–60 km of slip on the SGCF likely
initiating in Oligocene time and discuss the possible pre-
Miocene slip history and the implications for the tectonic
reconstruction of southern California.

METHODS

Eight samples were collected from the following units
near Lake Piru, California, and numbered according to
age (Fig 1B; Fig. 2): Eocene Juncal Formation (t0) and Matil-
ija Formation (t1), Oligocene Vasquez Formation (t2, t3),
Miocene Vaqueros Formation (t4) and Modelo Formation
(t5, t6), and Pliocene Pico Formation (t7). Thin sections

were made for seven samples and analyzed with a Tes-
can Integrated Mineral Analyzer for SAM (Sylvester, 2012);
sample t7 was not sufficiently lithified. Each sample was
analyzed for the U-Pb dates of 120–150 zircon grains via
LA-ICP-MS (Hart et al., 2016) at the University of Arkansas
Trace Element and Radiogenic Isotope Laboratory.

Although we recognize that Eocene sediments are un-
likely to be locally sourced (Jacobson et al., 2011; Shar-
man et al., 2015) and that some of these age compo-
nents are not unique to the SGM, we assume that DZ of
Oligocene-Pliocene samples were derived from four crys-
talline parent source components located in the modern
SGM: Cretaceous-Jurassic granitoids (CJ) (200–26 Ma), the
Triassic Mount Lowe Granodiorite (LG) (280–200 Ma), the
Mesoproterozoic San Gabriel anorthosite (SGA) (1300–1000
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Figure 2: A) KDEs of zircon U-Pb dates from crystalline sources (parents). B) KDEs of DZ from eight Eocene-Pliocene samples
(children). KDEs are not normalized and are constructed using a Gaussian kernel with a bandwidth of 20 Ma. C) Thin section false-
color images of SAM data with abundant minerals labeled and bars plotting their modal abundances. The SAM and DZ data were
analyzed from the same set of samples, but sample t7 was too disaggregated to make a thin section.
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Ma), and the Paleoproterozoic Mendenhall Gneiss (MG)
(multiple age peaks between 2000–1300 Ma). A granite
sample (Fig. 1) was analyzed (n=30) and combined with
published dates as the CJ parent, and the three other par-
ents were compiled from published data (Fig. 2, Table S2).
Although some formations may contain zircon recycled
from older sedimentary units, we assume that recycled
contributions were minor because each sample has a rela-
tively unique age spectrum.

The contribution of each parent (crystalline source) was
modeled for each child (detrital sample) following the ‘top-
down’ approach of Sharman and Johnstone (2017). We
characterized uncertainty in the mixture models using a
bootstrapping approach (Malkowski et al., 2019). For each
of 10,000 iterations, we resample with replacement the zir-
con dates from both the parent and child, calculate new
kernel density estimates (KDEs), and determine the pro-
portions of parents that mix to produce a distribution most
similar to the resampled child distribution that is quanti-
fied with the Vmax metric (e.g., Saylor and Sundell, 2016).
Detailed methods and data sources are included (Supple-
mental Material, Tables S1–S5).

RESULTS

Samples t0, t1, t4, t5, t6 and t7 contain 32–43% quartz, 17–
29% orthoclase, and 25–33% plagioclase (Fig. 2B, Table S4).
In contrast, the two Vasquez Formation samples (t2, t3)
contain abundant plagioclase (t2, 57%; t3, 60%) and sparse
quartz (t2, 6%; t3, 13%; Fig. 2B).

Eocene samples (t0–t1) contain abundant 200–26 Ma DZ
and minor Permian-Triassic (280–200 Ma) and Proterozoic
DZ (Fig. 2). Oligocene sample t2 contains a unimodal age
fraction (1300–1000 Ma) while sample t3 has an approx-
imately bimodal distribution consisting of older grains
between 1300–1000 Ma and Phanerozoic grains between
250–140 Ma (upper Paleozoic and Mesozoic). Miocene sam-
ple t4 contains abundant 1300–1000 Ma and 2000–1500 Ma
grains, samples (t5, t6) have variable Mesozoic and Protero-
zoic dates, and t5 has two Oligocene DZ dates. Pliocene
sample t7 has DZ age modes between 200–26 Ma and 2000–
1500 Ma.

Detrital zircon mixture modeling
Mixture models from Eocene samples (t0, t1) show consis-
tent contributions from the MG (Fig. 3, Table S3; P50=55–
63%, P2.5=26–45%, P97.5=76–79%, where P50 is the median
value and P2.5 and P97.5 are bounds on the 95% confi-
dence interval); CJ forms a secondary source (Fig. 3). Mix-
ture models for the Vasquez Formation samples (t2, t3)
indicate strong contributions from the SGA (P50=94–49%,
P2.5=81–29%, P97.5=100–58%), with LG as a secondary
source for t3 (P50=37%, P2.5=28%, P97.5=47%). Models for
samples from the Vaqueros (t4), Modelo (t5, t6), and Pico
(t7) Formations all indicate MG to be the dominant source
(P50=55–100%, P2.5=55–89%, P97.5=87–100%), with SGA
as a secondary source for t4 and CJ as a secondary source
for t5, t6, and t7 (Fig. 3). SGA is not modeled to contribute

appreciable sediment to t5, t6, and t7.

DISCUSSION

Pre-Miocene deposition
The two lower Eocene samples (t0, t1) have similar DZ
age spectra, with modeled contributions from MG and CJ
sources currently exposed in the western SGM 60–80 km
to the southeast (Figs. 1, 3). However, sources of this age
are common in California and not spatially distinct (Fig. 1),
and we interpret this mixture to represent deposition in the
forearc basin from multiple, extra-regional sources.

Units containing samples t2 and t3 are mapped as the
Sespe Formation (Dibblee, 2010), but these units are textu-
rally immature, consisting of poorly sorted sandstones and
conglomerates containing angular clasts up to 7 m (Crow-
ell, 1954; Bohannon, 1975), while the Sespe Formation is
typically fine-grained, quartz-rich fluvial-deltaic deposits
(Ingersoll et al., 2018). Instead, units t2 and t3 are more
similar to the Miocene-Oligocene Vasquez Formation in
the nearby Soledad Basin (Fig. 1A) (Hendrix and Inger-
soll, 1987), and we suggest that units t2 and t3 represent
locally sourced alluvial-fan deposits of the Vasquez For-
mation. This distinction is critical because while the age
of the Sespe Formation is late Eocene–early Miocene (In-
gersoll et al., 2018), the age of the Vasquez Formation is
more tightly constrained between 25 and 21 Ma (Hendrix
and Ingersoll, 1987; Frizzell Jr and Weigand, 1993), which
narrows the age uncertainty for a unit commonly used in
tectonic reconstructions.

Previous models associated large clasts of anorthosite,
granite, and gneiss in Eocene–Oligocene alluvial units to
sources 60–75 km away in the SGA, LG, and MG, respec-
tively (Crowell, 1954; Bohannon, 1975). However, our DZ
data sampled 4 km to the west of those outcrops favor
a more spatially limited sediment source, because zircon
dates that make up the ca. 1.2 Ga component in samples t2
and t3 are similar to the estimated age (1194 ± 35 Ma) of the
SGA (Barth et al., 2001) (Fig. 1A). Furthermore, the abun-
dant plagioclase (57–60%) and minor quartz (6–13%) in
samples t2 and t3 (Fig. 2C) suggest a source rich in plagio-
clase, typical of anorthosites. These two lines of evidence
suggest that, during Oligocene time, the Ventura Basin was
35–60 km to the southeast, where the SGA is nearest to
the San Gabriel fault (Fig. 1). This location only requires
an alluvial fan with a radius of 10–20 km to source the
Vasquez Formation (t2 and t3), which is within the typical
range (10–15 km) of alluvial fan radii (Hartley et al., 2010).

It is unclear why the sand-sized fraction is sourced only
from the SGA (Fig. 2), while the boulder-sized fraction
nearby is recording contributions from multiple sources
(Powell, 1993; Crowell, 2003). Several possible combina-
tions of fault initiation timing, local paleogeography and
grain size fractionation could contribute to this difference.
Our preferred interpretation is that an alluvial fan emanat-
ing from the SGA carried the sand fraction to the south or
west and into the study area, while another alluvial fan
emanating from south of the SGA transported the boulders
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to the north.

Miocene and Pliocene strike-slip associated sedimenta-
tion
DZ dates between 1300–1000 Ma diminish throughout
Miocene time (Fig. 2); for example, a SGA contribution of
23% for t4 decreases to 0% for all younger samples (Fig. 3).
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Figure 3: Left) Plots showing best-fit mixture-model results for
each child sample using the Vmax comparison metric and the
observed distribution. Right) Violin plots displaying range of
uncertainty for each parent contribution from the resampling
results.

We interpret this decrease to record the translation of the
basin away from the SGA (Fig. 4). All of the best-fit mix-
tures from Miocene-Pliocene samples include significant
but temporally variable input from MG, LG, and CJ (Fig. 2).
We interpret these DZ components to represent deposition
from the various sources exposed around the margins of
the Soledad Basin (Fig. 1). MG and CJ rocks exist on the
west side of the SGCF and technically could have provided
sediment to the Ventura Basin during the Neogene. How-
ever, the occurrence of two Oligocene DZ dates analyzed in
t5, likely sourced from volcanic units in the eastern Soledad
Basin (Fig. 1), supports this provenance interpretation. We
interpret the low proportions of >1 Ga zircon and strong
CJ contribution in sample t7 as evidence of recycling of
older sediments during Pliocene transpression and uplift
(Ingersoll and Rumelhart, 1999; Crowell, 2003).

Explanation of piercing points and their uncertainties in
the Ventura Basin
Figure 4B is a fault slip offset diagram of the relevant pub-
lished reconstructions in which the boxes represent the
uncertainty in the piercing points used to support the inter-
pretations. The horizontal length of a given box represents
the spatial uncertainty attributed to that piercing point,
and the vertical length represents the temporal uncertainty.
The lines represent the preferred interpretation of the slip
offset history of the fault while respecting the constraints
from the uncertainties.

Boxes 2a, 2b, t2, t3 - Offset of Oligocene conglomerates
in Canton Canyon and Piru Creek
Crowell (2003) estimated that the “Sespe conglomerates”
in Canton Canyon were offset ∼75 km from their inter-
preted source area in the western SGM. Crowell (2003)
interprets that the Sespe conglomerates were deposited
before 28 Ma along the scarp of a normal fault before the
basin was translated (Fig. 4B, box 2a). In contrast, Powell
(1993) interpreted that the Sespe conglomerates in Canton
Canyon are Oligocene in age and deposited prior to strike-
slip movement on the SGCF and subsequently offset 42–46
km (Fig. 4B, box 2b).

This study also uses the offset the Sespe conglomerates,
here interpreted as the Vasquez Formation and represented
by samples t2 and t3, and their source areas (Fig. 4B, box
t2) to restore the Ventura Basin. The Vasquez Formation
was deposited between 25–21 Ma in its type section in the
Soledad Basin based on biostratigraphy and K-Ar dates on
plagioclase (Hendrix and Ingersoll, 1987), and we assume
the same age range for t2 and t3. However, we recognize
the uncertainty in correlating between basins, so the outline
of box t2 is dashed due to poor age constraints. Detailed
information about the interpreted age of the Vasquez For-
mation is provided (Supplemental Material). We interpret
the change from SGA-only sediment in t2 to the addition
of a significant contribution of LG in t3 as evidence that
the basin had moved along the SGCF between t2 and t3 de-
position. The blue solid line (Fig. 4B) shows our preferred
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interpretation that the basin was moving prior to deposi-
tion of t3, and box t3 (Fig. 4B) displays the uncertainty in
both the depositional age of sample t3 and the location of
the basin during deposition. Also, box t3 is dashed due to
the possibility that the contribution of LG to sample t3 is
caused by changes in sediment routing rather than fault
movement.

Box t4 – Offset of Vaqueros Formation (t4) and crys-
talline sources surrounding the Soledad Basin
We interpret the change from the SGA-only sourced
Vasquez Formation (t2) to contributions from multiple crys-
talline sources in the Vaqueros Formation (t4) to signal that
the Ventura Basin had been translated to the north and was
receiving sediment from sources surrounding the Soledad
Basin. Although the exact location of the Ventura Basin at
the time is uncertain, this change suggests that the basin
was north of the SGA during deposition of t4. The dimin-
ishing contribution of SGA from t4–t6 suggests that the
Ventura Basin was likely proximal to the SGA during depo-
sition of t4 and moving farther away from the SGA during
deposition of t5 and t6. This is intuitive but speculative,
and thus the spatial uncertainty brackets the basin location
between where the SGA is closest to the SGCF and a loca-
tion parallel to the Soledad Basin but still proximal to the
SGA (Fig. 4B, box t4).

The reported age range of the Vaqueros Formation (t4)
is between 27.5 Ma (Prothero, 2001) and 17 Ma (Prothero
and Donohoo, 2001); its base is interpreted as Oligocene
based on biostratigraphy (Blake, 1983) at Big Mountain,
California, 20 km south of the study area (Fig. 1). The age
of the overlying Rincon Shale is interpreted as >20 Ma
near Santa Barbara, California (Prothero, 2001). We assume
that the Vaqueros Formation at Lake Piru is between 25–20
Ma based on regional correlations of the base of the Rincon
Shale and the top of the underlying Vasquez Formation;
the blue line represents our preferred slip-history model
(Fig. 4B). However, we recognize the uncertainty in these
correlations, and we place a conservative age range of 27.5–
18 Ma (Fig. 4B, box t4), which honors the oldest reported
age of the Vaqueros Formation at Big Mountain. The 18 Ma
minimum age uncertainty bound assumes that the Vaque-
ros Formation is older than the 17.4 Ma base of the Modelo
Formation and that the 600 m of Rincon Shale represents
at least 0.6 Myr of deposition. Detailed information about
the interpreted age of the Vaqueros Formation is provided
(Supplemental Material).

Box t5 – Presence of Oligocene zircon within the
Miocene lower Modelo Formation
Zircon analyzed from sample t5 from the lower Modelo
Formation yielded two Oligocene dates of 23 ± 1 Ma and
22 ± 1 Ma. No known igneous intrusive or metamorphic
units of that age exist near the SGCF, but late Oligocene
volcanic units are within the Vasquez Formation in the
Soledad Basin (Hendrix and Ingersoll, 1987; Frizzell Jr and
Weigand, 1993). This suggests that during deposition of t5,

a fluvial system within the Soledad Basin was supplying
sediment across the SGCF to the eastern Ventura Basin and
this is supported by the occurrence of Oligocene zircon in
Soledad Basin sediments (Hoyt et al., 2018). Therefore, the
spatial uncertainty is conservatively placed as the current
north and south boundaries of the Soledad Basin (Fig. 4B,
box t5) which results in a slip estimate of 12–30 km. The
age uncertainty is interpreted as 13.9–17.4 Ma, which is
the depositional age of the lower Modelo Formation (Yeats
et al., 1994).

Boxes 6a, 6b, 6c, t6 – Offset of Devil Canyon conglom-
erate of the Miocene upper Modelo Formation
Boulders of gabbro, anorthosite, gneiss, and the Triassic
Mount Lowe Granodiorite in the Devil Canyon conglom-
erate of the Miocene Modelo Formation have been used
by several studies to infer that the Ventura Basin was right
laterally offset from interpreted source regions in the SGM
(Powell, 1993; Yeats et al., 1994; Crowell, 2003). However,
each model interprets a different total offset and age. Crow-
ell (2003) estimates the age of the Devil Canyon conglom-
erate between ca. 9 and 6.5 Ma and estimates ∼45 km
of offset (Fig. 4B, box 6a). Powell (1993) interprets these
conglomerates to be 13–10 Ma and suggests an offset of 13
km along the Canton fault (Fig. 4B, box 6b) and the spa-
tial uncertainty is calculated simply by subtracting 13 km
from the 42–46 km range of total offset given by Powell
(1993). Yeats et al. (1994) interprets a 10–5 Ma age range for
the Devil Canyon conglomerate and an offset of 35–56 km
(Fig. 4B, box 6c).

The Devil Canyon conglomerate is not present at the
location where sample t6 was collected, and correlation be-
tween the upper Miocene Modelo Formation in these two
locations is difficult due to local structural complexities. At
Lake Piru, the upper Modelo Formation is interpreted as
13.9–6.5 Ma in age (Blake, 1991; Yeats et al., 1994) (Fig. 4B,
box t6). This conservative age uncertainty overlaps with
the age interpretations of all three of the previously pub-
lished models, because we do not have high resolution
age control on sample t6. Similarly, while the modeled
mixture of parent contributions to samples t4–t6 is variable
(Fig. 3), all are interpreted to have been sourced from crys-
talline units surrounding the Soledad Basin. Although we
interpret this variability is caused by right-lateral offset,
changes in sediment routing cannot be ruled out as a cause
for changes in source-terrane abundance. For this reason,
we conservatively use the boundaries of the Soledad Basin
as the spatial uncertainty (Fig. 4B, box t6), which results in
an offset of 12–30 km.

Boxes 8a, 8b – Offset of Hasley conglomerate of the
Towsley Formation in the Ventura Basin
Both Crowell (2003) and Yeats et al. (1994) used pebbles
and boulders found in the Hasley conglomerate (part of
the lower Towsley Formation) as evidence that sediment
was sourced from the SGM. Crowell (2003) reported these
clasts as similar to those from the underlying Devil Canyon
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conglomerate and interpreted right-lateral offset of ∼25 km
for these ∼6.4 Ma beds (Fig. 4B, box 8a). Yeats et al. (1994)
estimated the age of the Hasley conglomerate to be 10–5
Ma but estimated ≥30 km of slip to restore the same unit
to the interpreted source region at the northern edge of the
SGM (Fig. 4B, box 8b).

Box 9 – No offset of Fernando Formation across San
Gabriel Fault
Yeats et al. (1994) observed no offset in the upper Fernando
Formation, which is considered equivalent to the Pico For-
mation (t7) in this study (sensu Dibblee, 2010). Yeats et al.
(1994) interpreted the top of the Fernando Formation to
be <2 Ma and this age is used as the last possible fault
movement of the SGCF (Fig. 4B, box 9).

Explanation of piercing points from other basins
Boxes 10a, 10b - Offset of Frazier Mountain and western
SGM
Two studies use Frazier Mountain and similar igneous and
metamorphic rocks in the western SGM to estimate total
offset on the SGCF, but faulting and multiple igneous intru-
sions within these basement blocks have created various
interpretations of how to restore them. For example, Pow-
ell (1993) restored Frazier Mountain 42–46 km southward
along the San Gabriel fault (Fig. 4B, box 10a). Yeats et al.
(1994) estimated 60 km of offset between the Mendenhall
Gneiss of Frazier Mountain and the SGM, but does not
provide an uncertainty for this slip estimate, so it is kept
consistent with the 4 km estimate of Powell (1993) (Fig. 4B,
box 10b). The youngest rocks in these basement blocks
are Cretaceous, and therefore do not provide helpful age
control for fault movement but are included as brackets
(Fig. 4B, box 10a, 10b) because of their use in these models.

Boxes 11a, 11b – Offset of the Caliente and Mint Canyon
Formations and their textural similarities
Both Crowell (2003) and Hoyt et al. (2018) interpret the
Caliente Formation in the Plush Ranch Basin and the Mint
Canyon Formation in the Soledad Basin as correlative due
to similarities in texture, mineralogy, and petrology (Ehlert,
2003). These units were interpreted to have been deposited
prior to initiation of fault movement and used to estimate
offset along the San Gabriel fault (Crowell, 2003; Hoyt et al.,
2018). Crowell (2003) estimates the age of the Mint Canyon
and Caliente Formations as 16–11 Ma and restores them
∼75 km (Fig. 4B, Box 11a), adding ∼15 km of offset from
previous estimates of 60 km (Crowell, 1954, 2003).

Hoyt et al. (2018) suggested that the Caliente Formation
was deposited between 18–8 Ma based on biostratigraphy
and magnetic stratigraphy (Prothero et al., 2008) and that
the Mint Canyon Formation was deposited between ca.
14–10 Ma citing biostratigraphy data (Stirton, 1933) and
zircon fission track dates of 11.6 ± 1.2 Ma and 10.1 ± 0.8 Ma
(Terres and Luyendyk, 1985). Hoyt et al. (2018) interpret the
age uncertainty in the model as the range between oldest
age of the Caliente Formation (18 Ma) and the youngest

age of the Mint Canyon Formation (10 Ma) and a preferred
offset estimate of 60–70 km (Fig. 4B, box 11b). However,
Hoyt et al. (2018) recognized that total slip estimates of
∼42–60 km cannot be ruled out based on petrography and
detrital zircon geochronology data.

Boxes 12a, 12b – Offset of the Miocene Violin Breccia
in Ridge Basin
The Miocene Violin Breccia in Ridge Basin interfingers with
the Castaic, Peace Valley, and Hungry Valley Formations
and is interpreted to be sourced from the Frazier Mountain
area (Powell, 1993; Crowell, 2003). Crowell (2003) inter-
preted the age of the Violin Breccia as 10–5 Ma and that the
oldest beds are offset ∼45 km from their source (Fig. 4B,
box 12a).

Both Crowell (2003) and Powell (1993) interpreted the
Violin Breccia to record the entire fault history. Powell
(1993) interpreted the formations that interfinger with the
Violin Breccia to be 10–6 Ma (Fig. 4B, box 12b) and that the
oldest beds of the Violin Breccia are offset 42–45 km from
their source area in the Frazier Mountain block, assigning
21–23 km of slip to the San Gabriel fault between 10–6 Ma,
∼13 km to the Canton fault between 13–10 Ma (Fig. 4B, box
12b), and <13 km to offset occurring after 6 Ma.

Box 13 – No offset of the Hungry Valley Formation in
Ridge Basin
Beds of the Hungry Valley Formation are not offset across
the San Gabriel fault (Crowell, 2003). Deposition of these
beds is assumed to postdate movement on the San Gabriel
fault, but no age uncertainty is given (Fig. 4B, box 13).

Implications for southern California tectonic reconstruc-
tions
Our preferred model suggests that the progression from
t2 to t3 represents the Ventura Basin moving northward
along the SGCF (Fig. 4B). This preferred timing of fault
initiation between 25 and 21 Ma would predate all previ-
ous estimates of initiation of the SGCF by at least 3 Ma
(Supplemental Material, Table S5) and is dependent on the
depositional ages of the Vasquez and Vaqueros Formations
(t2–t4) at Lake Piru but is in agreement with previous mod-
els that suggest the San Andreas transform began after 28
Ma (Atwater, 1989; Gooley et al., 2020). Two previous mod-
els (Powell, 1993; Crowell, 2003) were used to interpret a
later SGCF initiation, but use the mineralogical similarities
between this unit and the SGM to interpret offset. Our total
slip estimate of 35-60 km (Fig. 4B) is in agreement with the
42–46 km estimate of Powell (1993), but the >60 km of off-
set interpreted by Crowell (2003) is not required to source
the t2 and t3 sediment mixtures. Similarly, our model only
partially overlaps with the 60–70 km preferred estimate
of Hoyt et al. (2018) using offset of the Mint Canyon and
Caliente Formations. Even if the change in DZ dates from
t2 to t3 is caused by changes in sediment routing prior to
translation, the consistent contribution of MG within sam-
ples t4–t7 suggests that the Ventura Basin was receiving
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Figure 4: Compilation of the translational history of the Ventura Basin. A) Interpreted patterns of sediment routing and basin transla-
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sediment from the Soledad Basin rather than from MG-age
rocks south of the SGA by time t4 (Fig. 4B). We conserva-
tively interpret the range of uncertainty of fault timing as
27.5–18 Ma (Fig. 4B, box t4). Therefore, our latest SGCF
initiation estimate of 18 Ma is equal to the earliest pub-
lished estimate (Hoyt et al., 2018). The discrepancy be-
tween our model using the Ventura Basin and estimates
using the Plush Ranch and Soledad basins (Hoyt et al.,
2018) is currently unresolved. However, Hoyt et al. (2018)
recognized that slip estimates between 42–60 km cannot
be ruled out due to ambiguity in the sediment provenance
data. This discrepancy could exist if each basin underwent
different amounts of off-fault deformation during Pliocene
transpression (Powell, 1993; Yeats et al., 1994) or because
sediments with multiple parent components likely have
higher spatial uncertainty compared to those with only
one component. However, a more comprehensive regional
study is required to resolve this issue.

Offset of the Devil Canyon conglomerate of the upper
Miocene upper Modelo Formation (Fig. 1B) is used by three
previous models to infer that the Ventura Basin was adja-
cent to its interpreted source area in the SGM by the time
of deposition. However, we interpret the occurrence of
Oligocene zircon in sample t5 to suggest that by the time
of deposition of the middle Miocene lower Modelo Forma-
tion between 17.4–13.9 Ma (Yeats et al., 1994), the Ventura

Basin had already translated 12–30 km along the SGCF and
was receiving sediments from Oligocene volcanic sources
in the Soledad Basin (Fig. 4B, box t5). Although our in-
terpretation of the model results indicates that the fault
initiated before 18 Ma, our slip estimate using the offset of
the lower Modelo Formation is in agreement with the 13
km estimate of (Powell, 1993) but is not in agreement with
the 35–56 km estimate of Yeats et al. (1994) or the ≥45 km
estimate of Crowell (2003). The wide range of interpreta-
tions in previous models suggest that the location of the
Ventura Basin during the middle–late Miocene cannot be
determined with high confidence, and our conservative
approach better honors these uncertainties. Dense spatial
and temporal sampling of the Oligocene and Miocene units
in the Ventura Basin paired with studies investigating fault
kinematics and off-fault deformation may provide higher
resolution fault slip estimates.

CONCLUSIONS

Automated mineralogy data and mixture modeling of DZ
age distributions reveal a previously unrecognized, singu-
lar sediment source of an Oligocene unit in the Ventura
Basin, southern California. Drastic differences in sedimen-
tology, sandstone mineral abundance, and zircon age spec-
tra between the Oligocene sediments at Lake Piru and the
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Sespe Formation in its type section nearby suggest that
this unit was not part of the Sespe fluvial system but more
similar to the alluvial Vasquez Formation of the Soledad
Basin. Most significantly, two samples from this unit have
distributions of DZ dates and abundant plagioclase that
strongly suggest local sourcing primarily from the SGA.
Our reassessment of these sedimentary deposits and their
sources redefines the placement of a more appropriate
piercing point prior to initiation of the SGCF. The reemer-
gence of multiple DZ components following deposition of
the Vasquez Formation is consistent with continued north-
ward translation of the Ventura Basin and the sourcing of
sediments from crystalline units exposed north of the SGA.
These results support a reconstruction with 35–60 km of
slip along the San Gabriel-Canton fault with fault slip oc-
curring as early as Oligocene time, which is earlier than
previous estimates.
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