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ABSTRACT

Upper Cretaceous—Eocene forearc strata
deposited along the California continen-
tal margin record a complex history of plate
convergence that shaped the tectonic de-
velopment of the U.S. Cordillera. Synthesis
of new and published detrital zircon U-Pb
ages over a 2000 km length of the southern
Oregon-California—northern Baja forearc
clearly demonstrates spatial and temporal
changes in sandstone provenance that reflect
evolving sediment dispersal patterns associ-
ated with the extinction of continental margin
arc magmatism and transfer of deformation
to the continental interior during latest Cre-
taceous—early Cenozoic Laramide low-angle
subduction.

Measured age distributions from Ceno-
manian to Campanian forearc strata
indicate the existence of a drainage divide
formed by a high-standing mid-Cretaceous
Cordilleran arc that crosscut older, Late
Permian-Jurassic arc segments. Progres-
sive influx of 125-85 Ma detrital zircon in
the Great Valley forearc reflects ongoing
denudation of the Sierra Nevada batholith
throughout Late Cretaceous—early Paleogene
time. In contrast, age distributions in the
Peninsular Ranges forearc indicate early de-
nudation of the Peninsular Ranges batholith
that is hypothesized to have resulted from
the initial collision of an oceanic plateau with
the southern California margin; as a result,
these age distributions exhibit little change
over time until delivery of extraregional de-
tritus to the margin in Eocene time. Maas-
trichtian through middle Eocene strata pre-
served south of the Sierra Nevada record a
pronounced shift from local to extraregional
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provenance caused by the development of
drainages that extended across the breached
mid-Cretaceous continental margin batho-
lith to tap the continental interior. This geo-
morphic breaching of the mid-Cretaceous
arc, and associated inland drainage migra-
tion, represents the culminating influence of
Laramide low-angle subduction on the conti-
nental margin and likely occurred following
subduction of the Shatsky conjugate plateau
beneath the western United States.

INTRODUCTION

The Cretaceous—Paleogene forearc of Cali-
fornia is perhaps one of the best-studied exam-
ples of sedimentation in a convergent setting
(e.g., Dickinson, 1995a) and preserves a detailed
record of the complex history of plate conver-
gence that has shaped the tectonic development
of the U.S. Cordillera. Cretaceous to Paleogene
subduction of the Farallon plate beneath North
America is recorded in the Sierran—Peninsu-
lar Ranges batholith (remnant magmatic arc),
adjacent forearc basins, and Franciscan subduc-
tion complex (Fig. 1). Together, these elements
comprise a type example of a cross section
through an ancient convergent margin (Dickin-
son, 1995a).

The California margin also contains one of
the best-preserved records of low-angle slab
subduction, associated subduction erosion, and
tectonic underplating of the margin batholith
(Grove et al., 2003a; Saleeby, 2003; Grove et al.,
2008; Ducea et al., 2009; Jacobson et al., 2011;
Chapman et al., 2013). This episode of latest
Cretaceous—Paleogene low-angle subduction
has been widely linked with the development
of the Laramide orogeny in the western U.S.
Cordillera (Dickinson and Snyder, 1978; Miller
etal., 1992) and may have resulted from subduc-
tion of thickened oceanic crust (Livaccari et al.,

1981; Henderson et al., 1984; Saleeby, 2003;
Liu et al., 2010). Because low-angle subduc-
tion is a widely occurring phenomenon along
convergent margins (Gutscher et al., 2000), the
California margin provides an important ancient
example of the influence of low-angle subduc-
tion on forearc sedimentation and provides valu-
able insight into arc-forearc dynamics in analo-
gous tectonic settings (e.g., Laursen et al., 2002;
Fildani et al., 2008).

Although the Laramide orogeny is well under-
stood to have been manifested in the Cordilleran
foreland as a series of basement-cored uplifts
and partitioned foreland depocenters (DeCelles,
2004), significant debate exists regarding the
influence of this tectonic event on the conti-
nental margin (e.g., Saleeby, 2003; Jacobson
et al., 2011). Margin tectonism attributed to
the Laramide orogeny includes (1) ca. 85 Ma
cessation of magmatism in the Sierran—Penin-
sular Ranges arc accompanied by inland migra-
tion of plutonism in the southwestern United
States (Chen and Moore, 1982; Lipman, 1992);
(2) uplift and denudation of the mid-Cretaceous
arc and an associated pulse of forearc sedimen-
tation (Grove et al., 2003b, 2008; Saleeby et al.,
2010); (3) uplift and shoaling of the forearc
and adjacent subduction complex (Moxon and
Graham, 1987; Mitchell et al., 2010); (4) under-
plating of the subduction complex beneath the
southern California segment of the Cordilleran
arc (Jacobson et al., 1996; Grove et al., 2003a,
2008); and (5) deep exhumation and structural
juxtaposition of the eastern portion of the mid-
Cretaceous batholith against the Franciscan
subduction complex across the Nacimiento fault
(Hall, 1991; Saleeby, 2003; Dickinson et al.,
2005; Ducea et al., 2009).

Our approach is to use sedimentary prov-
enance of forearc sandstone to interpret the
evolution of Late Cretaceous—Eocene sediment
dispersal patterns to the southern Oregon—Cali-
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Figure 1. Tectonic setting of the
western United States (modified
from Dickinson, 1996, 2008;
DeCelles, 2004; Grove et al.,
2008; Dickinson and Gehrels,
2008; Surpless and Beverly,
2013). BM—Blue Mountains;
FB—Foothills belt; GC—Gulf
of California; HB—Hornbrook
basin; IB—Idaho batholith;
KM—Klamath Mountains;
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fornia—northern Baja forearc (hereafter “Cali-
fornia forearc”) and to consider the influence
of Laramide low-angle subduction on margin
paleogeography and landscape evolution. In
particular, we use detrital zircon U-Pb age
distributions to refine previous interpretations

based on sandstone petrography, conglomerate
clast assemblages, and paleocurrent distribu-
tions (e.g., Nilsen and Clarke, 1975; Dickinson
et al., 1979; Kies and Abbott, 1982; Ingersoll,
1983; Seiders and Cox, 1992). Because the age
distribution of igneous rocks in California is
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generally well known (e.g., Irwin and Wooden,
2001; Fig. 2), detrital zircon U-Pb ages can be
directly linked with potential source regions.
Detrital zircon provenance analysis has already
been used effectively to improve understanding
of drainage evolution along certain segments of
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Figure 2. (A) Generalized geologic framework of southern Oregon, California, and northern Baja California. See
Appendix DR1 for an explanation of data sources (text footnote 1). (B) Palinspastic reconstruction of southern
California—northern Baja California during Eocene time (see text and Appendix DR2 for details [text footnote 1]).
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the margin (e.g., DeGraaff-Surpless et al., 2002;
Cassel et al., 2012). This study expands on pre-
vious work by integrating both new and pub-
lished U-Pb ages of forearc strata along ~2000
km of the continental margin (Fig. 2). In addi-
tion, we consider data sets from time-equiva-
lent units, including the Franciscan subduction
complex (Dumitru et al., 2010, 2012; Snow
et al., 2010), underplated schist (Grove et al.,
2003a, 2008; Jacobson et al., 2011; Chapman
et al., 2013), and intra-arc and retroarc foreland
basin strata (Barth et al., 2004; Dickinson and
Gehrels, 2008; Lechler and Niemi, 2011; Las-
kowski et al., 2013). By considering regional-
scale, spatial trends in sedimentary provenance
from Late Cretaceous to Eocene time, we
document forearc drainages that progressively
migrated inland in response to a redistribution
of topography associated with the subduction of
an oceanic plateau beneath the continental inte-
rior. As such, we place the forearc sedimentary
record within the context of an evolving tectonic
framework associated with the development of
Laramide low-angle subduction.

GEOLOGIC BACKGROUND
Cordilleran Magmatism

A magmatic arc developed along the western
U.S. continental margin during Late Permian
time and continued throughout the Mesozoic
with episodes of increased magmatism occur-
ring during Middle to Late Jurassic (ca. 175-
155 Ma) and mid-Cretaceous (ca. 125-85 Ma)
time (Figs. 1 and 2; Ducea, 2001; Walker et al.,
2002; Ducea and Barton, 2007; Barton et al.,
2011). The Jurassic arc that extended along the
margin from northwestern Nevada to Sonora,
Mexico, was likely a low-standing topographic
feature that was dominantly emplaced in an
extensional setting (Fig. 2; Walker et al., 2002;
Barton et al., 2011) and was incapable of shield-
ing the continental margin from detritus trans-
ported from retroarc regions (Ingersoll et al.,
2013). Triassic and Jurassic magmatism also
occurred in intraoceanic island arcs that were
accreted to the margin by Late Jurassic time in
the Klamath Mountains and Foothills belt of
the western Sierra Nevada (Figs. 1 and 2; Sch-
weickert and Cowan, 1975; Dickinson, 2008).

Voluminous magmatism during mid-Creta-
ceous time (ca. 125-85 Ma) coincided with the
culmination of the Sevier orogeny and likely
resulted in a physiography that resembled the
modern Andes, with a high-standing volcano-
plutonic arc, inboard elevated plateau, and aretro-
arc fold-and-thrust belt (Figs. 1 and 2; Ducea,
2001; House et al., 2001; DeCelles, 2004). A
systematic eastward younging of pluton crystal-
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lization ages in the mid-Cretaceous arc reflects
progressive migration of magmatism over time
associated with gradual slab flattening (Chen
and Moore, 1982; Silver and Chappell, 1988).
As a result, the Sierran—Peninsular Ranges arc
can be divided into eastern and western zones
that are separated by a 100 Ma isochron (Fig. 2).
Particularly high rates of magmatic flux occurred
during Late Cretaceous time that resulted in the
Sierra Crest intrusive event (ca. 100-85 Ma) in
the Sierra Nevada and emplacement of the La
Posta suite (99-92 Ma) in the Peninsular Ranges
(Walawender et al., 1990; Coleman and Glazner,
1997; Ducea, 2001; Grove et al., 2003b; Todd
et al., 2003; Ducea and Barton, 2007; Coleman
et al., 2012). Following extinction of the Sier-
ran—Peninsular Ranges arc, plutonism migrated
inland in the southwestern United States and in
Sonora, Mexico, and continued throughout latest
Cretaceous time (ca. 85-65 Ma; Fig. 2; Lipman,
1992; McDowell et al., 2001).

Tectonic Restructuring of the Southern
California Margin

During late Campanian—early Paleogene
time, the southern California margin under-
went a fundamental restructuring that resulted
in the destruction of the topographic continuity
of the formerly high-standing mid-Cretaceous
arc (Saleeby, 2003; Jacobson et al., 2011; Hall
and Saleeby, 2013). The manifestations of this
tectonism are most clearly observed where por-
tions of the eastern mid-Cretaceous batholith
(e.g., Salinian block) are positioned adjacent
to the Franciscan subduction complex across
the Nacimiento fault in central California (Figs.
1 and 2; Dickinson, 1983). By analogy to the
Sierra Nevada batholith—Great Valley forearc—
Franciscan complex triad preserved to the north,
this juxtaposition implies removal of 150-180
km of intervening western batholith, foothills
belt, and forearc basin (Dickinson et al., 2005).

Two competing models have been proposed
to explain this tectonic restructuring of the latest
Cretaceous continental margin: (1) large-mag-
nitude (~600-500 km) sinistral displacement
along the Nacimiento fault (Dickinson, 1983;
Jacobson et al., 2011), or (2) west-directed low-
angle faulting of the mid-Cretaceous batholith
(Hall, 1991; Barth et al., 2003; Saleeby, 2003;
Hall and Saleeby, 2013). Both models are inter-
preted as manifestations of the collision of an
oceanic ridge or plateau with the continental
margin associated with the development of
the Laramide orogeny (Saleeby, 2003; Jacob-
son et al., 2011). The Laramide orogeny also
coincided with (1) marine transgression that
occurred atop deeply denuded batholithic rocks
of the southernmost Sierra-Salinian-Mojave
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segment of the margin (Cox, 1982; Grove,
1993; Kidder et al., 2003; Ducea et al., 2009),
and (2) a sudden influx of inboard detritus to
the trench and forearc strata preserved atop and
adjacent to the Salinian-Mojave segment of the
Cretaceous arc (Jacobson et al., 2011).

Upper Cretaceous—Eocene Forearc

A well-defined forearc basin developed by
latest Jurassic—earliest Cretaceous time along
much of the continental margin (Dickinson and
Seely, 1979; Ingersol1, 1979; Bottjer and Link,
1984). The Cenomanian—Eocene forearc strata
that are the focus of this study occur in a NNW-
to-SSE—oriented outcrop belt from southern
Oregon to Baja California (Fig. 2A). Sampled
stratigraphic units are from several forearc
depocenters that have unique structural and
stratigraphic histories (see Appendix DR3 for
additional geologic background on individual
forearc depocenters').

The Great Valley and Peninsular Ranges seg-
ments of the forearc are well preserved, and
both extend for hundreds of kilometers along
the margin (Kennedy and Moore, 1971; Inger-
soll, 1979; Bottjer and Link, 1984). Both forearc
segments onlap the western margin of the Sier-
ran—Peninsular Ranges arc and are inferred to
have been confined to the west by an actively
accreting subduction complex (Dickinson,
1995a; Williams and Graham, 2013). Upper
Cretaceous—Eocene forearc strata of the Salin-
ian block and Transverse Ranges are widespread
in the California Coast Ranges (Graham, 1976a,
1976b; Grove, 1993; Dickinson, 1995b), where
Neogene deformation associated with the devel-
opment of the modern strike-slip plate boundary
has obscured pre-Neogene geologic relation-
ships (Atwater, 1989). Forearc strata in these
regions were deposited atop deeply denuded
plutonic rocks of the mid-Cretaceous batholithic
belt or Franciscan subduction complex (Dickin-
son, 1995b; Kidder et al., 2003).

Palinspastic Reconstruction

The original distribution of Upper Creta-
ceous—Eocene forearc strata has been greatly
modified by deformation associated with the
development of the San Andreas plate bound-
ary (Atwater, 1989), including large-magnitude
offset along strike-slip faults (Hill and Dibblee,

!GSA Data Repository item 2014263, data sources
used in Figure 2, explanation of the palinspastic re-
construction, sample location descriptions, plots of
cumulative detrital zircon U-Pb age distributions,
and data tables, is available at http://www.geosociety
.org/pubs/ft2014.htm or by request to editing@
geosociety.org.
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1953; Graham et al., 1989; Dickinson et al.,
2005) and microplate capture and associated
transrotation of crustal blocks in the western
Transverse Ranges and southern California con-
tinental borderland (Luyendyk, 1991; Nicholson
etal., 1994, Dickinson, 1996). Additional disrup-
tion has occurred by (1) backarc extension within
the Basin and Range Province (Wernicke, 1992),
(2) local domain rotation within the Mojave
Desert region (Dickinson, 1996), (3) inboard
dextral offset (e.g., the Eastern California shear
zone; Dokka and Travis, 1990), and (4) local
compressional and extensional tectonism in the
California Coast Ranges (Crowell, 2003).

We present a generalized palinspastic recon-
struction that integrates previous interpretations
(Grove et al., 2003a; Dickinson et al., 2005;
Jacobson et al., 2011) with updated fault offset
estimates (Graymer et al., 2002; Sharman et al.,
2013) in an effort to restore original paleogeo-
logic relationships that existed along the Cali-
fornia continental margin during Eocene time
(Fig. 2B). In general, our reconstruction follows
that of Graymer et al. (2002) for the San Francis-
can Bay region, Dickinson et al. (2005) for the
Salinian block, and Jacobson et al. (2011) for
the Transverse Ranges and Peninsular Ranges
(see Appendix DR2 for additional details [see
footnote 1]). We do not attempt to restore slip
on the Nacimiento fault, given its controversial
and uncertain structural history (e.g., Dickinson
et al., 2005; Ducea et al., 2009). Because the
Nacimiento fault is thought to have been active
from latest Cretaceous to Paleocene time (ca.
75-60 Ma; Jacobson et al., 2011), offset along
this structure likely influenced the relative posi-
tions of Cenomanian—Paleocene forearc strata
along the margin as depicted in Figure 2B.

A major difference between our palinspastic
reconstruction and those of previous workers is
the addition of ~100 = 25 km of offset (Sharman
et al., 2013) to the commonly quoted ~315 km
(e.g., Graham, 1978; Graham et al., 1989) along
the central San Andreas fault that restores the
Salinian block to an intra-Cordilleran arc posi-
tion (Fig. 2B). This reconstruction differs from
models that depict the northern Salinian block
as being juxtaposed against the outboard edge
of the forearc and subduction complex of the
southern San Joaquin basin during Paleogene
time (e.g., Nilsen and Clarke, 1975; Hall, 1991;
Hall and Saleeby, 2013). Our palinspastic
reconstruction is consistent with regional prov-
enance trends that suggest the northern Salinian
block was juxtaposed against the southernmost
Sierra Nevada in middle Eocene time (Shar-
man et al., 2013), and alignment of the northern
extent of the Salinian block (Navarro structural
discontinuity) with the inferred western edge
of Sierran basement beneath the fill of the San

Joaquin basin (Dickinson et al., 2005). Because
the displaced Pinnacles and Neenach volcanic
centers (ca. 23 Ma) are offset by only ~315 km
(Matthews, 1976), our restoration implies that
this additional displacement must have occurred
between middle Eocene and early Miocene time
(ca. 38-23 Ma; Sharman et al., 2013). Alterna-
tively, portions of the additional ~100 + 25 km
slip could be accounted for by lengthening (or
“telescoping”) the Salinian block via internal
strike-slip faulting or compression (e.g., rout-
ing Reliz-Rinconada fault displacement into the
northern Salinian block; Dickinson et al., 2005,
their fig. 10) or by back-rotating the southern-
most Sierra Nevada (Kanter and McWilliams,
1982), thereby shifting the northern Salinian
block southward (Dickinson, 1996).

Our restoration of the Salinian block results
in the total displacement on the central San
Andreas fault being greater than estimates for
the cumulative displacement along the San
Andreas fault system in southern California
(~415 km vs. ~325 km), including offset along
the Canton fault, San Gabriel fault, and vari-
ous strands of the San Andreas fault (Crowell,
2003). We account for this discrepancy by rout-
ing excess slip through the western Transverse
Ranges to a fault located offshore peninsular
California. A potential candidate for this struc-
ture is the San Benito—Tosco—Abreojos fault,
which is known to have accommodated right-
lateral offset between the Pacific and North-
ern American plates between ca. 12 and 5 Ma
and prior to inland migration of the transform
boundary to initiate the opening of the Gulf of
California (Spencer and Normark, 1979; Dick-
inson, 1996). During this time period, the cen-
tral San Andreas fault must have been linked
with the San Benito—Tosco—Abreojos fault by a
fault, or series of faults, that ran through what is
today the western Transverse Ranges and Cali-
fornia continental borderland. Unfortunately,
any structures that accommodated pre-middle
Miocene slip have been strongly overprinted
by transrotation (Luyendyk, 1991; Dickinson,
1996) and local transpression in Pliocene—Holo-
cene time (Crowell, 2003).

METHODS AND DATA SOURCES
Detrital Zircon U-Pb Ages

This study presents a compilation of U-Pb
crystallization ages of detrital zircons from
Upper Cretaceous—Eocene forearc sandstone
from California and areas immediately to the
north (southern Oregon) and south (northern
Baja California; Fig. 2). In total, this data set
includes more than 12,000 detrital zircon U-Pb
ages from more than 200 sandstone samples, of
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which 4474 grains from 66 samples are fully
published herein for the first time. The GSA
Data Repository (see footnote 1) contains a
complete list of samples used in this study
(Table DR1), analytical results (Tables DR2-
DRS), and a description of sample locations
(Appendix DR3). We also present a compari-
son of forearc strata with time-equivalent units
in the Franciscan subduction complex (681
grains from 10 samples), underplated Upper
Cretaceous—Lower Paleogene schist (2027
grains from more than 60 samples), and strata
from intra-arc and retroarc positions (2550
grains from 31 samples; see Table DR1 for data
sources [see footnote 1]).

Because this data set contains samples col-
lected and analyzed by different authors for dif-
ferent purposes, the number of grains analyzed
per sample varies widely (9-178 grains), with
the median sample having ~56 grains (Table
DRI [see footnote 1]). Most studies analyzed
either ~100 or ~60 randomly selected grains
per sample following typical sampling pro-
cedures for detrital zircon provenance studies
(e.g., Dickinson and Gehrels, 2009). However,
much of the data set from the Salinian block,
Transverse Ranges, and Peninsular Ranges was
collected to maximize sample coverage at the
expense of the number of grains per sample
analyzed (e.g., Jacobson et al., 2011). In these
regions, the median sample has ~30 grains
analyzed.

All zircon grains presented herein were ana-
lyzed using either secondary ionization mass
spectrometry (SIMS) or laser-ablation—induc-
tively coupled plasma—mass spectrometry (LA-
ICP-MYS). Data sets acquired using LA-ICP-MS
tend to have more grains analyzed per sample
than those acquired using SIMS due to the rela-
tive ease of collecting large data sets using the
former method. Zircon grain ages collected as
part of this study were analyzed using (1) a multi-
collector LA-ICP-MS at the University of Ari-
zona (for a description of methods, see Gehrels
etal., 2008; Cassel et al., 2012), (2) a single-col-
lector LA-ICP-MS at the University of Califor-
nia—Santa Cruz (Sharman et al., 2013), and (3) a
SIMS Cameca IMS 1270 ion microprobe at the
University of California—Los Angeles (Grove
et al., 2003a).

We combined individual samples into groups
based upon both reconstructed paleogeography
and depositional age to emphasize major prov-
enance trends at the expense of local variabil-
ity and to facilitate presentation of data (e.g.,
LaMaskin, 2012). Sample groups were further
combined to form six regional groups that
reflect basin configuration and reconstructed
north-south position along the forearc: (1) Ore-
gon forearc (including the Tyee and Hornbrook



basins), (2-3) Great Valley forearc (subdivided
into the Sacramento and San Joaquin basins),
(4) northern and central Salinian block (here-
after “Salinian block forearc™), (5) southern
Salinian block and Transverse Ranges (hereafter
“Transverse Ranges forearc™), and (6) Peninsu-
lar Ranges forearc (Table DR1 [see footnote 1]).
These regional groups are defined with the pur-
pose of emphasizing major provenance transi-
tions along the margin.

In addition to defining geographic groupings,
we divided the data set into four additional depo-
sitional age categories: (1) Cenomanian to Coni-
acian, (2) Santonian to Campanian, (3) Maas-
trichtian to Paleocene, and (4) early to middle
Eocene (Table DRI [see footnote 1]). These age
divisions were chosen based on periods of major
reorganization within the forearc. For example,
the Coniacian-Santonian boundary approxi-
mately coincides with major changes in both
sandstone petrology and detrital zircon age pop-
ulations in the Great Valley forearc (Ingersoll,
1983; DeGraaft-Surpless et al., 2002). The Cam-
panian-Maastrichtian boundary approximately
corresponds with a shift to inboard provenance
in the Salinian block and Transverse Ranges
(Jacobson et al., 2011). Because displaying
results from individual samples is precluded by
the large number of samples in the data set, we
provide cumulative U-Pb age distributions from
individual samples within each location and age
group as Appendix DR4 (see footnote 1).

RESULTS
Detrital Zircon Geochronology

A compilation of normalized and cumula-
tive detrital zircon U-Pb age distributions is
presented in Figure 3 for Upper Cretaceous—
Eocene forearc sandstone samples by location
and age. Although the majority of zircon grains
are Mesozoic in age, wide ranges of age popu-
lations are present that indicate derivation from
both local and extraregional source regions
(Table 1; DeGraaff-Surpless et al., 2002; Jacob-
son et al., 2011; Sharman et al., 2013). In gen-
eral, detrital zircon grains can be divided, from
most to least abundant, into three first-order age
populations (Table 1): (1) Late Permian—Creta-
ceous Cordilleran arc zircon assemblages (ca.
285-65 Ma), (2) pre-arc Paleozoic and Pre-
cambrian assemblages (older than ca. 285 Ma),
and (3) Paleogene zircon assemblages (ca.
65-40 Ma). Arc-derived detrital zircons can be
divided into subpopulations that reflect episodic
magmatism in the Cordilleran arc (Fig. 4). Major
magmatic pulses in the Sierra Nevada, Salinian
block, Mojave Desert region, and Peninsular
Ranges occurred during Permian—Triassic time
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(ca. 285-225, peak at ca. 252 Ma), Middle-Late
Jurassic time (ca. 180-135 Ma, peaks at ca.
162—-148 Ma), and mid-Cretaceous time (ca.
125-80 Ma, peak at ca. 97 Ma) (Fig. 4). Less
pronounced but still distinct pulses occurred at
ca. 77 Ma and ca. 49 Ma (Fig. 4). The peaks of
age populations observed in the detrital record
correspond closely with those from exposed
volcanic and plutonic rocks (Fig. 4).

Figures 5 and 6 display cumulative and nor-
malized age distributions of regional (basin-
scale) groups, and Figure 7 illustrates the spatial
and temporal (Cenomanian—Eocene) evolution
of major detrital zircon age populations along
~2000 km of the margin from southern Oregon
to northern Baja California. Cenomanian—
Campanian forearc strata (3989 grains from
79 samples) tend to be dominated by Juras-
sic to mid-Cretaceous (ca. 200-85 Ma) zircon
(45%-100%; median 93%; Figs. 3A, 3B, and
5-7; Table DR6 [see footnote 1]). In particu-
lar, Jurassic—earliest Cretaceous (200-135 Ma)
zircon forms a significant component of Great
Valley forearc strata but dramatically decreases
in abundance southward (Figs. 3A, 3B, and 7).
Late Permian—Triassic zircon is uncommon
(0%—T7%), and pre—300 Ma zircon is generally
rare (0%—48%, median 3%) but constitutes an
important component of some Santonian—Cam-
panian sandstone samples (e.g., Del Puerto Can-
yon, Chico, and Cache Creek; Fig. 3B). Strata
from the Peninsular Ranges forearc are charac-
terized by nearly unimodal distributions with
peaks at ca. 110-95 Ma that are only slightly
older than the depositional ages of these sam-
ples (Figs. 3A and 3B).

Maastrichtian—Paleocene forearc strata (1652
grains from 41 samples) display a compara-
tively wider range of detrital zircon age distri-
butions than their Cenomanian—-Campanian
counterparts (Figs. 3C and 7). Although strata
deposited within the Great Valley forearc are
still dominated by Jurassic to mid-Cretaceous
(200-85 Ma) zircon (87%—98%, median 93%),
these samples display higher proportions of
100-85 Ma zircon (8%—-56%, median 32%)
than their Cenomanian—Campanian counter-
parts (0%—33%, median 2%; Fig. 7). Maastrich-
tian—Paleocene forearc strata in the Transverse
Ranges and Santa Ana Mountains are character-
ized by higher abundances of latest Cretaceous
(85-65 Ma) zircon (0%—89%, median 21%) and
pre-arc detrital zircon (0%—92%, median 40%)
than time-equivalent strata to the north (Figs.
3C and 7). Samples from San Miguel Island, the
San Diego area, and El Rosario area are domi-
nated by mid-Cretaceous zircon (79%-96%;
Figs. 3C and 7).

Wide ranges of detrital zircon age populations
are present in early to middle Eocene forearc
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strata (6479 grains from 89 samples; Fig. 3D).
Mid-Cretaceous zircon (ca. 135-85 Ma) is
abundant in the Great Valley forearc (19%—-94%,
median 74%) but decreases in abundance in the
northern and central Salinian block (2%-87%,
median 35%) and in the Transverse Ranges
and northern Santa Ana Mountains (0%—-25%,
median 7%; Figs. 3D and 7). Jurassic zircon
becomes a dominant constituent in the northern
and central Salinian block (12%-92%, median
42%) relative to older forearc counterparts
(Figs. 3D and 7). The Transverse Ranges and
adjacent northern Peninsular Ranges forearc
contain abundant latest Cretaceous (0%—42%,
median 17%) and pre-arc zircon (27%-75%,
median 57%; Figs. 3D and 7).

SEDIMENTARY PROVENANCE
ANALYSIS

The following sections provide a discussion
of the potential source regions that we interpret
to have been capable of producing the zircon
age populations present in the California forearc
(Table 1).

Pre-Permian (Older than Ca. 300 Ma)
Zircon

Pre-Permian (i.e., pre—Cordilleran arc) zircon
can be divided into a variety of subpopulations
that range from Paleozoic to Archean in age
and reflect derivation from a variety of ultimate
sources in Laurentia (Table 1; Dickinson and
Gehrels, 2009; Dickinson et al., 2012). Although
some pre-300 Ma age populations could have
been derived from the local Proterozoic frame-
work of the southwestern United States (e.g.,
late Paleoproterozoic Yavapai-Mazatzal Prov-
ince), some exotic age populations (e.g., Gren-
ville Mesoproterozoic) have no local bedrock
source and likely were originally derived from
the Appalachian orogen and transported across
the continent via fluvial and eolian processes to
the Cordilleran miogeocline and retroarc fore-
land (Dickinson and Gehrels, 2009).

Pre-arc detrital zircon in forearc sandstone can
be divided in two general assemblages (Jacob-
son et al., 2011). The first is characterized by
a wide spread of age peaks that span Paleozoic
to Archean ages and is found in Cenomanian—
Campanian strata along the entire California
margin and in Maastrichtian-Eocene strata of
the Great Valley forearc (Fig. 3). Although this
age assemblage could be derived from a large
number of sources in the western United States
(see previous), the most likely source for these
pre—300 Ma zircon grains is recycling from wall
rocks of the Cordilleran Mesozoic arc (Grove
et al., 2008; Jacobson et al., 2011) or from
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TABLE 1. DETRITAL ZIRCON U-Pb AGE POPULATIONS

Age population

Approx. age range (Ma)

Peak age(s) (Ma)

Inferred source region(s)

|. Paleogene grains

Idaho batholith or “Laramide-aged” plutons in southwest United States
Idaho batholith (<98 Ma) or mid-Cretaceous Cordilleran arc

Jurassic Cordilleran arc or accreted Jurassic oceanic-island arcs
Late Permian—Triassic Cordilleran arc

Appalachian orogen, accreted Paleozoic terranes, and rift plutons
Grenville Province (eastern-southern Laurentia)

Anorogenic granitic plutons (southwest Laurentia)
Yavapai-Mazatzal Province (southwest Laurentia)
Multiple northern Laurentian-age provinces

la. Early to middle Eocene 43-52 ca. 50 Challis volcanic center

Ib. Paleocene to early Eocene 53-65 N.A. Idaho batholith
1. Cretaceous—Permian grains

lla. Late Cretaceous 65-85 N.A.

IIb. Mid- to Late Cretaceous 80-125 ca. 97

Magmatic gap 125-135 N.A.

llc. Jurassic to earliest Cretaceous 135-180 ca. 148-162

Magmatic gap 180-225 N.A.

Ild. Late Permian—Triassic 225-285 ca. 252
Ill. Pre-Permian grains*

llla. Paleozoic to Neoproterozoic grains 300-700 N.A.

llIb. Grenville Mesoproterozoic 912-1310 N.A.

lllc. Pre-Grenville Mesoproterozoic 1311-1579 N.A.

llld. Late Paleoproterozoic 1581-1855 N.A.

llle. Older Paleoproterozoic 1855-2430 N.A.

IlIf. Archean 2470-3058 N.A.

Superior Province of northeast Laurentia

*Pre-Permian grain age populations modified from Dickinson et al. (2012)

accreted Paleozoic terranes located outboard of
the mid-Cretaceous arc in northern California
(Figs. 2 and 3; DeGraaff-Surpless et al., 2002;
Surpless and Beverly, 2013). This interpretation
is supported by the overwhelming abundance
of arc-derived zircon present in these samples
(Figs. 3, 6, and 7; Jacobson et al., 2011).

The second pre-arc age assemblage is found
in Maastrichtian—-Eocene forearc strata of the
Transverse Ranges and Peninsular Ranges and
is characterized by a major peak at ca. 1700 Ma,
a secondary peak at ca. 1400 Ma, and a con-
spicuous absence of Paleozoic—Neoprotero-
zoic zircon and zircon older than ca. 1850 Ma
(Fig. 3). This assemblage was likely derived
from first-cycle erosion of late Paleoprotero-
zoic—Mesoproterozoic crystalline rocks of the
Mojave Desert region and the Mogollon high-
lands of southwestern Arizona (Fig. 2; Jacobson
et al., 2011; Dickinson et al., 2012). Compari-
son with Upper Cretaceous and Paleogene strata
deposited on the flanks of the Arizona Mogol-
lon highlands reveals nearly identical age peaks
and proportions (Dickinson and Gehrels, 2008;
Dickinson et al., 2012). This assemblage also
frequently occurs in conjunction with latest
Cretaceous (85-65 Ma) zircon (Figs. 3C, 3D,
and 7), and igneous rocks of this age are pres-
ent in the eastern Mojave Desert and Mogollon
highlands regions (Fig. 2).

Permian-Triassic (Ca. 285-225 Ma) Zircon

Late Permian and Triassic volcanic and plu-
tonic rocks are relatively uncommon in Califor-
nia but are locally present in the eastern Sierra
Nevada, Mojave Desert, and Transverse Ranges
(Fig. 4; Dilles and Wright, 1988; Walker et al.,
2002; Barth and Wooden, 2006). Here, the
Permian—Triassic volcanic arc lies inboard of
the mid-Cretaceous arc in approximately the
same position as the continental Jurassic arc
(Fig. 2). Permian to Triassic rocks are also pres-

ent in the Mexican segment of the Cordilleran
arc and in the accreted Guerrero superterrane
(Dickinson and Lawton, 2001; Centeno-Garcia
et al., 2008), although the relative paucity of
300-200 Ma zircon in the Transverse Ranges
and Peninsular Ranges forearc suggests that
Mexican Permian—Triassic rocks were not a sig-
nificant source to the continental margin at this
latitude (Kimbrough et al., 2014a).

Jurassic to Earliest Cretaceous
(Ca. 180-135 Ma) Zircon

Arc-related volcanic and plutonic rocks of
Jurassic and earliest Cretaceous age are wide-
spread along the California continental margin
and in the southwestern United States in gen-
eral (Figs. 2 and 4; Irwin and Wooden, 2001;
Barton et al., 2011). The present-day distribu-
tion of Jurassic rocks is generally divided into
regions outboard and inboard of the mid-Cre-
taceous arc (Klamath Mountains and northern
Sierra Nevada, and southeastern Sierra Nevada,
Mojave Desert, and Sonoran Desert, respec-
tively; Fig. 2). In addition, Jurassic to earliest
Cretaceous island arcs of the Guerrero superter-
rane are present in Baja California (Dickinson
and Lawton, 2001; Centeno-Garcia et al., 2008),
and Jurassic gneissic granites are present within
the central Peninsular Ranges (Shaw et al.,
2003). Together, these rocks are capable of pro-
viding a local source of the scarce 180-135 Ma
zircon that is found in the Peninsular Ranges
forearc (Fig. 7; Dickinson and Lawton, 2001;
Shaw et al., 2003). These sources may have
also provided Jurassic zircon to Upper Jurassic
forearc strata (Pefiasquitos Formation) prior to
the development of the mid-Cretaceous Pen-
insular Ranges arc (Kimbrough et al., 2014a).
A “magmatic Iull” (ca. 135-125 Ma) sepa-
rates Jurassic—earliest Cretaceous from mid-
Cretaceous arc volcanism (Fig. 4; Barton et al.,
2011). This gap is also clearly reflected in the
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detrital record (Fig. 4), although zircon grains
in this age range constitute an important age
population in some forearc sandstone samples
(e.g., Cenomanian—Campanian Great Valley
forearc; DeGraaff-Surpless et al., 2002; Figs.
3A and 3B).

Mid-Cretaceous (Ca. 125-85 Ma) Zircon
Volcanic and plutonic rocks of the mid-

Cretaceous Cordilleran arc are widespread
along the margin as a result of voluminous arc
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Figure 4. Zircon U-Pb age distributions
(2300 Ma) for volcanic and plutonic rocks
from the Sierra Nevada batholith, Salinian
block, Mojave Desert region, and Peninsu-
lar Ranges batholith (Premo et al., 1998; Sil-
ver and Chappell, 1988; Grove et al., 2008;
Chapman et al., 2012; Barth et al., 2013;
Kimbrough et al., 2014b) and Cenomanian—
Eocene forearc strata (see Table DR1 for
data sources [text footnote 1]).



magmatism and batholithic emplacement from
Idaho to Baja California (Figs. 1 and 2; Chen
and Moore, 1982; Cowan and Bruhn, 1992;
Todd et al., 2003). In particular, mid- to Late
Cretaceous arc rocks comprise the majority of
the Sierra Nevada batholith, Salinian block, and
Peninsular Ranges batholith and are common
in the Transverse Ranges and Mojave Desert
region (Figs. 2 and 4; Irwin and Wooden, 2001;
Kistler and Champion, 2001; Walker et al.,
2002; Todd et al., 2003). We further subdivide
this age population into pre— and post—100 Ma
divisions to reflect an eastward migration of
magmatism over time that is recorded in the
Sierran—Peninsular Ranges arc (Fig. 2; Chen
and Moore, 1982).

Latest Cretaceous (85-65 Ma) Zircon

Magmatism in the Sierran—Peninsular Ranges
segments of the Cordilleran arc ended by ca.
85-80 Ma as a result of the onset of Laramide
flat-slab subduction (Chen and Moore, 1982;
Irwin and Wooden, 2001). However, plutonic
rocks of latest Cretaceous (ca. 85-65 Ma) age
are widespread inboard of the mid-Cretaceous
arc in southeastern California, southwestern Ari-
zona, and Sonora Mexico (Figs. 2 and 4; Lip-
man, 1992; Barth et al., 1995; McDowell et al.,
2001; Wells and Hoisch, 2008). These rocks
are likely the source of the latest Cretaceous
zircon found in Maastrichtian—Eocene strata of
the Transverse Ranges and Peninsular Ranges
forearc (Fig. 3; Jacobson et al., 2011). This age
range also overlaps with the Idaho batholith (ca.
95-53 Ma; Gaschnig et al., 2011). The associa-
tion of latest Cretaceous and Paleogene zircon in
the Eocene Tyee basin and Great Valley forearc
(Fig. 3D) suggests a distant origin in central
Idaho for these grains (Dumitru et al., 2012).

Paleogene (Ca. 65-40 Ma) Zircon

A local source of the Paleogene zircon found
in some forearc sandstone samples (Fig. 3D) is
unlikely because there are no known sources of
volcanic or plutonic rocks of this age in Cali-
fornia (Fig. 2). However, early Cenozoic igne-
ous rocks are widespread in the interior of the
western United States (Lipman, 1992). Dumitru
et al. (2012) established that detritus of this age
reached the continental margin via rivers that
drained the Idaho batholith (98-53 Ma; Gasch-
nig et al., 2011) and the Challis volcanic field
(51-43 Ma; M’Gonigle and Dalrymple, 1996;
Chetel et al., 2011; Gaschnig et al., 2011) in
Eocene time. Eocene—Oligocene zircon (ca.
44-29 Ma) is also present in western flowing
drainages in the northern Sierra Nevada that
were likely sourced from volcanic rocks in
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Figure 5. Cumulative distributions of detri-
tal zircon U-Pb ages (<200 Ma) for regional
groups of Late Cretaceous—Eocene forearc
strata (see Table DR1 for additional infor-
mation on sample groups and data sources
[text footnote 1]). Thick, gray lines are zir-
con U-Pb age distributions from plutonic
and igneous rocks from the Sierra Nevada
batholith, Salinian block, Mojave Desert
region, and Peninsular Ranges batholith
(see data sources in Fig. 4). Abbreviations:
Cen—Cenomanian; Cmp—Campanian;
Con—Coniacian; Eoc—Eocene; Ma—Maas-
trichtian, MD—Mojave Desert; Pc—Paleo-
cene; PRB—Peninsular Ranges batholith;
San—Santonian; SB—Salinian block; SNB—
Sierra Nevada batholith.

»
>

northern Nevada (Cassel et al., 2012). However,
most of the samples that contain this young age
population are late Eocene or Oligocene in age,
based on the youngest zircon grains and strati-
graphic relationships (Cassel et al., 2012). Fur-
thermore, fluvial samples thought to be as old
as middle Eocene in age lack zircon younger
than ca. 90-80 Ma (with a single exception of
a 41.5 Ma grain in sample CEC-5; Cecil et al.,
2010; Cassel et al., 2012). This suggests that
Sierran fluvial drainages were not a significant
source of Nevadan Paleogene zircon to the
Great Valley forearc until late Eocene time. For
these reasons, the central Idaho region is most
likely to have been the source of Paleogene zir-
con to the early-middle Eocene Great Valley
forearc, associated trench-slope basins, and the
subduction complex.

Igneous rocks as young as 50 Ma are also
present in southwestern Arizona and Sonora,
Mexico (Jacobson et al., 2011). These sources
likely account for the few Eocene grains found
in the Poway fluvial system in northern Baja but
otherwise were not a significant source to other
Paleogene forearc strata in southern California.

DISCUSSION

Temporal and Spatial Evolution of Forearc
Provenance and Paleogeography

Figure 8 presents a generalized depiction of
the paleogeographic evolution of the Cordi-
lleran margin from Late Cretaceous to middle
Eocene time based upon observed spatial and
temporal trends in forearc detrital zircon age
signatures (Fig. 7). We also compared forearc
age distributions with those from contempo-
raneous strata in intra-arc and retroarc posi-
tions (e.g., Barth et al., 2004; Dickinson and
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Gehrels, 2008; Dickinson et al., 2012; Fig. 6).
The restored north-to-south positions of forearc
strata (Figs. 7 and 8) are inferred from our pal-
inspastic reconstruction of the margin (Fig. 2B)
and are thus subject to uncertainties inherent in
such reconstructions (see Appendix DR2 [see
footnote 1]). In particular, the structural history
of the Nacimiento fault has important implica-
tions for pre-Eocene forearc relationships (e.g.,
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Jacobson et al., 2011). Even so, this compilation
reveals systematic, margin-scale provenance
trends in the California forearc that reflect the
tectonic and landscape evolution of the conti-
nental margin (Figs. 7 and 8).

Cenomanian—Coniacian Forearc
(100-86 Ma)

Although Cenomanian—Coniacian forearc
strata are dominated by Jurassic to mid-Creta-
ceous (200-85 Ma; 83%—100%) zircon, the
contributions from various arc subpopulations
vary systematically along the forearc, with peak
detrital zircon ages becoming progressively
younger toward the south (Figs. 3A and 7).
Jurassic—earliest Cretaceous (200-135 Ma) zir-
con grains constitute a majority of the forearc
sandstone samples in the Hornbrook and Sacra-
mento basins (41%—-100%), with samples from
Cache Creek and Mount Diablo displaying
nearly unimodal age distributions with peaks
at ca. 148 and 140 Ma, respectively (Fig. 3A).
The abundance of 200-135 Ma zircon in this
region clearly reflects the presence of accreted
Triassic—Jurassic assemblages (Klamath Moun-
tains and Foothills belt) that occur outboard
of the mid-Cretaceous arc at these latitudes
(~43-37°N; Figs. 1 and 2). These forearc strata
also display a conspicuous scarcity of contem-
porary (100-86 Ma) zircon despite concurrent
emplacement of the voluminous Sierra Crest
intrusive suite in the adjacent Sierra Nevada arc
(Chen and Moore, 1982; Coleman and Glazner,
1997; Ducea, 2001; see following discussion).

Forearc strata south of the Sacramento basin
display a systematic shift toward younger, mid-
Cretaceous (125-85 Ma) ages that suggests
decreased contribution from outboard Triassic—
Jurassic assemblages and increased contribution
from the mid-Cretaceous arc (Fig. 7). In particu-
lar, Jurassic—earliest Cretaceous (200—135 Ma)
zircon becomes scarce in the Peninsular Ranges
forearc (0%—14%; Fig. 7). This observation sug-
gests that any contribution from Jurassic rocks
within the Peninsular Ranges or from the Guer-
rero superterrane was overwhelmed by the volu-
minous mid- to Late Cretaceous batholith and its
volcanic equivalents. Although 100-85 Ma zir-
con is nearly absent in the Great Valley forearc,
this population becomes increasingly abundant
toward the south (Fig. 7). The presence of post—
100 Ma zircon in the Peninsular Ranges forearc
suggests that the eastern batholith (La Posta
suite; Walawender et al., 1990) was a source
to the forearc during this time period (Fig. 7).
In particular, Cenomanian to Turonian strata in
the El Rosario area and Vizcaino Peninsula are
highly enriched in post—100 Ma zircon relative
to samples to the north (Fig. 3A; Kimbrough
etal., 2001).

Figure 6 (on following page). Cumulative and normalized distributions of detrital zircon
U-Pb ages for arc-derived detrital zircon (i.e., <300 Ma) from groups of forearc, subduction
complex, underplated schist, intra-arc, and retroarc strata (see Table DR1 for samples and
data sources [see text footnote 1]). Numbers in parentheses indicate the number of samples/
grains younger than 300 Ma and the percentage of this subpopulation relative to the total
population. Abbreviations: Cum—cumulative; FC—Franciscan Complex; MRA—McCoy
retroarc, OR—Oregon, PR—Peninsular Ranges, Prob—probability, RAF—retroarc fore-
land, SB—Salinian block, SC—Sacramento basin, SCH—underplated schist, SJ—San

Joaquin basin, TR—Transverse Ranges.

We interpret the dominance of arc-derived
(ca. 200-85 Ma) zircon in Cenomanian—Conia-
cian forearc strata (Fig. 7) to suggest that the
forearc was completely isolated from inboard
source areas and that the mid-Cretaceous arc
formed a continuous, high-standing topographic
feature (Fig. 8A). The scarcity of post—100 Ma
zircon indicates little derivation from the east-
ern portion of the mid-Cretaceous arc, except
along the southernmost portion of the study area
(Figs. 2 and 7). In addition, age-equivalent retro-
arc strata are enriched in post-100 Ma zircon
relative to the forearc and also contain abundant
Triassic—Jurassic zircon that suggests derivation
from older segments of the Cordilleran arc that
occur inboard of the mid-Cretaceous arc (Figs.
2 and 6). Correspondingly, a drainage divide is
inferred to have existed along the axis of the
Cretaceous arc, which we depict along the west-
ern rim of the elevated Nevadaplano to the north
and west of the retroarc McCoy Mountains
basin in the south (Barth et al., 2004; Spencer
etal.,2011; Fig. 8A). The scarcity of arc-derived
zircon (3%—5%; Dickinson et al., 2012, their
Fig. 5) in the foreland east of the Sevier thrust
front suggests that relatively little arc detritus
was able to cross the elevated Nevadaplano to
reach the foreland basin to the east.

Santonian—Campanian Forearc (86-72 Ma)
Although Santonian—Campanian forearc
strata continue to be dominated by Jurassic
to mid-Cretaceous zircon (200-85 Ma; 45%—
100%), we observe several distinct changes rela-
tive to the older, Cenomanian—Coniacian forearc

»
>

(Fig. 7). In general, age distributions indicate a
decrease in contribution from outboard Triassic—
Jurassic assemblages relative to the mid-Cre-
taceous arc (125-85 Ma; Fig. 7). In particular,
widespread influx of 100-85 Ma zircon along
the margin signals increased contribution from
the eastern, post—100 Ma portion of the mid-Cre-
taceous arc relative to the pre—100 Ma, western
part of the arc (Figs. 2A and 7).

These changes are most clearly observed in
the Hornbrook and Sacramento basins, where
a dramatic decrease in the abundance of 200—
135 Ma zircon corresponds with an abrupt
increase in the proportion of 135-85 Ma zircon,
particularly the 100-85 Ma subpopulation, at
the Coniacian-Santonian boundary (Figs. 3A,
3B, 5, and 7). These samples also contain higher
proportions of pre-arc zircon (locally up to 48%,
median 15%) relative to their Cenomanian—
Coniacian counterparts (up to 16%, median
2%; Fig. 7).

Broadly speaking, the forearc south of the
Sacramento basin is characterized by consistent
detrital zircon age distributions dominated by
mid-Cretaceous (135-85 Ma) zircon (Fig. 7).
Peak ages shift toward younger populations and
correspondingly are enriched in post-100 Ma
zircon relative to their Cenomanian—Coniacian
counterparts (Figs. 3A, 3B, 5, and 7). Juras-
sic—earliest Cretaceous (200-135 Ma) zircon
gradually decreases in abundance southward,
and strata from San Miguel Island and the San
Diego area are enriched in 135-100 Ma zir-
con relative to others along the margin (Figs.
7 and 8B).

»
>

Figure 7 (on following page). (A) Spatial distribution of detrital zircon age populations in
Cenomanian—Eocene forearc sandstone. Distances are measured north-to-south parallel to
the reconstructed Eocene margin (Fig. 2B). Age population abundances are linearly interpo-
lated between sample localities (see Fig. 2A for sample location abbreviations). (B) Inferred
spatial and temporal distribution of source regions that supplied detritus to the California
forearc (dashed where source contribution is minor or uncertain). Abbreviations: Camp—
Campanian; Cen—Cenomanian; Con—Coniacian; HB—Hornbrook basin; Ma—Maas-
trichtian; Pc—Paleocene; PR—Peninsular Ranges; Sant—Santonian; SB—Salinian block;
SCB—Sacramento basin; SJB—San Joaquin basin; TB—Tyee basin; TR—Transverse
Ranges.
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We infer that increased abundance of 100—
85 Ma zircon grains and a widespread shift
toward younger peak ages within the forearc
basin as a whole signal an eastward migration
of drainage divides and progressive unroofing
of the mid-Cretaceous batholith immediately
following the cessation of arc magmatism (Fig.
8B; see following discussion). Initial dissection
of the extinguished Sierran arc at the Coniacian-
Santonian boundary is also supported by the
transition to the Rumsey petrofacies, which
is characterized by an increase in quartz and
feldspar and a decrease in lithic fragments and
plagioclase-to-total feldspar ratio (Ingersoll,
1983). Increased contribution from the Sierra
Nevada batholith to the Great Valley forearc is
also supported by an inferred transition from
dominantly longitudinal to transverse drainages
in this time period (Ingersoll, 1979; DeGraaff-
Surpless et al., 2002), coeval with an increase
in sedimentation rate and progradation of deltas
into the basin (Williams and Graham, 2013).

Detrital zircon age populations in the San-
tonian—Campanian forearc also indicate con-
tinued topographic continuity of the mid-Cre-
taceous arc and isolation from inboard source
regions along most of the margin (Fig. 8B).
This inference is supported by comparison
with retroarc foreland strata, which contain ca.
85-72 Ma detrital zircons that were sourced
from Laramide-aged igneous rocks emplaced
inboard of the mid-Cretaceous arc (Figs. 2 and
8B). Age-equivalent forearc strata generally
lack zircon younger than ca. 85 Ma, with the
exception of late Campanian—early Maastrich-
tian strata in the Simi Hills and Santa Monica
Mountains, which contain a few grains as young
as ca. 75 Ma (Figs. 3B, 7, and 8B; Jacobson
et al., 2011). Also, Jurassic zircon is abundant
in the retroarc but scarce in the forearc (Fig. 6),
except in the Hornbrook basin and Great Val-
ley forearc, where Jurassic—earliest Cretaceous
zircon was readily supplied from outboard,
accreted terranes (Figs. 1 and 2).

Maastrichtian—Paleocene Forearc (72-56 Ma)

Maastrichtian—Paleocene strata in the Great
Valley forearc are characterized by a consis-
tent detrital zircon signature that is enriched in
100-85 Ma zircon (25%-56%) relative to their
Santonian—Campanian counterparts (0%—23%),
suggesting further eastward migration of drain-
ages and continued uplift and denudation of
the Sierra Nevada batholith (Figs. 7 and 8C).
In addition, lower abundances of Jurassic—ear-
liest Cretaceous (200-135 Ma) zircon suggest
diminished input from the Klamath Mountains
and accreted terranes in the Sierra Nevada Foot-
hills belt relative to input from the Sierra Nevada
batholith (Figs. 7 and 8C). These findings are

consistent with studies of sandstone petrology
that indicate higher proportions of quartz and
feldspar and lower proportions of volcanic lithic
grains (Rumsey petrofacies; Ingersoll, 1983).
However, although Campanian and Maastrich-
tian—Paleocene sandstones are petrologically
similar arkose, these units are clearly distin-
guished on the basis of their detrital zircon U-Pb
age signatures.

Paleocene strata from the northern Salin-
ian block (Gualala bock and La Honda basin)
display provenance signatures that resemble
equivalent Great Valley strata in northern expo-
sures. However, Maastrichtian—Paleocene strata
from the central Salinian block (Santa Lucia
Range) are characterized by a wide range of
detrital zircon distributions, including varying
proportions of mid-Cretaceous, Jurassic, Perm-
ian—Triassic, and Proterozoic age populations
(Figs. 3C and 7; see also Appendix DR4 [see
footnote 1]). When combined as a group, this
region displays detrital zircon age distributions
intermediate between those found in the Great
Valley forearc and Transverse Ranges (Figs. 7
and 8C). Thus, Maastrichtian—Paleocene strata
of the Santa Lucia Range appear to contain a
mixed provenance signature that suggests deri-
vation from both local exposures of the mid-
Cretaceous batholith and from Triassic—Juras-
sic igneous rocks in the western Mojave Desert
region (Fig. 2).

Forearc strata deposited in the La Panza
Range and San Gabriel Mountains exhibit a
pronounced switch to source regions inboard
of the mid-Cretaceous arc (Figs. 7 and 8C). The
abundance of latest Cretaceous (ca. 85—65 Ma)
and Proterozoic (ca. 1.8-1.3 Ga) zircon and lack
of mid-Cretaceous and Jurassic zircon are con-
sistent with an inland drainage that reached into
the eastern Mojave Desert and possibly as far as
the Mogollon highlands (Jacobson et al., 2011).
The observed influx of inboard detritus is less
pronounced in the Santa Ynez Mountains, Simi

Hills, and Santa Monica Mountains, where mid-
Cretaceous (135-85 Ma) zircon grains still com-
prise a significant component of the detrital age
populations (Fig. 7). The outboard-to-inboard
provenance transition in the northern Santa
Ana Mountains is recorded as an influx of lat-
est Cretaceous (85-65 Ma) zircon to the Upper
Paleocene Silverado Formation (Fig. 7 and 8C).
Upper Paleocene-Lower Eocene sandstone
from the San Diego area (Mount Soledad For-
mation) is dominated by ca. 135-100 Ma zircon
(81%-96%; Fig. 7), suggesting that these grains
were derived locally from the western Peninsu-
lar Ranges batholith. However, the presence of
Poway porphyritic rhyolite clasts in the Mount
Soledad Formation suggests that the drainage
at this latitude must have extended inboard to
the Sonoran Desert (Kennedy and Moore, 1971;
Kies and Abbott, 1982; Abbott and Smith,
1989). We infer that the Jurassic rhyolitic bed-
rock source of the Poway clasts yielded little
sand-sized detritus relative to local batholithic
rocks and is thereby underrepresented in the
detrital zircon age distributions.

The sudden delivery of abundant inboard
detritus to the southern California forearc sig-
nals a rapid inland migration of the drainage
divide that formerly ran down the axis of the
Salinian-Mojave segment of the mid-Cretaceous
arc (Jacobson et al., 2011) and was accompa-
nied by marine flooding of the arc interior that
extended to at least the San Gabriel block (Figs.
7 and 8C; Kooser, 1982). As a consequence,
forearc and retroarc depocenters transitioned
from having separate to shared source regions
(i.e., Mojave Desert and Mogollon provinces)
during this time period (Jacobson et al., 2011;
Dickinson et al., 2012; Fig. 6). For example,
the Upper Paleocene-Lower Eocene Colton
Formation in the Uinta basin is thought to have
been supplied via the hypothetical California
paleoriver from the Mojave Desert segment of
the Cordilleran arc (e.g., Dickinson et al., 2012).

»
>

Figure 8 (on following two pages). Generalized paleogeographic reconstruction of the Ceno-
manian-Eocene continental margin. The ages of potential source rocks are generalized from
Figure 2. Detrital zircon U-Pb age populations are shown as pie diagrams (see Fig. 7 for key).
Hypothetical fluvial-submarine sediment dispersal pathways are shown as blue lines. The
continental drainage divide is shown as a dashed black line. The approximate location of
an inferred oceanic plateau is from Liu et al. (2010). The relative plate motion between the
Farallon and Pacific plates is shown as a black arrow with convergence velocity indicated
(Cenomanian—Coniacian—Liu et al., 2008; Santonian—-Eocene—Doubrovine and Tarduno,
2008). Aspects of this reconstruction are modified from the following data sources: Dickinson
et al. (1979); Ingersoll (1979); Nilsen and Abbott (1981); Kies and Abbott (1982); Sundberg
and Cooper (1982); DeGraaff-Surpless et al. (2002); Dickinson et al. (2012); Sharman et al.
(2013); Surpless and Beverly (2013). See Figure 2 for abbreviated forearc sample locations.
Abbreviations: NCB—Nacimiento block; DR—Dome Rock; MM—McCoy Mountains retro-
arc; RF—retroarc foreland; SB—Salinian block; WTR—Western Transverse Ranges.
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This interpretation is supported by comparison
of the detrital zircon age distributions from the
Colton Formation with time-equivalent forearc
strata from the Salinian block, Transverse
Ranges, and Peninsular Ranges (Fig. 6). Latest
Cretaceous zircon (ca. 85-65 Ma) is present in
both the Colton Formation and in the Transverse
Ranges forearc, although Triassic—Jurassic zir-
con is an important age population present in
the Colton Formation that is nearly absent in
Maastrichtian—Paleocene forearc strata (Fig. 6).
Extension of the California River headwaters
into the western Mojave Desert region is sup-
ported by comparison with the Paleocene intra-
arc Goler basin and Eocene Salinian forearc,
which contain abundant Jurassic zircon (Figs. 6,
8C, and 8D). Triassic zircon is also present in
modest abundances in strata from the Salinian
block and most notably comprises up to 22%
of the early Eocene German Rancho Formation
(Gualala block) and up to 50% of Maastrich-
tian—Paleocene strata in the Santa Lucia Range
(Figs. 3D and 7; Barbeau et al., 2005; Doebbert
et al., 2012). Thus, the hypothetical California
River drainage is inferred to have extended
headward as far as the western Mojave Desert
region, where Triassic—Jurassic igneous rocks
are known to have been a local source to the
forearc (Figs. 8C and 8D).

Lower to Middle Eocene Forearc (56-36 Ma)

Lower to middle Eocene forearc strata dis-
play systematic north-south trends in sedimen-
tary provenance that reflect the culmination of
inboard sediment delivery to the continental
margin and the age distribution of igneous rocks
along both the intact and breached segments
of the mid-Cretaceous Cordilleran arc (Figs.
7 and 8D). In general, distinct assemblages of
detrital zircon age populations were derived
from at least five adjacent fluvial systems with
headwaters that extended into (1) north-central
Idaho (Tyee and Princeton Rivers; Dumitru
et al.,, 2012), (2) the Sierra Nevada batholith
(Cecil et al., 2010; Cassel et al., 2012), (3) the
western Mojave region (Lechler and Niemi,
2011), (4) the eastern Mojave Desert and
Mogollon highlands (Jacobson et al., 2011), and
(5) Sonoran Desert and southwestern Arizona
(Jacobson et al., 2011).

1. Idaho batholith and adjacent volcanic
fields. Eocene extensional deformation and
associated uplift and erosion in north-central
Idaho (ca. 53-40 Ma; Foster et al., 2007) pro-
duced abundant sediment derived from the Idaho
batholith and Challis volcanic field that reached
the Oregon and California forearc via the Tyee
and Princeton Rivers (Fig. 8D; Dumitru et al.,
2012). The Paleocene—early Eocene Princeton
submarine canyon for a time conveyed Idahoan

Sharman et al.

detritus down the axis of the Sacramento basin
to the Mount Diablo area, which has formed a
persistent depocenter in the Great Valley forearc
since Cretaceous time (Moxon, 1990). From
this point, Idahoan detritus was longitudinally
dispersed to the north and south in trench-slope
basins (e.g., Underwood, 1983; Snow et al.,
2010) and eventually to the trench, where a
mixture of Sierran- and Idahoan-derived sedi-
ment was subducted and accreted during early
Eocene time to form the Franciscan Coastal
belt (Dumitru et al., 2012). Paleogene zircon is
found as far south as the Temblor Range (Shar-
man et al., 2013), suggesting that the Idahoan
sediment dispersal system was active over the
entire length of the Eocene Great Valley forearc.

2. Sierra Nevada. Aside from variable contri-
bution from sediment sources in Idaho, Eocene
sandstone in the Great Valley forearc is charac-
terized by a laterally consistent provenance sig-
nature for over ~400 km that is indistinguishable
from age distributions in Maastrichtian—Paleo-
cene Great Valley strata (Figs. 3C, 3D, 5, and 7).
These sandstone samples are dominated by mid-
Cretaceous (ca. 125-85 Ma) zircon with a char-
acteristically asymmetrical distribution (peak at
ca. 97 Ma; Fig. 3D), have lesser abundances of
Jurassic—earliest Cretaceous zircon (Fig. 7), and
are interpreted to have been derived from both
the western and eastern portions of the Sierra
Nevada batholith (Fig. 8D). This signature is
present in westward-draining fluvial systems
that are preserved in the northern Sierra Nevada
and indicate significant topography of the ances-
tral Sierra Nevada Mountains (Mulch et al.,
2006; Cecil et al., 2010; Cassel et al., 2012).
Similar west-flowing drainages are likewise
inferred in the southern Sierra Nevada (Fig. 8D),
although incised channels have not been identi-
fied and are likely no longer preserved (Henry
et al.,, 2012). Sierran detritus was distributed
to the adjacent shelfal and deep-water forearc
via incised valleys and submarine canyons cut
into the Sierran shelf edge (Graham and Berry,
1979; Sullivan and Sullivan, 2012). Uplift and
emergence of the Franciscan subduction com-
plex along the western margin of the San Joa-
quin basin (Schulein, 1993) helped partition
thick successions of sand-rich turbidite deposits
into structurally controlled, ponded depocen-
ters (e.g., Cantua Sandstone and Point of Rocks
Sandstone; Nilsen et al., 1974; Nilsen and
Clarke, 1975; Graham and Berry, 1979). Sier-
ran detritus was subsequently delivered from the
forearc to trench-slope basins preserved atop the
San Francisco Bay block through an outlet that
is inferred to have existed in the trench-slope
break (Fig. 8D).

3. Western Mojave region. A major prov-
enance shift occurred in the southernmost San
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Joaquin basin at ~35° latitude, where an influx
of Late Permian—Jurassic zircon to the margin
indicates that forearc drainages extended east-
ward to the western Mojave Desert and/or south-
eastern Sierra Nevada regions (Figs. 7 and 8D;
Lechler and Niemi, 2011; Doebbert et al., 2012;
Sharman et al., 2013). Forearc strata deposited
atop the northern and central Salinian block
are dominated by Jurassic zircon (36%—73%),
with lesser proportions of Permian—Triassic zir-
con (4%—-20%), which indicate derivation from
older arc segments that occurred inboard of the
mid-Cretaceous arc (Figs. 2 and 7). In particular,
the importance of a Jurassic-aged source region
along this portion of the margin is evident in the
northern Santa Lucia Range, where Jurassic zir-
con comprises a large proportion (70%—-92%) of
the middle Eocene The Rocks Sandstone (Figs.
3D and 7). Maastrichtian—Paleocene forearc
strata in these same areas lack abundant Juras-
sic zircon, suggesting that this sediment disper-
sal system did not supply detritus to the forearc
until early Eocene time (Figs. 8C and 8D). The
cause of the influx of Jurassic grains to the
forearc is enigmatic but may have resulted from
either increased uplift and denudation in the
hinterland or an eastward migration of forearc
drainages into the western Mojave Desert region
during Eocene time (Fig. 8D).

An important aspect of our paleogeographic
reconstruction is the inference that strata depos-
ited atop the northern and central Salinian block
were derived, in large part, from drainages that
extended inboard of the mid-Cretaceous arc
(Fig. 8). This interpretation departs from pre-
vious models (e.g., Nilsen and Clarke, 1975),
which have inferred the central California
margin to be characterized by ‘“continental
borderland” topography with local, uplifted
crustal blocks providing sediment to adjacent,
bathyal basins (see also discussion in Grove,
1993; Jacobson et al., 2011). Derivation from
local exposures of the Salinian block would
yield detrital zircon age distributions domi-
nated by mid- to Late Cretaceous zircon (ca.
110-76 Ma; Mattinson, 1990; Figs. 4 and 5).
However, detrital zircon age distributions of
Cretaceous—Eocene Salinian forearc sandstone
are markedly dissimilar to the distribution
of zircon U-Pb ages from Salinian basement
(Fig. 5). Instead, the abundance of pre—135 Ma
zircon in Eocene successions deposited atop the
Salinian block suggests that these strata were
sourced in large part from regions to the east
(Fig. 8D). In addition, widespread marine sedi-
mentation atop the Salinian block during Paleo-
gene time (Nilsen and Clarke, 1975; Graham,
1976a, 1976b) suggests that this terrane was
largely submerged during this time period (Fig.
8D). For these reasons, the Salinian block was
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likely not a major sediment source to adjacent
Paleogene forearc depocenters.

4. Eastern Mojave region and Mogollon high-
lands. Another abrupt provenance shift occurred
south of the central Salinian block, where mid-
Cretaceous zircon becomes nearly absent and
is replaced by Proterozoic and Jurassic zircon
populations that are found in the Transverse
Ranges forearc (Sierra Madre Mountains, Pine
Mountain block, and Orocopia Mountains; Figs.
7 and 8D; Jacobson et al., 2011). Similar distri-
butions are found in forearc strata from the Santa
Ynez Mountains, Simi Hills, and Santa Monica
Mountains, although these regions also include
populations of latest Cretaceous (ca. 85-65 Ma)
zircon. These strata were likely sourced from the
eastern Mojave Desert and Mogollon highlands
region of southwestern Arizona, based on the
occurrence of Jurassic and latest Cretaceous plu-
tons that intrude Proterozoic crustal rocks with
age peaks at ca. 1.4 and 1.7 Ga in these regions
(Jacobson et al., 2011).

5. Sonoran Desert and southwestern Ari-
zona. Detrital zircon age distributions in the
Peninsular Ranges forearc are consistent with
studies of conglomerate clast compositions
that indicate that drainages extended across the
northern Peninsular Ranges batholith into the
Sonoran Desert region and southwestern Ari-
zona (Abbott and Smith, 1978, 1989). Addi-
tional populations of mid-Cretaceous zircon
from forearc strata in the San Diego area and
northern Baja California indicate local contribu-
tion from the Peninsular Ranges batholith (Figs.
7 and 8D). Detrital zircon age distributions from
the late Eocene Ballenas Gravels are similar
to those in the San Diego area, supporting the
interpretation of a through-going fluvial net-
work (Fig. 8D). In general, the amount of extra-
regional detritus decreases southward along the
Peninsular Ranges forearc, suggesting increas-
ing isolation from inboard source regions in this
direction (Figs. 7 and 8D).

Forearc—Subduction Complex-Underplated
Schist Comparison

Detritus delivered to the continental margin
that was able to bypass the forearc and eventu-
ally reach the trench was either accreted to the
margin as part of the Franciscan subduction
complex (Dumitru et al., 2010) or underplated
beneath the margin to form metasedimentary
schist (e.g., Pelona-Orocopia-Rand schist; Grove
et al., 2003a). In some cases, detrital zircon age
distributions in the forearc closely match those in
the adjacent subduction complex or underplated
schist (e.g., compare Transverse and Peninsular
Ranges forearc with age-equivalent underplated
schist; Fig. 6; see also discussion in Jacobson

etal., 2011). However, we also observe that adja-
cent forearc and subduction complex segments
can display markedly different detrital zircon
age distributions. For example, the Eocene Fran-
ciscan subduction complex has a very different
age distribution than that found in the adjacent
Sacramento basin (Figs. 2 and 6). Samples from
the Franciscan subduction complex inferred to
be Cenomanian—Coniacian in age display the
prominent Late Jurassic peak present in the Sac-
ramento basin but also contain Early Cretaceous
ages found in the San Joaquin basin (Fig. 6).
Similarly, three Santonian—-Campanian(?) Fran-
ciscan samples from Pacheco Pass (Ernst et al.,
2009) and Marin County (Prohoroff et al., 2012)
broadly resemble those from the Great Valley
forearc but are enriched in post-100 Ma zircon
relative to time-equivalent forearc strata (Fig. 6).

These observed mismatches in forearc—sub-
duction complex provenance can be interpreted
as manifestations of longitudinal transport of
sand along trench-slope basins and trench floors
from variably spaced entry points. This pattern
of sediment dispersal is ubiquitous in modern
trenches (Underwood and Moore, 1995) and
can introduce a detrital zircon age mismatch
between forearc basins and their associated
subduction complexes. This pattern is well
exhibited in the Eocene Franciscan Coastal
belt, which has a distinct provenance character
from the adjacent forearc because of the deliv-
ery of abundant Idahoan detritus that reached
the trench via an entry point in the vicinity of
Mount Diablo (Dumitru et al., 2012). Alterna-
tively, these differences could be explained by
margin-parallel dextral transport of the Francis-
can subduction complex relative to the adjacent
forearc (Ernst et al., 2009).

Influence of Underlying Geometry of the
Jurassic and Mid-Cretaceous Arcs on the
Evolution of Forearc Detrital Zircon Age
Distributions

One of the most striking aspects of the evolu-
tion of detrital zircon age distributions over time
in the California forearc is the abundance of
Jurassic—earliest Cretaceous (200—135 Ma) zir-
con in the Great Valley forearc during Cenoma-
nian—Coniacian time, the subsequent decline of
this age population relative to mid-Cretaceous
zircon, and the following resurgence of Juras-
sic zircon in the Salinian block and Transverse
Ranges in Eocene time (Figs. 3 and 7). This first-
order pattern is a clear reflection of the underly-
ing geometry of the Jurassic—earliest Cretaceous
and mid-Cretaceous arcs; specifically, the lat-
ter crosscuts the former, thereby partitioning
preserved Jurassic—earliest Cretaceous source
rocks into regions inboard and outboard of the
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younger mid-Cretaceous arc (Figs. 1 and 2).
The systematic southward decrease of 200135
Ma zircon in the Coniacian—Campanian forearc
(Fig. 7) is a consequence of Jurassic-aged arc
rocks primarily lying outboard of the mid-Cre-
taceous arc in the north (Klamath Mountains
and Sierra Nevada Foothills belt) and inboard of
the mid-Cretaceous arc in the south (southeast-
ern Sierra Nevada, Mojave Desert, and Sonoran
Desert regions; Figs. 1 and 2). For this reason,
Jurassic zircon is uncommon in the southern
California forearc (<35°N latitude; Fig. 7) until
Eocene time, when forearc drainages were able
to locally extend far enough inland to tap the
inboard Jurassic arc (Fig. 8D).

Why Is Post-100 Ma Zircon Scarce
in the Cenomanian—Coniacian Great
Valley Forearc?

An important characteristic of the Ceno-
manian—Coniacian forearc is the scarcity of
contemporaneous zircon, particular in the
Hornbrook and Great Valley forearc segments
(0%—15%, median 2%), despite being depos-
ited synchronously with a major flare-up (ca.
100-85 Ma) in the adjacent mid-Cretaceous arc
(Figs. 3A and 7; Ducea, 2001). The post—100
Ma Sierra Crest intrusive suite accounts for
more than 50% of the present exposures of the
Sierra Nevada batholith (Fig. 2; Coleman and
Glazner, 1997; Ducea, 2001), and zircon of this
age is abundant (up to 44%) in modern rivers
that drain the Sierra Nevada (Kimbrough et al.,
2009). The near absence of age-equivalent zir-
con in the forearc is quite surprising, particularly
because both petrographic and geochemical
studies have suggested that the Sierra Nevada
arc was a major source to the contemporane-
ous Great Valley forearc (Ingersoll, 1983; Linn
etal., 1992).We see three potential explanations:

(1) A drainage divide may have existed west
of the active volcanic arc that prevented detritus
from the volcanic carapace from being delivered
to the adjacent forearc basin (DeGraaff-Surpless
et al., 2002, their Fig. 12B). The presence of a
drainage divide wholly west of the mid-Creta-
ceous arc is precluded by petrographic and geo-
chemical evidence, which indicates that forearc
sandstone contains andesitic detritus derived
from the volcanic carapace of the mid-Creta-
ceous arc (Ingersoll, 1983; Linn et al., 1992).
However, the lack of post-100 Ma detrital zir-
con could suggest that the western, pre—100 Ma
arc was a major source to the forearc, while the
volcanic carapace of the eastern, post—100 Ma
volcanic arc was largely partitioned from the
forearc (Fig. 2). Modern silicic calderas that
form in continental arcs tend to be preferen-
tially located behind the arc front (Hughes and



Mahood, 2011) and thus are more likely to be a
source to the retroarc region rather than to the
forearc. Some support for this interpretation is
provided by the observation that Cenomanian—
Coniacian retroarc sandstones are enriched in
post—100 Ma zircon relative to their forearc
counterparts (Fig. 6). In addition, local absence
of mid-Cretaceous zircon in the western Sac-
ramento basin (Fig. 3A) can be explained by
predominantly southward-directed, longitudi-
nal sediment transport during this time period
(Ingersoll, 1979). In this case, major sediment
contribution to the forearc was likely from the
Klamath Mountains to the north, with lesser
contribution from the mid-Cretaceous arc in
the Sierra Nevada (Fig. 8A; DeGraaff-Surpless
et al., 2002).

(2) The post—100 Ma volcanic arc may have
been a source to the Great Valley forearc but
yielded little zircon. This interpretation hinges
on the inference that felsic to intermediate vol-
canic rocks yield fewer and smaller zircon grains
than their plutonic counterparts (Poldervaart,
1956; Watson, 1979). However, this inference
is at odds with the abundance of Early Creta-
ceous zircon in Upper Cretaceous samples with
high volcanic lithic contents that are inferred to
have been derived from the volcanic carapace of
the mid-Cretaceous arc (e.g., Grabast and Los
Gatos petrofacies; Ingersoll, 1983; DeGraaft-
Surpless et al., 2002).

(3) The paucity of post—100 Ma zircon in
the Cenomanian—Coniacian forearc may reflect
an absence of volcanic equivalents to the ca.
98-86 Ma Sierra Crest intrusive suite. However,
although relatively few mid-Cretaceous volcanic
sequences have been identified in the Sierra
Nevada, the Minarets and Merced Peak caldera
complexes provide well-preserved examples of
ca. 100 to 293 Ma volcanism likely associated
with the voluminous Sierra Crest intrusive event
(Fiske and Tobisch, 1994; Lowe, 1996). In addi-
tion, the presence of volcanic ash deposits of this
age in retroarc foreland sequences (e.g., Cadrin
et al., 1996) confirms the existence of extrusive,
silicic volcanism during Late Cretaceous time.

Regardless of the specific reason why post—
100 Ma zircon is so scarce in the Cenomanian—
Coniacian forearc, we interpret the gradual
influx of this age population during Santonian to
Paleogene time to signal the progressive erosion
into plutons of the Sierra Crest intrusive suite
(Figs. 3B-3D, 5, and 7).

Influence of Low-Angle Subduction on the
Evolution of an Arc-Forearc System

The Laramide orogeny is widely considered
to have resulted from low-angle subduction that
accompanied the collision and subsequent sub-
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duction of an oceanic ridge or plateau beneath
North America (Livaccari et al., 1981; Hender-
son et al., 1984; Saleeby, 2003). Potential can-
didates include the conjugates to the Hess and
Shatsky Plateaus of the present-day northwest
Pacific (Tarduno et al., 1985). Both plate motion
reconstructions and inverse convection mod-
els predict that the Shatsky conjugate plateau
collided with the North American plate at ca.
90 Ma in the vicinity of southern California (Liu
et al., 2010). We hypothesize that major spatial
and temporal trends in forearc sandstone prov-
enance were greatly influenced by the impinge-
ment of the Shatsky conjugate plateau on the
continental margin, and that this event resulted
in both differential uplift and denudation of
the mid-Cretaceous volcanic-plutonic arc and
eventual breaching of an ~500 km segment of
the southern California mid-Cretaceous margin
batholith (e.g., Saleeby, 2003).

Contrasting Denudation History of the
Sierran and Peninsular Ranges Batholiths

Although the Sierran and Peninsular Ranges
segments of the mid-Cretaceous batholith
share many commonalities in their magmatic
history (e.g., Chen and Moore, 1982; Silver
and Chappell, 1988), they differ significantly
in the magnitude, distribution, and timing of
postmagmatic uplift and denudation (Ague
and Brimhall, 1988; George and Dokka, 1994;
Grove et al., 2003b; Saleeby et al., 2007, 2008).
Major differences in detrital zircon age distribu-
tions between the Great Valley and Peninsular
Ranges segments of the forearc (Fig. 5) can be
understood to be a consequence of these con-
trasting denudation histories, in addition to the
underlying control contributed by the crosscut-
ting geometry of the mid-Cretaceous arc relative
to older arc segments.

The Peninsular Ranges underwent rapid
denudation following emplacement of the
99-92 Ma La Posta suite that caused an influx
of coarse detritus to the Cenomanian—Turonian
forearc and resulted in detrital zircon age dis-
tributions that exhibit little time lag between
U-Pb crystallization and depositional ages
(Kimbrough et al., 2001; Grove et al., 2003b;
Fig. 3A). The timing of denudation (ca. 91-86
Ma) corresponds closely with the predicted
time (ca. 90 Ma) and location of plateau colli-
sion with the margin (Grove et al., 2003b; Liu
et al., 2010), suggesting that these two events
were causally linked. Alternatively, mechani-
cal and thermal effects related to high rates of
magmatic flux during the La Posta intrusive
event could have also contributed to denudation
of the Peninsular Ranges arc (Kimbrough et al.,
2001; Grove et al., 2003b). Regardless of the
mechanism, depths of the modern level of ero-
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sion in the northern Peninsular Ranges batholith
(0-8 km in the west and typically 12-20 km in
the east; Ague and Brimhall, 1988; Herzig and
Kimbrough, 2014) were nearly attained by lat-
est Cretaceous time (George and Dokka, 1994;
Grove et al., 2003b, 2008). As a result, detrital
zircon age distributions of Cenomanian—Paleo-
cene forearc strata essentially match the distri-
bution of U-Pb ages from the modern surface of
the Peninsular Ranges batholith and exhibit lit-
tle change over time until the delivery of inboard
detritus to the margin in Eocene time (Figs. 5,
8C, and 8D).

The Great Valley forearc exhibits a very dif-
ferent provenance evolution, where Cenoma-
nian—Paleocene forearc strata exhibit increasing
abundances of 125-85 Ma zircon over time that
are interpreted to reflect progressive denuda-
tion of the Sierra Nevada batholith (Fig. 5).
Cenomanian—Coniacian strata display com-
paratively larger time lags between peak detrital
zircon U-Pb ages and depositional ages, despite
voluminous concurrent magmatism to the east
(Fig. 3A). The influx of 100-85 Ma zircon to
the forearc at the Coniacian-Santonian bound-
ary (Fig. 3B) likely relates to the attainment of
erosional depths great enough to expose plutons
of the Sierra Crest intrusive suite in the eastern
Sierra Nevada batholith and coincides with a
cooling event in the western Sierra Nevada
(Cecil et al., 2006; Saleeby et al., 2010; Surpless
and Beverly, 2013). This inference is supported
by sandstone petrography and geochemistry,
which also signal unroofing of Sierra Nevada
batholith during this time interval (Ingersoll,
1983; Linn et al., 1992). Surprisingly, this pulse
of denudation coincides with a decrease in sedi-
mentation rates in the Sacramento basin (Wil-
liams, 1997), although evidence for sediment
transport via incised submarine canyons sug-
gests that any pulse of sedimentation may have
bypassed the preserved portion of the Great Val-
ley forearc (Williams et al., 1998; Williams and
Graham, 2013).

Although the ca. 98-86 Ma Sierra Crest
intrusions account for a majority of present-day
exposure of the Sierra Nevada batholith (Cole-
man and Glazner, 1997; Ducea, 2001), detrital
zircon grains of this age do not become abun-
dant in the forearc until Maastrichtian—Paleo-
cene time, suggesting a time lag of at least ~13
m.y. between final pluton emplacement and
sufficient arc denudation and erosion to expose
the full width of the batholith (Figs. 3C and
5). Modern levels of erosion in the eastern and
northern Sierra Nevada batholith (<4 km; Ague
and Brimhall, 1988) include volcanic levels
of arc crust (e.g., Minarets caldera; Fiske and
Tobisch, 1994), are significantly less than those
in the eastern Peninsular Ranges batholith (typi-
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cally 12-20 km; Ague and Brimhall, 1988), and
were attained over a much longer period of time.
As aresult, the eastern batholithic signature that
is present in the ca. 90 Ma Peninsular Ranges
forearc is not found in the Great Valley forearc
until ca. 70 Ma (Fig. 5).

We hypothesize that the contrasting denuda-
tion history of the Sierra Nevada and Penin-
sular Ranges relates to the location of plateau
collision with the margin. Specifically, regions
proximal to the collision site (i.e., southernmost
Sierra Nevada and northern Peninsular Ranges)
experienced higher magnitudes and rates of ca.
90 Ma denudation than regions farther away
from the collision site (i.e., central and north-
ern Sierra Nevada; Grove et al., 2003b; Saleeby
et al., 2007, 2010). This interpretation helps
to explain why the Great Valley and Peninsu-
lar Ranges forearc segments display opposite
trends in detrital zircon age distributions over
time despite developing in comparable tectonic
settings (Fig. 5). Great Valley forearc age dis-
tributions progressively become more similar
to the age distribution of plutons in the Sierra
Nevada batholith as a result of progressive arc
uplift and denudation during Late Cretaceous—
early Paleogene time (Fig. 5; Cecil et al., 2006).
This contrasts with age distributions in the Pen-
insular Ranges forearc, which initially were
very similar to the age distribution of plutons
in the Peninsular Ranges batholith but become
less so during Eocene time as fluvial systems
bypassed the local batholith and delivered
extraregional detritus to the margin (Figs. 5
and 8). Because rapid denudation favors small
time lags between U-Pb crystallization and
depositional ages, the youngest zircons can
provide a close approximation of depositional
age for strata sourced from a rapidly unroofing
arc (e.g., Kimbrough et al., 2001) but can be
considerably older for unroofed or shallowly
denuded volcanic arcs (e.g., Cenomanian—
Coniacian strata in Cache Creek; DeGraaff-
Surpless et al., 2002).

Geomorphic Breaching of the Southern
California Margin Batholith

The pronounced and sudden influx of inboard
detritus to the southern California margin at
ca. 75 Ma (Fig. 7) is a clear reflection of the
development of a geomorphic breach within
the mid-Cretaceous arc and an associated rapid
migration of forearc drainages into the conti-
nental interior (Fig. 8). Although these events
have been linked with the collision of an oce-
anic plateau or aseismic ridge with the southern
California margin (e.g., Saleeby, 2003; Jacob-
son et al., 2011), the outboard-to-inboard prov-
enance transition observed in the forearc likely
postdated the initial oceanic plateau collision

by ~15 m.y. (Fig. 8). By ca. 75 Ma, the Shatsky
conjugate plateau is predicted to have been posi-
tioned beneath the Colorado Plateau region (Liu
et al., 2010). This suggests that the geomorphic
breaching of the mid-Cretaceous arc and asso-
ciated inland drainage migration (Fig. 8) were
more likely related to the passage of the oceanic
plateau beneath the continental interior than to
its initial collision with the margin.

Forearc detrital zircon age distributions
clearly demarcate the north-south extent of
inboard detritus along the margin and demon-
strate that the outboard-to-inboard provenance
transition migrated both to the north and south
through Maastrichtian—Eocene time (Fig. 7).
This pattern is consistent with a localized col-
lision of the oceanic plateau along an ~500 km
length of the southern California margin (Figs.
7 and 8; Saleeby, 2003). North-to-south vari-
ability within the extraregional provenance
signature is related to the distribution of source
regions inboard of the mid-Cretaceous arc,
rather than from the mid-Cretaceous arc itself
(Figs. 7 and 8).

In contrast, provenance trends in areas to the
north and south of the oceanic plateau collision
(Sierra Nevada and Peninsular Ranges seg-
ments) still reflect derivation from the adjacent
batholith until drainages migrated to the east to
allow extraregional detritus to reach the forearc
(Figs. 7 and 8; Cassel et al., 2012). Contrast-
ing denudation histories between the Sierra
Nevada and Peninsular Ranges batholiths may
have influenced the timing of inboard drain-
age migration, which occurred earlier (late
Paleocene—early Eocene; Kies and Abbott,
1982) in the Peninsular Ranges than in the
Sierra Nevada (late Eocene—Oligocene; Cas-
sel et al., 2012). The preservation of the Great
Valley and Peninsular Ranges forearc segments
can be interpreted to be a consequence of slab
segmentation (Saleeby, 2003), which allowed
subduction accretion along the Great Valley
forearc while the Salinian-Mojave segment of
the margin underwent tectonic underplating
and subduction erosion (sensu Von Huene and
Scholl, 1991). Finally, the influx of Idahoan
detritus to the Eocene Tyee and Great Valley
forearcs and Franciscan Coastal belt demon-
strates that far-field tectonism also contributed
to shaping forearc provenance trends (Dumitru
etal., 2012).

Influence on Future Development of
the San Andreas Fault System

One of the lasting legacies of Laramide flat
subduction on the California margin was its
influence on preconditioning the later develop-
ment of the modern Pacific—-North American
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plate boundary. Following tectonic restructur-
ing of the margin batholith in southern Cali-
fornia, the Salinian-Mojave segment of the
margin likely formed a western “bulge” in the
margin (Johnson and Normark, 1974; Figs. 8C
and 8D). This vulnerable position would later
be exploited by strike-slip faults of the San
Andreas system that translated and extended
the Salinian block and adjacent crustal pieces
of the Mojave Desert region (e.g., the San
Gabriel block) northward (Atwater, 1989).
Strictly speaking, these processes could have
begun immediately following the tectonic
restructuring of the margin, inasmuch as dex-
tral obliquity of subduction may have promoted
trench-parallel faulting (Fig. 8D; Doubrovine
and Tarduno, 2008; Sharman et al., 2013, their
Fig. 4). This mechanism may account for the
~100 km of late Paleogene northward transla-
tion of the Salinian block that is required by our
reconstruction (Sharman et al., 2013; Fig. 2A).
Additional northward displacement followed
Pacific-North American plate contact (ca.
28-26 Ma) and development of the modern San
Andreas system, which resulted in >550 km of
cumulative northward translation of portions of
the Salinian block (Fig. 2; Atwater, 1989; Dick-
inson et al., 2005).

CONCLUSIONS

Spatial and temporal trends in sedimentary
provenance within in the California forearc can
be understood as manifestations of Laramide
low-angle subduction and associated oceanic
plateau subduction in the landscape evolution
of the western U.S. continental margin. As
such, our results yield important insights into
the tectonic evolution of a well-studied arc-
forearc system.

In general, pre-Maastrichtian detrital zircon
age distributions demonstrate the existence of
a drainage divide formed by a high-standing
mid-Cretaceous Cordilleran arc that effectively
shielded the forearc from inboard sediment
source regions. North-south trends in detrital zir-
con age distributions can be explained in terms
of the primary, crosscutting geometry between
the mid-Cretaceous and older arc segments and
along-strike, differential uplift and denudation
of the mid-Cretaceous batholith that are hypoth-
esized to be related to the initial impingement
of an oceanic plateau on the continental margin.

A pronounced transition from local to extrare-
gional provenance in the Maastrichtian—Eocene
southern California forearc indicates that a geo-
morphic breach developed within the formerly
high-standing mid-Cretaceous arc that allowed
forearc drainages to migrate into the continental
interior. These events likely postdated the initial



collision of the Shatsky conjugate plateau with
the margin by ~15 m.y., suggesting that breach-
ing of the southern California margin was more
likely related to the passage of the subducted
oceanic plateau beneath the continental inte-
rior than to its initial collision with the margin.
Forearc strata north and south of the breached
margin continued to be derived from the adja-
cent mid-Cretaceous batholith until progressive
eastward drainage migration allowed extra-
regional detritus to be delivered to the forearc.

The California forearc provides a case study
of the utility of detrital zircon geochronology
in resolving landscape evolution in an active
margin setting. When applied to arc-adjacent
depocenters, detrital zircon provenance analy-
sis allows high-resolution discrimination of
potential source regions in a way that is not pos-
sible using traditional petrographic techniques
alone. This is particularly true where the source
regions are segments of a volcano-plutonic arc
complex with distinct and well-documented
spatial variations in crystallization age. We
found the relative abundances of arc-derived age
populations to be a sensitive indicator of prov-
enance, in addition to the presence or absence of
distinctive age populations. Thus, detrital zircon
geochronology constitutes a valuable tool for
understanding the tectonic and paleogeographic
evolution of arc-forearc systems.
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