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Asstract:  The Great Valley forearc (GVf) basin, California, records deposition along the western margin of
North America during active oceanic subduction from Jurassic through Paleogene time. Along the western GVf,
its underlying basement, the Coast Range Ophiolite (CRO), is exposed as a narrow outcrop belt. CRO segments
are overlain by the Great Valley Group (GVG), and locally, an ophiolitic breccia separates the CRO from basal
GVG strata. New stratigraphic, petrographic, and geochronologic data (3865 detrital and 68 igneous zircon U-Pb
ages) from the upper CRO, ophiolitic breccia, and basal GVG strata clarify temporal relationships among the
three units, constrain maximum depositional ages (MDAs), and identify provenance signatures of the ophiolitic
breccia and basal GVG strata. Gabbroic rocks from the upper CRO yield zircon U-Pb ages of 168.0 = 1.3 Ma
and 165.1 = 1.2 Ma. Prominent detrital-zircon age populations of the ophiolitic breccia and GVG strata comprise
Jurassic and Jurassic—Early Cretaceous ages, respectively, with pre-Mesozoic ages in both that are consistent
with sources of North America affinity. Combined with petrographic modal analyses that show abundant volcanic
grains (> 50%), we interpret the breccia to be mainly derived from the underlying CRO, with limited input from
the hinterland of North America, and the basal GVG to be derived from Mesozoic igneous and volcanic rocks of
the Sierra Nevada—Klamath magmatic arc and hinterland. Analysis of detrital-zircon grains from the lower and
upper ophiolitic breccia yields MDAs of ~ 166 Ma and ~ 151 Ma, respectively. Along-strike variation in Jurassic
and Cretaceous MDAs from basal GVG strata range from ~ 148 to 141 Ma, which are interpreted to reflect
diachronous deposition in segmented depocenters during early development of the forearc. The ophiolitic breccia
was deposited in a forearc position proximal to North America < 4 Myr before the onset of GVG deposition. A
new tectonic model for early development of the GVf highlights the role of forearc extension coeval with
magmatic arc compression during the earliest stages of basin development.

INTRODUCTION 1995; Ingersoll 2012; Orme et al. 2021), allow thorough study of how
forearc systems may evolve across different basement terranes.

Pioneering investigations of the Great Valley Group (GVG), Mesozoic
strata that constitute much of the basin, shed light on Jurassic—Paleogene
arc-forearc development and configuration using sandstone petrofacies
(e.g., Ojakangas 1968; Dickinson and Rich 1972; Ingersoll 1983),
conglomerate clast compositions (e.g., Bertucci 1983; Seiders and Blome
1988), and paleocurrent analysis (e.g., Ojakangas 1968; Ingersoll 1979;
Suchecki 1984). Subsequent geochronologic analyses further detailed
links between the basin and its magmatic source regions in the Sierra
Nevada—Klamath arcs and continental interior (e.g., DeGraaff-Surpless
et al. 2002; Sharman et al. 2015; Orme and Surpless 2019; Surpless et al.
2019). In addition, subsurface and outcrop studies document eastward
widening of the basin through time, with the youngest strata onlapping the
Sierra Nevada foothills, including the westernmost part of the Cretaceous
magmatic arc (e.g., Ingersoll 1982; Constenius et al. 2000; Mitchell et al.
2010; Williams and Graham 2013; Orme and Graham 2018). Decades of
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Forearc basins evolve oceanward of active volcanic arcs, making them
important sediment archives that record the erosional history of the upper
plate and changes in subduction zone dynamics in convergent margins
(e.g., Dickinson 1995; Clift and Vannucchi 2004). The Great Valley
forearc (GVf) basin, California (Fig. 1) preserves an > 100 million-year
sedimentary record from Mesozoic to Cenozoic time (e.g., Goudkoff
1945; Hackel 1966; Morrison et al. 1971; Ingersoll 1976, 1978; Dickinson
and Seely 1979; Graham 1981; Almgren and Hacker 1984; Moxon 1988;
Williams 1997). The GVf evolved above accretionary and continental-arc
crust along its central to eastern margin and trapped oceanic crust along its
western margin (Cady 1975; Ingersoll 1982; Godfrey et al. 1997,
Constenius et al. 2000; Williams and Graham 2013; Orme and Graham
2018). Good preservation of the GVf basin, relative to other ancient
forearc systems that have been eroded and deformed (e.g., Dickinson
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Fi. 1.—Generalized geologic map of northern California. Black rectangle near
Paskenta outlines study area, in which sections were measured in basal strata of the
Great Valley forearc (GVf) basin (green). Sacramento basin is outlined by bold
black line. SAF, San Andreas fault; SGF, San Gregorio fault. Modified from Orme
and Graham (2018).

setting during initial deposition are still debated (e.g., Ingersoll 2019;
Orme and Surpless 2019; Zakharov and Rogov 2020).

Along the northwestern margin of the Sacramento basin (Fig. 1),
segments of the Middle to Late Jurassic Coast Range Ophiolite (CRO)
basement are exposed in a narrow outcrop belt, where they are overlain by
basal GVG strata; locally, ophiolitic breccia separates the CRO from GVG
strata. The origins of the CRO are debated (e.g., Saleeby 1982, 1992;
Shervais 2001; Shervais et al. 2005, and references therein; Hopson et al.
2008, and references therein; Ingersoll 2019, and references therein), as
well as the mechanism driving the development of the sedimentary breccia
that locally overlies the CRO; it remains unclear whether the breccia was
deposited proximal or distal to the North American margin in the Late
Jurassic (e.g., Lagabrielle et al. 1986; Robertson 1990; Hopson et al.
2008). This uncertainty limits our understanding of the age and tectonic
relationship between basal GVG stratigraphy and its underlying basement
during development of the North America Cordillera and how continental-
margin forearc basins evolve atop oceanic basement. For example,
hypotheses for the formation of forearc basins center around the role of
the accretionary prism and orogenic wedge, including changes in sediment
flux and geometry at the plate boundary (e.g., Dickinson and Seely 1979;
Noda 2016) and the response of the upper plate to changes in the critical
taper of the deforming wedge (Fuller et al. 2006; Willett and Schlunegger
2010). However, few studies have investigated the role, if any, the rocks
underlying the basin may play in driving development of accommodation
(e.g., Maffione et al. 2015). This study reports new stratigraphic,
petrographic, and geochronologic data from the northern Sacramento
basin to re-evaluate the age and provenance of the basal GVG and its
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FiG. 2.—General stratigraphic chart of Upper Jurassic—-Lower Cretaceous
basement and sedimentary units in the northwestern Sacramento basin. U-Pb
analyses of igneous zircon from two sampled plutonic rocks in Coast Range
ophiolite (CRO) of this study yield weighted mean ages of 167.02 * 0.29 Ma
(sample 0619-MR-06) and 165.79 = 0.27 Ma (sample 0619-MR-07). Modified
from Surpless et al. (2006).

relationship with underlying basement and breccia. Integrating these data
with those of previous studies, we present a tectonic model for the early
stages of GVf basin development that proposes extension in the forearc
region of the North American convergent margin during Late Jurassic—
Early Cretaceous time.

GEOLOGIC BACKGROUND
Geologic Setting

From west to east, the Franciscan Complex, CRO, GVG, and Sierra
Nevada magmatic-arc complex record late Mesozoic—Miocene convergence
along the western margin of North America (Fig. 1) (e.g., Hamilton 1969;
Engebretson et al. 1985). The Franciscan accretionary complex is an
assemblage of low- and high-grade metamorphic and sedimentary rocks
deposited in or near a trench and accreted in a subduction zone (Ernst 1970;
Wakabayashi 2011). Structurally overlying the Franciscan Complex, the CRO
represents the oceanic basement of the western GV{ basin (Bailey et al. 1970;
Ingersoll 1982); igneous and metamorphic rocks of the Sierra Nevada
foothills form the basement along the eastern basin margin (Cady 1975;
Godfrey et al. 1997; Schweickert 2015; Orme and Graham 2018). The Coast
Range thrust marks the contact between the Franciscan Complex and the
CRO; the GVG is in both tectonic and depositional contact with the CRO
(Ingersoll 1982, 2019; Dickinson 1995).

The age of upper CRO varies from ~ 174 to 164 Ma throughout the
northern Sacramento basin (Fig. 2). Zircon U-Pb ages for the Elder Creek
and Stonyford segments of the ophiolite are 172-165 Ma and 172-166
Ma, respectively (Shervais et al. 2005). In our study area, the CRO in
Grindstone Creek yields a titanite U-Pb age of ~ 167 Ma (Orme and
Surpless 2019) and, immediately west of Paskenta, a hornblende K-Ar age
of ~ 163 Ma (Fritz 1975). Radiolarian assemblages from cherts
interbedded with CRO volcanics in the Stonyford area range in age from
Bathonian at the base to early Kimmeridgian at the top of the succession
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Fi. 3.—Stratigraphic column for Coast Range ophiolite and overlying
sedimentary successions for Digger Creek area, north of Crowfoot Point. Modified
after Robertson (1990), following field observations in this study. Sample
abbreviations: DZ, detrital-zircon sample for U-Pb analyses; IG, igneous-zircon
sample for U-Pb analyses; TS, thin section.

(Shervais et al. 2005, and references therein). Proposed models for
development of the CRO include: 1) backarc—interarc spreading behind
an east-facing intra-oceanic island arc that was subsequently accreted to
the Sierra Nevada arc via arc collision during Jurassic time (Ingersoll
2019, and references therein), 2) mid-ocean ridge spreading in an open-
ocean setting, at or near paleoequatorial latitude; this mobile oceanic
crust was then transported northward to a position outboard of the Sierra
Nevada continental-margin arc (Dickinson et al. 1996; Hopson et al.
2008, and references therein), or 3) forearc spreading in response to slab
rollback in the forearc region of the Sierra Nevada continental-margin
arc during the end of Middle Jurassic time (Shervais et al. 2005, and
references therein). Most recently, Orme and Surpless (2019) invoked
the latter model to help explain diachronous depositional ages in the
earliest forearc.

Coast Range Ophiolitic Breccia

Stratigraphy.—In northern California, several remnants of the CRO
are overlain by sedimentary ophiolitic breccia and a thin transitional unit
of mudstone beneath deep-water facies assigned to the GVG (Figs. 3, 4)
(Bezore 1969; Bailey et al. 1970; Bailey and Blake 1974; Evarts 1977,
Hopson et al. 1981; Lagabrielle et al. 1986; Blake et al. 1987; McLaughlin
et al. 1988; Robertson 1990). The ophiolitic breccia outcrops along ~ 9 km
of the CRO-GVG contact, and is mapped as part of the CRO; its stratigraphic
thickness varies along strike and ranges from ~ 1 m to ~ 600 m
(Hopson et al. 1981; Lagabrielle et al. 1986; Robertson 1990). The unit
consists of mega-breccia, clast-supported breccia, clast- and matrix-
supported conglomerate, sandstone, and mudstone (Lagabrielle et al.
1986; Robertson 1990). Clasts in the ophiolitic breccia include basalt,
gabbro, plagiogranite, anorthosite, pyroxenite, fine-grained mafic dike
rocks, diabase, and radiolarian chert (Hopson et al. 1981, 2008;
Lagabrielle et al. 1986; Robertson 1990). The age of the ophiolitic
breccia is interpreted as Late Jurassic (Kimmeridgian), based on
preservation of Buchia rugosa at Crowfoot Point, in the Paskenta area
(Jones 1975; Pessagno 1977).

At Digger Creek, near Crowfoot Point, Robertson (1990) described a
“transitional unit” containing lower Tithonian radiolarians, and consisting
of siliceous mudstone, sandstone, and minor conglomerate between the

643

122,250\

Red Bluffe

_\_Iq:'lder Creek
40°N -

McCarty Creek e
i Corning

‘Stony Creek
-~ Orland ¥

. N

T

Grindstone
Creek
\-

\

Fig.5C

[ Upper Cretaceous Great Valley Group
I Lower Cretaceous Great Valley Group
I Upper Jurassic (?) Great Valley Group
[ ophiolitic breccia

I Coast Range ophiolite
——————— Stream

Fault ®
Y DZ sample (Surpless et al. 2006)

(") DZ sample (Orme and Surpless 2019)
Il Ophiolite sample (Orme and Surpless 2019)

Contact
Town

Fic. 4—Generalized geologic map showing sample locations from previous
studies in northwestern Sacramento basin. Red boxes indicate sample location
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CFFZ, Cold Fork fault zone; ECFZ, Elder Creek fault zone; PFZ, Paskenta fault
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underlying ophiolitic breccia and the overlying GVG (Fig. 3). North of
Digger Creek, near Elder Creek, the CRO (referred to as Elder Creek ophiolite
remnant in Hopson et al. 2008) is overlain by > 4 m of reddish-brown
tuffaceous radiolarian chert, ophiolitic breccia, and thin volcanopelagic beds
that are referred to as the “transitional unit” by Robertson (1990). In contrast,
Hopson et al. (2008) reported this CRO remnant as overlain by sedimentary
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ophiolitic breccia that was syndepositional with basal GVG. Approximately 2
km north and at the head of Digger Creek, Lagabrielle et al. (1986) reported a
basaltic sill that cuts across ophiolitic breccia and basal GVG mudstone,
interpreting this to reflect a Late Jurassic magmatic event. Together, these
observations suggest spatially variable stratigraphic relations along the western
side of the Sacramento basin, warranting additional study of the temporal
relationships among the CRO, ophiolitic breccia, and GVG.

Provenance and Tectonic Setting.—The ophiolitic breccia contains
debris from various levels of the underlying ophiolite and has been
interpreted to represent dismemberment of the underlying oceanic crust
(e.g., Hopson et al. 1981, 2008; Lagabriclle et al. 1986; Blake et al.
1987; Robertson 1990). Robertson (1990) suggested that the transitional
unit contains magmatic-arc-derived detritus, based on the presence of
subordinate silicic volcanic and tuffaceous sediment. Hopson et al.
(2008) suggested that the interstratified siliceous sediment and tuff beds
in the transitional unit of Robertson (1990) represent the upper
volcanopelagic succession of the CRO oceanic crust, but interpreted the
ophiolitic sandstone debris as reworked from the underlying ophiolitic
breccia.

Numerous mechanisms have been proposed to produce the ophiolitic
breccia. Lagabrielle et al. (1986) suggested that faulting and erosion of the
CRO occurred before or during deposition of the breccia in an island-arc
and extensional back-arc environment, based on trace-element analysis.
Robertson (1990) suggested that extensional faulting resulted in rock fall
and slumping, along with sliding, debris-flow, turbidity, and traction-
current deposition to deposit the ophiolitic breccia and transitional unit. In
contrast, Hopson et al. (2008) argued that faulting and the production of
bedrock fault scarps cannot explain the voluminous fragmental debris that
extended over large areas of the seafloor during Late Jurassic time. They
proposed that dismembered oceanic crust developed large structural relief
via faulting that occurred before, during, and after breccia deposition.
Hopson et al. (2008) further proposed that crustal fault slices, extensive
fragmental ophiolitic debris, and finer sediments were produced in a
migrating transform zone located between a propagating rift tip and the
failing rift in a deep-sea setting during Late Jurassic distal volcanopelagic
sedimentation. In addition, the Late Jurassic collision between island-arc
terranes and North America, termed the Nevadan orogeny (e.g., Knopf
1929; Schweickert et al. 1984), may have contributed to creation of the
breccia (Ingersoll 1982, 2019; Schweickert 2015). Ingersoll (1982)
interpreted ophiolitic detritus in the basal GVG as evidence for erosion of
“tectonic highlands” of the CRO formed during the arc—arc collision of
the Nevadan orogeny.

Great Valley Group

Stratigraphy and Depositional Age.—The Sacramento basin is
separated from the San Joaquin basin by the Cenozoic Stockton arch (Fig.
1). The Mesozoic GVG is preserved as an eastward-dipping homoclinal belt
along the western side of the Sacramento basin (Kirby 1943; Ingersoll et al.
1977). The basal GVG in the Sacramento basin is the Stony Creek
Formation, which rests unconformably on the upper CRO, or locally the
ophiolitic breccia (Figs. 2, 3). The basal GVG strata record a lithologic shift
from Tithonian(?)-Berriasian ophiolitic, volcaniclastic sandstone and
pelagic sediment that overlie the CRO to Valanginian—Albian mudstone,
sandstone, and conglomerate (Ingersoll 1982; Robertson 1990). This study
uses “Tithonian(?)” and “Upper Jurassic(?)” to indicate the uncertainty of
the Jurassic age assignment (Surpless et al. 2006; Orme and Surpless 2019;
Zakharov and Rogov 2020).

Recent work by Zakharov and Rogov (2020) on the nomenclature
and biostratigraphic zonal boundaries at Jurassic—Cretaceous
transitional intervals in the Paskenta area of northern California (Figs.
1, 5) suggests that buchiid bivalves and ammonites from McCarty
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Creek and Grindstone Creek (Figs. 4, 5) indicate a Tithonian (Late
Jurassic) basal age of the GVG. However, Surpless et al. (2006) and
Orme and Surpless (2019) documented the presence of Cretaceous
detrital zircon in this same stratigraphic interval, suggesting that the
chronostratigraphy of basal forearc strata requires re-evaluation and
that forearc-basin sedimentation may have began ~ 10-20 Myr after
CRO formation. If initial deposition of the GVG occurred later than
previously interpreted from biostratigraphy (Tithonian age), and as
young as Valanginian—Hauterivian (Surpless et al. 2006; Orme and
Surpless 2019), then sedimentation rates could have been significantly
higher than previously interpreted (Orme and Graham 2018).

Orme and Surpless (2019) used the Jurassic—Cretaceous boundary of
145 = 0.8 Ma from Ogg and Hinnov (2012), which was subsequently
updated to 145.7 = 0.8 Ma (Ogg et al. 2016). However, Lena et al. (2019)
present high-precision U-Pb geochronologic data that support a Jurassic—
Cretaceous age boundary of 140.9-140.7 Ma. Wimbledon et al. (2020)
propose that the Tithonian—Berriasian boundary is at 140.22 = 0.14 Ma,
based on biostratigraphic and magnetostratigraphic data from various global
locations that contain the Jurassic—Cretaceous boundary. Furthermore, in
the proposed GTS2020 timescale (Gradstein et al. 2020), Gale et al. (2020)
define the base of the Berriasian as 143.1 Ma through cyclostratigraphic
extrapolations based on the extent of the stage and spline-fitting. Because
the proposed age boundaries of Lena et al. (2019), Wimbledon et al. (2020),
and Gradstein et al. (2020) are not formally accepted by the International
Commission on Stratigraphy (ICS) or the Geological Society of America,
we use the ICS published age of ~ 145.0 Ma for the Jurassic—Cretaceous
boundary and the revised Upper Jurassic stage boundaries in the
International Chronostratigraphic Chart v 2023/09 (Cohen et al. 2013;
updated).

Depositional Environments.—Interbedded siltstone—sandstone, massive
mudstone, siltstone, shale, and thin-bedded silty sandstone make up most
of the deep-marine strata of the Upper Jurassic(?)-Lower Cretaceous Great
Valley Group (Ingersoll 1982, 1990; Suchecki 1984). In our study area,
Ojakangas (1968), Ingersoll (1978), and Suchecki (1984) were the first to
measure stratigraphic sections and interpret depositional environments.
These studies documented that Upper Jurassic Tithonian(?)-Lower
Cretaceous Berriasian strata of the Stony Creek Formation consist of
thick-bedded sandstone with interbedded mudstone and lenticular
(channel-fill) pebble—cobble conglomerate, which were interpreted as
submarine slope and canyon deposits (Ingersoll 1978; Suchecki 1984).

Provenance.—Previous sandstone petrography and paleocurrent
analysis have provided significant insight into the provenance of the
northern GVG (e.g., Ojakangas 1968; Dickinson and Rich 1972; Ingersoll
1979, 1983; Suchecki 1984; Short and Ingersoll 1990). In Tithonian(?)
strata of the northern GVG, paleoflow indicators suggest southward flow
of turbidity currents (Suchecki 1984) sourced from the north. By contrast,
Berriasian strata record westward flow (Suchecki 1984). The regional
paleoslope from Late Jurassic(?) to Early Cretaceous time was a
southwest-dipping slope that allowed detritus to bypass parts of the forearc
basin, with deposition directly in the trench (Ingersoll 1978, 1982).

Sandstone petrographic and paleocurrent analyses and mudrock
geochemistry support the interpretation that provenance of the GVG was
in the Sierra Nevada and the Klamath Mountains (Fig. 1) (Ingersoll 1979,
1983; Bertucci 1983; Suchecki 1984; Short and Ingersoll 1990; Surpless
2014). In addition, Nd-Sr isotopic analyses of sandstones from
Sacramento basin strata document &y values ranging from —1.6 to +7
(Linn et al. 1992), consistent with eyq of sediment sources in the northern
Sierran foothills terranes, northern Sierra Nevada batholith, and the
Klamath Mountains (e.g., DePaolo 1981).
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Mesozoic sandstones from the GVG contain prominent Triassic—Early
Cretaceous detrital-zircon age modes interpreted to be derived from both
the Sierra Nevada and the Klamath Mountains (DeGraaff-Surpless et al.
2002; Surpless et al. 2006; Wright and Wyld 2007; Surpless and
Augsburger 2009; Surpless 2014; Martin and Clemens-Knott 2015;
Sharman et al. 2015; Greene and Surpless 2017; Orme and Surpless
2019). In addition, the GVG contains pre-Mesozoic zircon interpreted to
be derived from Triassic and Paleozoic accreted terranes (e.g., Shoo Fly
Complex and Golconda allochthon) and passive-margin strata (e.g.,
DeGraaff-Surpless et al. 2002). Detrital-zircon age spectra from the GVG
record changes in the abundance of pre-Mesozoic age populations
interpreted to reflect changes in catchment areas, some of which tapped
the interior of the continent (DeGraaff-Surpless 2002; Orme and Surpless
2019).

Paskenta Fault Zone

In the northwestern Sacramento basin, the Cold Fork, Elder Creek, and
Paskenta fault zones, which strike approximately northwest—southeast
across the Upper Jurassic(?) and Lower Cretaceous GVG (Fig. 4),
developed coeval with Jurassic—Cretaceous sedimentation (Jones et al.
1969; Suchecki 1984; Vogel 1985; Moxon 1988, 1990). The Paskenta
fault zone is interpreted as a synsedimentary normal fault system (Figs. 4,
SA) (Suchecki 1984; Constenius et al. 2000) with down-to-the-north
faulting based on the geometry of seismic reflections, as well as outcrop-
scale field relations (Vogel 1985; Vogel and Cloos 1985). Thickening of
Tithonian(?)-Turonian GVG strata in the hanging wall of the Paskenta
fault zone, as well as the Elder Creek and Cold Fork fault zones to the
north (Fig. 4), attenuation or complete omission of the CRO, and
subsurface discontinuities in basal GVG strata support syndepositional
extension (Constenius et al. 2000).

METHODS

Sedimentology and Stratigraphy

Detailed stratigraphic sections of the basal GVG were measured (cm
scale) at five localities using a Jacob’s staff to determine depositional
environments and provide context for provenance and maximum
depositional ages in the northwestern Sacramento basin (Figs. 5, 6, 7). We
apply lithofacies codes modified from marine deposits described in Orme
et al. (2015, 2021), following the work of Bouma (1962) and Mutti (1992)
(Table 1). Fine- to coarse-grained sandstone, along with clast-supported
and matrix-supported breccia, were collected for petrologic and U-Pb
geochronologic analysis.

Sandstone Modal Analysis

Four thin sections from sandstone collected at the breccia—GVG contact
near Crowfoot Point were analyzed to determine their composition and
provenance. Additional samples from the GVG were not analyzed owing
to prior, detailed petrologic work on the provenance of the GVG (e.g.,
Dickinson and Rich 1972; Ingersoll 1983; Short and Ingersoll 1990).
Sample 0619-MR-27, a very coarse-grained sandstone from the matrix of
the upper breccia, and samples 0619-MR-29 and 0619-MR-30, medium-
coarse-grained sandstones from the basal GVG, were collected in
stratigraphic section CP1 (Fig. 6). Sample 0619-MR-12 is a very coarse-
grained sandstone from the matrix of the upper breccia, collected ~ 500 m
south of the base of section CP1 (Fig. 5A). The GVG samples were point-
counted with at least 300 framework counts per slide, following the
Gazzi-Dickinson method of point-counting (Fig. 8) (Gazzi 1966; Ingersoll
et al. 1984; Dickinson 1985); the breccia samples had < 75 framework
counts per slide due to large grain size and no additional thin sections
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available. Photomicrographs of the framework grains and matrix from
ophiolitic breccia and basal GVG are shown in Figure 8. Petrographic
parameters for modal point-counting are listed and defined in Table 3.
Modal data are provided in the Supplemental Material.

Zircon U-Pb Geochronology

Sixteen sandstone samples from the GVG, three samples from the
ophiolitic breccia, and two igneous samples from the CRO were collected
for U-Pb geochronologic analysis (Table 2). Mineral separation for zircon
was completed using standard separation techniques (e.g., Gehrels et al.
2008). Of the 21 samples collected for U-Pb geochronologic analysis, 16
(14 detrital, 2 igneous) yielded enough zircon for dating; analyses were
conducted at the Arizona LaserChron Center (Table 2). Probability
distribution plots (PDPs) for each detrital-zircon sample were generated
using the software package detritalPy (Sharman et al. 2018). Probability
distribution plots incorporate analytical uncertainty and visually highlight
the youngest age populations due to their higher analytical precision
relative to older dates (e.g., Vermeesch 2013). For potential igneous
sources, age distributions are shown as histograms because our
compilation includes data from laser ablation-inductively coupled
plasma-mass spectrometry (LA-ICP-MS) and chemical abrasion-
isotope dilution-thermally ionized mass spectrometry (CA-ID-TIMS),
methods with different analytical precision.

Three hundred and fifteen detrital-zircon grains or 35 igneous grains
per sample were randomly selected for analysis, using backscattered
electron (BSE) and cathodoluminescence (CL) images of detrital and
igneous samples, respectively, to aid in selecting zircon without cracks
and/or significant inclusions. All zircon grains were analyzed by LA-
ICP-MS using a Thermo Element2 single collector ICP-MS. U-Pb
analyses were conducted with a 20 pm spot diameter, resulting in a 12 pm
pit depth on each evaluated grain. U-Pb data were filtered to exclude ages
with high common Pb, > 5% reverse discordance, > 10% uncertainty, or
> 20% discordance. The reported ages are based on the 2°°Pb/***U ages for
grains < ~ 1.0 Ga and on the **°Pb/?°’Pb ages for grains > ~ 1.0 Ga
(Gehrels et al. 2008; Gehrels 2012). U-Pb data are reported in the
Supplemental Material.

The maximum depositional age (MDA) of a detrital sample can be
determined from the youngest population of zircon U-Pb ages (e.g.,
Dickinson and Gehrels 2009). Although MDAs can be significantly older
than true depositional age (TDA), detrital-zircon samples from the GVG
are likely to yield MDAs that are similar to TDAs due to proximity to the
Sierra Nevada—Klamath magmatic arc during the time of deposition
(e.g., Orme and Surpless 2019). In addition, our sample size of n =
~ 300 grains for 12 of our 14 samples has been statistically shown to
capture all age populations, including the youngest from which we
calculate MDAs (e.g., Pullen et al. 2014). This study reports four
possible MDAs for 14 detrital-zircon samples: 1) youngest single grain,
YSG; 2) youngest contiguous grain cluster of three or more ages with
overlapping 2c uncertainties, YC2c(3+) (Coutts et al. 2019); 3) the
youngest statistical age population with a mean squared weighted deviation
(MSWD) of ~ 1.00 (YSP; Coutts et al. 2019; Herriott et al. 2019); and 4) the
maximum likelihood age (MLA) (Vermeesch 2021) (Table 4). These MDA
metrics were calculated using individual dates at 1 error. Before calculating
MDAs by the YC20(3+), YSP, and MLA methods, all samples were
screened for young outliers that do not overlap the second youngest grain
within 1o error (e.g., Surpless et al. 2023, resulting in removal of a single
outlier grain in each of three samples, 0619-MR-17, 0619-MR-27, and 0619-
MR-36. We calculated YC20(3+) and YSP using DZmda (Sundell et al.
2024) and MLA using IsoplotR (Vermeesch 2018), for which outputs are
reported at 2c uncertainty. In IsoplotR, we accepted a logarithmic
transformation and set “finite mixtures” to “minimum” (Vermeesch 2021).
For all pooled-age MDAs, a sample-analysis-specific systematic error was
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Fig. 6.—Detailed logs of measured stratigraphic sections from Upper Jurassic—-Lower Cretaceous sedimentary units showing geochronologic and petrographic samples.
Each section was measured using a Jacob staff. Section abbreviations: CP1, Crowfoot Point; DC1, Digger Creek; GC1, Grindstone Creek; MC1, McCarty Creek; P01,

Paskenta.
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Fic. 7.—Field photos from McCarty Creek (A-E), Crowfoot Point (F-H), Paskenta (I), and Grindstone Creek (J-N) measured sections. A) Outcrop of measured section
MCl1, within McCarty Creek. View to north; beds dip and young to east. Person for scale (yellow arrow). B) Sandstone bed with bivalves and shell fragments (yellow
boxes); sample 0619-MR-22. C) Sandstone bed with Pelecypod Buchia (yellow arrows) and shell fragments. Pink pen is 14 cm long. D) Sandstone bed with Buchia
(yellow arrows); sample 0619-MR-23. E) Dewatering structure in sandstone bed. Pink pen for scale. F) Ophiolitic breccia (left) and Stony Creek Formation (right); area of
measured section CP1. View to north of beds (solid black lines) of Stony Creek Formation dipping east. Person for scale (yellow arrow). G) Outcrop photo of ophiolitic
breccia at sample 06-MR-12 locality highlighting gravel clasts of serpentinite, gabbro, and plagiogranite. H) Contact between ophiolitic breccia (right; sample 0619-MR-
27) and Stony Creek Formation (left; sample 0619-MR-28). Person for scale. I) Vertical burrows in sandstone of measured section PO1. J) Normally graded sandstone beds
and intervening mudstone beds of P01, highlighting sedimentary structures such as plane-parallel lamination overlain by massive sandstone and climbing ripples overlain
by plane-parallel lamination. K) Lower measured section GC1, in Grindstone Creek. View to south of beds which dip and young to east. 1.5 m Jacob’s staff for scale. L)
Top: sandstone with bivalves (black box) in measured section GCI; sample 0619-MR-36. Pink pen is 14 cm long. Bottom: close-up of bivalves. M) Sandstone with
bivalve and shell fragments in measured section GC1. Pink pen is 14 cm long. N) Upper part of measured section GCI, in Grindstone Creek. View to north of
conglomeratic beds that dip and young to east. Person for scale.
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Fic. 7.—Continued.

added in quadrature. Because samples have abundant near-depositional-age RESULTS
grains and therefore MDAs may potentially skew to the young dates on a
normal distribution, we interpret the YSP method, which utilizes MSWD
values to ensure all grains used in the MDA calculation are part of the same We measured five stratigraphic sections along a north—south trend of
age population (Herriott et al. 2019). In addition, the YSP method is less  the northwestern Sacramento basin (Figs. 4, 5). Sections MC1, DC1, CP1,
likely to selectively sample the young tail of a normal distribution than the P01, and GC1 range in thicknesses from ~ 15 m to 420 m (Fig. 6). With
YGC20o (3+) method (Herriott et al. 2019). the exception of Section MCl, stratigraphic sections are limited to the

Sedimentology and Stratigraphy
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TABLE 1.—Lithofacies and interpretations. Modified after Orme et al. (2015).

Lithofacies
Code Description Interpretation
Gem Pebble conglomerate, poorly sorted, clast-supported Clast-rich or pseudoplastic debris-flow deposits
Geg Granule conglomerate, poorly sorted, clast-supported Clast-rich or pseudoplastic debris-flow deposits
Gmm Pebble to cobble conglomerate, poorly sorted, matrix-supported Plastic or cohesive debris-flow deposits (high-strength debris flows)
Gmb Pebble to cobble breccia, poorly sorted, matrix-supported Plastic or cohesive debris-flow deposits
Sm Very fine- to very coarse-grained massive sandstone Traction carpet during high-density flow. Bouma (1962) Ta;
Lowe (1982) S1; Mutti (1992) F8
Sh Very fine-to very coarse-grained sandstone with plane-parallel lamination Planar flow bed (upper and lower flow regime); unidirectional flow
Sr Very fine- to fine-grained sandstone with small ripples Lower-flow-regime ripples; unidirectional flow
Fsl Laminated black or gray siltstone Waning traction sedimentation
Fsm Massive siltstone Suspension settling

lowermost strata that are mapped as Jurassic(?) Stony Creek Formation to
avoid up-section deformation that might affect our age and provenance
determinations for the basal strata. Section MC1 at McCarty Creek
characterizes Cretaceous Lodoga Formation (Aptian—Albian) strata
structurally above the Paskenta fault zone (Fig. SA). Section MCI1 is
included in this study because McCarty Creek is host to one of the
most continuously exposed sections in the Paskenta region and allowed
us to document up-section changes in provenance.

Facies Descriptions

Measured Section MC1: McCarty Creek.—This 64-m-thick section
consists of alternating beds of tan to gray, fine- to medium-grained,
moderately sorted sandstone, siltstone, and mudstone (Figs. 6, 7A).
Bedforms vary from tabular to lenticular. Lithofacies include massive
mudstone (Fsm), laminated siltstone (Fsl), fine- to medium-grained
massive sandstone (Sm), and fine- to medium-grained plane-parallel-
laminated sandstone (Sh). Sandstone and siltstone beds are typically 5-12
cm thick, with a few beds as thick as 40 cm; mudstone intervals are 20-30
cm thick. Fossiliferous sandstone and siltstone beds contain the pelecypod
Buchia as well as fragments of unidentified shells commonly in a coquina-
like texture (Fig. 7B-D). Fine- to medium-grained massive sandstone beds
(Sm) uncommonly have erosional bases. A few sandstone beds contain
flame structures and convolute lamination (Fig. 7E). We observed normal
grading from medium- to fine-grained sandstone or fine-grained sandstone
to siltstone. Toward the top of Section MC1, beds are locally structurally
offset at the meter scale.

Measured Section DC1: Digger Creek.—This 43.5-m-thick section
primarily comprises gray mudstone beds with relatively few tan to brown,
siltstone or fine- to medium-grained, moderately sorted sandstone beds
(Fig. 5). Bedforms are mainly tabular and locally lenticular. Lithofacies
include massive mudstone (Fsm), laminated siltstone (Fsl), fine- to coarse-
grained massive sandstone (Sm), and very fine- to medium-grained plane-
parallel-laminated sandstone (Sh). Sandstone and siltstone beds are ~ 10
cm thick. Individual mudstone beds are up to ~ 15 cm thick and
commonly amalgamated to form 3—5-m-thick successions of mudstone. A
few beds are slightly offset locally in Section DCI1. Evidence of soft-
sediment deformation is preserved in a siltstone lens near the top of
Section DC1.

Measured Section CP1: Crowfoot Point.—Section CP1 records the
transition from the ophiolitic breccia to the basal GVG (Figs. 5, 7F-H).
This 34-m-thick section consists of a 50-cm-thick matrix-supported
pebble—cobble breccia (Gmb) at its base, overlain by alternating beds of
tan to brown, very fine- to coarse-grained, poorly sorted sandstone and
gray siltstone (Fig. 7F). Clasts in the breccia include basalt, gabbro,

diabase, and chert (Fig. 7G). The Gmb matrix is composed of reddish silty
mudstone or sandstone with grains that are angular to subangular.
Lithofacies that overlie Gmb include massive mudstone (Fsm), laminated
and massive siltstone (grouped as Fsl), very fine- to coarse-grained
massive sandstone (Sm), and medium- to coarse-grained plane-parallel-
laminated sandstone (Sh). Sandstone and siltstone bed forms are tabular.
Sandstone beds are ~ 5-10 c¢m thick and siltstone beds are up to ~ 15 cm
thick.

Measured Section P01: Paskenta.—This 14-m-thick section primarily
contains alternating beds of buff to brown, very fine- to very coarse-
grained, moderately sorted sandstone and siltstone (Fig. 6), with mainly
tabular beds. Lithofacies include massive mudstone (Fsm), laminated
siltstone (Fsl), very fine- to medium-grained massive sandstone (Sm), very
fine- to very coarse-grained plane-parallel-laminated sandstone (Sh), and
very fine- to fine-grained sandstone with small ripples (Sr). Sandstone
beds are typically 5-10 cm thick, with a few 20-25-cm-thick beds. Near
the base of Section P01, sandstone and siltstone beds contain vertical
burrows that are ~ 1 cm in diameter (Fig. 71), along with a mudstone bed
that contains brachiopod shell fragments. Evidence for bioturbation is
found in a few Sm lithofacies. Tabular sandstone beds commonly fine
upward from medium- to fine-grained plane-parallel-laminated sandstone
to fine-grained rippled sandstone and massive mudstone (Sh-Sr-Fsm) and
from medium- to fine-grained climbing ripples to fine-grained plane-
parallel-laminated sandstone (Sr-Sh) (Fig. 7J). Flecks of mica and black
organic material are observed throughout the section.

Measured Section GC1: Grindstone Creek.—In Grindstone Creek
(Fig. 5C), serpentinite mélange is faulted against the Stony Creek
Formation and Quaternary alluvium covers the contact between these two
units. This 419.1-m-thick composite stratigraphic section was constructed
from two measured sections in Grindstone Creek (Fig. 6). The base of
Section GC1 is ~ 0.5 km east of the fault contact, at the structurally
highest exposure of serpentinite mélange. The lowest 40.5 m of the
section consists of alternating beds of tan to gray, fine-grained, moderately
sorted sandstone and mudstone (Fig. 7K), with predominantly tabular bed
forms. Lithofacies include massive mudstone (Fsm), fine-grained massive
sandstone (Sm), fine-grained plane-parallel-laminated sandstone (Sh), and
fine-grained sandstone with small ripples (Sr). Sandstone beds are
typically 2-5 cm thick, with a rare bed that is ~ 10 cm thick; siltstone
intervals range from 5 to 10 cm thick. The pelecypod Buchia is observed
in Sr lithofacies that are ~ 10 cm thick, in the lower part of Section GC1
(Fig. 7L). Near the base of the section are a few sandstone and siltstone
beds that are locally offset (i.e., < 1.5 meters of broken and discontinuous
beds). At 38 m, a 30 cm siltstone with convolute laminations is present
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@ 0619-MR-30
@ 0619-MR-29
@ 0619-MR-27
@0619-MR-12

Fi. 8.—A) Ternary diagram showing modal composition of sandstones from breccia and lowest GVG at Crowfoot Point. Sandstone classification from Garzanti (2019). B-H)
Photomicrographs of petrofacies from ophiolitic breccia (0619-MR-12, -27) and basal GVG (0619-MR-29, -30), under PPL (Parts B, C, E, G) and XPL (Parts D, F, H). Sample
0619-MR-12 (Parts B, C, D): seriate (Lvs) and microlitic (Lvm) lithic fragments, including plagioclase microlite within pseudomatrix of same material from upper ophiolitic
breccia. Sample 0619-MR-27 (Parts E, F): Seriate (Lvs) and lathwork (Lvl) lithic fragments, and orthopyroxene (Opx) from uppermost breccia in contact with GVG in measured
section CP1; mechanical compaction evidenced by sutured and concavo-convex grain contacts. Sample 06-10-MR-29 (Parts G, H): granular (Lvg) and lathwork (Lvl) lithic
fragments from basal GVG in pseudomatrix; plagioclase (Fp) dissolution and replacement by iron-oxide cements illustrated.
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TABLE 2.—Sample locations in the Sacramento subbasin in northern California.

Regional
Sample Lithology Unit Location Latitude (°N)  Longitude ("W)  Measured Section U-Pb Analysis Petrography
0119-MR-01 Sandstone  Stony Creek Formation = Paskenta 39.82008 -122.62507 — Detrital, n = 305 No
0119-MR-02 Sandstone  Stony Creek Formation =~ Chrome 39.70809 —122.58168 — Detrital, n = 303 No
P0O1-3 Sandstone  Stony Creek Formation  Paskenta 39.81484 —122.62901 P01 Detrital, n = 302 No
0619-MR-06 Gabbro Coast Range Ophiolite ~ Eagle Point 39.92591 —122.64223 — Igneous, n = 34 No
0619-MR-07 Gabbro Coast Range Ophiolite Eagle Point 39.9267 —122.64236 — Igneous, n = 34 No
0619-MR-12 Breccia Ophiolitic breccia Crowfoot Point 39.88491 —122.62727 — No Zircon Yield Yes
0619-MR-14 Sandstone  Stony Creek Formation — Digger Creek 39.89881 —122.62275 DC1 No Zircon Yield No
0619-MR-15 Sandstone  Stony Creek Formation — Digger Creek 39.89881 —122.62263 DCl1 No Zircon Yield No
0619-MR-16 Sandstone  Stony Creek Formation — Digger Creek 39.89792 -122.61781 — Detrital, n = 305 No
0619-MR-17 Sandstone  Stony Creek Formation  Digger Creek 39.89853 —122.61466 — Detrital, n = 309 No
0619-MR-22 Sandstone  Lodoga Formation McCarthy Creek 39.91001 —122.56588 MCl1 Detrital, n = 314 No
0619-MR-23 Sandstone ~ Lodoga Formation McCarthy Creek 39.91 —122.56568 MC1 Detrital, n = 314 No
0619-MR-24 Sandstone  Lodoga Formation McCarthy Creek 39.90994 —122.56529 MC1 Detrital, n = 310 No
0619-MR-26 Breccia Ophiolitic breccia Crowfoot Point 39.89569 —122.62968 — Detrital, n = 102 No
0619-MR-27  Breccia Ophiolitic breccia Crowfoot Point 39.88888 —122.62388 CP1 Detrital, n = 71 Yes
0619-MR—28  Sandstone  Stony Creek Formation  Crowfoot Point 39.88886 —122.62388 CP1 No Zircon Yield No
0619-MR-29  Sandstone  Stony Creek Formation  Crowfoot Point 39.88889 -122.6237 CP1 No Zircon Yield Yes
0619-MR-30  Sandstone  Stony Creek Formation = Crowfoot Point 39.88888 —122.6236 CP1 Detrital, n = 310 Yes
0619-MR-35  Sandstone  Stony Creek Formation  Grindstone Creek 39.6769 —122.59036 — Detrital, n = 312 No
0619-MR-36  Sandstone  Stony Creek Formation  Grindstone Creek 39.67575 —122.58553 GCl1 Detrital, n = 305 No
0619-MR-37 Sandstone  Stony Creek Formation  Grindstone Creek 39.67807 —122.57995 GCl1 Detrital, n = 303 No

and overlain by 360 m of highly deformed bedding that was measured as
cover.

The upper 18.6-m part of Section GC1 consists of beds that are tan to
gray, medium- to very coarse, poorly sorted sandstone and siltstone, clast-
supported granule conglomerate, clast-supported pebble conglomerate,
and matrix-supported pebble—cobble conglomerate (Fig. 6) with mainly
tabular bedforms. Lithofacies include massive mudstone (Fsm), laminated
siltstone (Fsl), medium- to very coarse-grained massive sandstone (Sm),
clast-supported granule conglomerate (Gcg), clast-supported pebble
conglomerate (Gem), and matrix-supported pebble—cobble conglomerate
(Gmm). A few beds display Geg lithofacies that grade normally to Sm
lithofacies. Sandstone bed thicknesses are 20—40 cm, with some sandstone
beds containing lenses of shale. Siltstone beds are ~ 10-45 cm thick;
some siltstone beds contain sandstone lenses. Shell fragments and the
pelecypod Buchia are observed in Sm lithofacies in the upper part of
Section GC1 (Fig. 7M). Granule to cobble clasts in the conglomerate beds
are primarily red, green, and black chert and sandstone. Conglomerate
beds are 70 cm to 3 m thick (Fig. 7N); a few have erosional bases. Tool
marks are observed at the bottom of a sandstone bed, near the top part of
Section GC1. There are a few channel forms filled with Gmm lithofacies
at the top of Section GC1, along with lenses of medium-grained sandstone
(Sm) in the Gmm lithofacies.

Depositional Environments

Sections DC1 and CP1, the most basal sections in the northern part of
the field area, are dominated by massive mudstone with interbedded
siltstone and sandstone. Bedding in DC1 and CP1 is parallel and laterally
continuous. We interpret the mudstone to have been deposited by dilute
suspensions such as nepheloid flows (e.g., Walker 1965; Lowe 1982). By
contrast, siltstone and sandstone beds contain sedimentary structures
commonly formed by traction sedimentation (e.g., lithofacies Sh and Sr)
and are commonly normally graded. We interpret the siltstone and
sandstone facies to have been deposited by distal turbidity flows (e.g.,
Bouma 1962; Walker 1965; Lowe 1982). Massive to laminated siltstones
may reflect suspension sedimentation with near-bed or waning traction
effects (e.g., Walker 1965). Based on these facies and outcrop character,
we interpret the facies of DC1 and CP1 to have been deposited in a basin-

plain setting. Both sections lack the slumping and contorted beds that
would be consistent with deposition on the middle to upper continental
slope (e.g., Ingersoll 1978; Suchecki 1984); an exception is the minor
convolute bedding at the very top of DC1, which could reflect localized
bioturbation or liquefied flow following deposition of the overlying
sandstone bed (Lowe 1982).

Sections MC1, P01, and the first 40 m of GC1 are characterized by
abundant normally graded sandstones with traction structures and
interbedded mudstone and siltstone. Sandstone commonly grades from
Sm to Sh-Sr lithofacies and, in two instances, are capped by a heavily
burrowed mudstone (PO1; Fig. 71, J). We interpret the sandstone
lithofacies as deposited by turbidity flows, with structured sandstone
deposited by traction sedimentation and massive or bioturbated mudstone
deposited by suspension sedimentation (e.g., Bouma 1962; Walker 1965).
We suggest that the 360 m of highly contorted bedding stratigraphically
below massive sandstone and clast- and matrix-supported conglomerate
beds in GC1 (Fig. 6) was deposited by gravity slumping, such as a mass-
transport deposit (e.g., Ingersoll 1978, after Walker and Mutti 1973). The
conglomerates likely reflect deposition primarily by debris flows, with
beds that grade from conglomerate to finer-grained sandstone deposited by
turbidity currents (e.g., Middleton and Hampton 1973; Walker 1975;
Lowe 1979). Our interpretation is that MC1, PO1, and GC1 were deposited
along the lower continental slope, consistent with previous interpretations
of these strata by Ingersoll (1978) and Suchecki (1984). We favor a lower-
slope setting rather than upper slope because gravity slumps commonly
accumulate on the lower slope and we did not document any slump scars
that would be expected on the upper slope (see models of Ricci-Lucchi
1975).

The stratigraphic position of sections MC1, P01, and the first 40 m of
GC1 along strike or just up-section from DC1 and CP1 suggests a close
association with basin-plain and lower-slope facies, which were previously
documented in Upper Cretaceous GVG strata by Ingersoll (1978, p. 220),
who stated “there may have been no clear distinction between lower slope
and basin sediments because a uniformly sloping surface may have
extended for distances of hundreds of kilometers.” Distinguishing these
closely related depositional environments in the Upper Jurassic and Lower
Cretaceous strata of the GVG is equally difficult, and we collectively
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TABLE 3.—Summary of parameters for modal point counting.

Qt Total quartzose grains (Qm + Qp)
Qm Monocrystalline quartz
Qp Polycrystalline quartz

F Total feldspar grains (K + P)
K Potassium feldspar (microcline, orthoclase, perthite)
P Plagioclase (Ca and Na varieties)

Fine grain lithics

Lm Total metamorphic lithic grains (Lph + Lsm)

Lph Phyllite

Lsm Mica schist

Ls Total sedimentary lithic grains (C + S + Lc¢ + Lsh)

C Chert

S Siltsone

Le Carbonate lithic grains

Lsh Mudstone

Lv Total volcanic lithic grains (Lvf + Lvl + Lvm + Lvv + Lvx)
Lvf Felsic volcanic grains (sericite + qtz + feldspar)

Lvl Lathwork volcanic grains

Lvm Mafic volcanic grains (epidote + pyx + plag)

Lvv Vitric volcanic grains

Lvx Microlitic volcanic grains

Lt Total lithic grains (Lm + Ls + Lv + Qp)

L Total nonquartzose lithic grains (L¢ + Lph + Ls + Lsm + Lv)
Accessory amphibole, apatite, biotite, chlorite, epidote, olivine,

Minerals white mica, zircon

group all stratigraphy studied herein in as basin-plain to lower-slope
deposits.

Sandstone Modal Analysis

The average composition (QoF4Lg7) of sandstone from the matrix of the
breccia at Crowfoot Point is dominated by volcanic lithic fragments (Fig.
8A; Table 3), including seriate felsitic (Lvs), microlitic (Lvm), and
lathwork (Lvl) grains; microlites in Lvm grains include subhedral to
euhedral plagioclase (Fig. 8B-D). We interpret the matrix as pseudomatrix
(Dickinson 1970) based on its heterogeneity, poor sorting, and locally
fractured volcanic, quartz, and feldspar grains (Fig. 8B). The average
composition of two sandstones from the GVG (Q3,F,3L4;) includes more
quartz (both monocrystalline and polycrystalline) and feldspar grains than
the underlying breccia (See supplemental Material). Lithic grains are
felsitic seriate (Lvs) and granular (Lvg) volcanic, lathwork volcanic (Lvl),
microlitic volcanic (Lvm), vitric volcanic (Lvv) and one mica schist (Lsm)
fragment (Fig. 8E-H). Accessory minerals comprise amphibole, apatite,
biotite, chlorite, epidote, olivine, and zircon. Following Garzanti (2016),
the matrix of the breccia is quartzo-lithic to lithic sandstone and the GVG
sandstone are feldspatho-quartzo-lithic (Fig. 8A). All samples show
evidence for mechanical compaction, with sutured, fractured, and
concavo-convex grain boundaries. Diagenetic dissolution of plagioclase
and replacement by iron-oxide cement is abundant in GVG samples.

Zircon U-Pb Geochronology

Coast Range Ophiolite.—Samples 0619-MR-06 and 0619-MR-07 were
collected from outcrops of gabbro near Eagle Peak, west of the Paskenta fault
zone (Fig. 5A; Table 2). Zircon U-Pb analysis yields Middle Jurassic weighted
mean ages. Sample 0619-MR-06 yields an age of 167.97 = 1.3 Ma with a

MSWD of 0.63 (n = 28/34). The youngest six grains from Sample 0619-MR-
06 are excluded as they form a young tail suggesting that Pb-loss may influence
the age; if these ages are included in the calculation the weighted mean has a
p(X?) of 0.003. Sample 0619-MR-07 yields a weighted mean of 165.13 + 1.2
Ma with a MSWD of 0.97 (n = 28/34); the five oldest grains form a long tail
and were removed from the calculation to yield acceptable MSWD and p(X?)
(see Supplemental Material).

Great Valley Forearc.—Each detrital-zircon sample includes > 300
grains, with the exception of sample 0619-MR-26 (n = 102) and sample
0619-MR-27 (n = 71), which had poor zircon yield (Table 2). All 14
detrital-zircon samples yield U-Pb age spectra containing Precambrian—
Mesozoic populations (Fig. 9). Mesozoic age populations consist of age
modes at 250-240 Ma, 200-190 Ma, 175-160 Ma, 155-145 Ma, and
140-130 Ma (Fig. 9). Pre-Mesozoic age populations have modes at 2200—
2000 Ma, 1900-1600 Ma, 1500-1400 Ma, 1300-950 Ma, 700-550 Ma,
and 450-250 Ma (Fig. 9).

Maximum depositional age (MDA) analysis shows good agreement
amongst the YGC26 (3+), YSP, and MLA methods, with 12 of 14 samples
overlapping in age within 2c error (Table 4). The YSG commonly does not
overlap at 2c with other MDA metrics and is not used for interpretation. YSP
analyses included between 4 and 111 grains and yielded MSWDs of 0.97—
1.03. Two samples, 0619-MR-17 and 06-MR-36, yield MLAs older than the
YSP and YGC2c (3+), but stratigraphic position indicates that the younger
date determined using YSP is more geologically reasonable based on younging
up section. Here, we describe the U-Pb age results from all detrital samples by
field area, from north to south.

McCarty Creek.—In measured Section MC1, sample 0619-MR-22 is
the lowest sample with an MDA of 133.5 = 1.5 Ma (Fig. 5A, Table 4).
Up-section, samples 0619-MR-23 and 0619-MR-24 yield MDAs of
1352 = 1.4 Ma and 133.2 = 1.4 Ma, respectively (Fig. 5A, Table 4).
Mesozoic grains comprise 80-96% of the three detrital samples, with
age modes at ~ 150 Ma and ~ 135 Ma (Fig. 9).

Digger Creek.—Samples 0619-MR-16 and 0619-MR-17 were
collected in Digger Creek, ~ 0.38 km up section of measured Section
DCI and ~ 0. 52 km from the contact with the ophiolitic breccia at
Crowfoot Point (Fig. 5A). Sample 0619-MR-16 is stratigraphically below
sample 0619-MR-17. Samples 0619-MR-16 and 0619-MR-17 yield
MDAs of 146.5 £ 1.7 Ma and 144.4 = 2.0 Ma, respectively (Table 4).
Mesozoic detrital-zircon grains comprise 53-58% of the two detrital
samples, with Mesozoic age modes at ~ 230 Ma, ~ 195 Ma, ~ 165 Ma,
and ~ 155 Ma (Fig. 9). Pre-Mesozoic age populations for detrital samples
in Digger Creek include ~ 1700-1600 Ma, ~ 1550-1400 Ma, ~ 1300—
950 Ma, ~ 420-400 Ma, and ~ 285-265 Ma.

Crowfoot Point.—Sample 0619-MR-26 was collected from sandstone
matrix in the lower ophiolitic breccia that overlies the CRO and yields an
MDA of 166.1 = 1.8 Ma (Fig. 5A, Table 4). Sample 0619-MR-27 was
collected from matrix-supported pebble—cobble breccia of the upper
ophiolitic breccia and yields an MDA of 150.7 = 1.7 Ma (Fig. 5A, Table
4). Mesozoic detrital-zircon ages comprise 92-99% of these two samples,
with age modes at ~ 170 Ma, ~ 165 Ma, and ~ 150 Ma (Fig. 9). Sample
0619-MR-30 was collected from the lower strata of the Stony Creek
Formation and yields an MDA of 147.1 £ 1.4 Ma (Fig. 5A, Table 4). This
sample contains 98% Mesozoic detrital-zircon ages that form a unimodal
age mode at ~ 150 Ma (Fig. 9).

Paskenta.—Sample P01-3 yields an MDA of 148.3 = 1.5 Ma, and
sample 0119-MR-01, collected up-section from P01-3, yields an MDA of
146.8 = 1.4 Ma (Fig. 5B, Table 4). Mesozoic detrital-zircon grains
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FiG. 9.—Normalized probability distribution plots (PDPs) and histograms of sampled regions (McCarty Creek, Digger Creek, Crowfoot Point, Paskenta, Chrome, and
Grindstone Creek) from north to south. Samples are arranged in stratigraphic order in each region, with the oldest sample on bottom. Bolded maximum depositional ages
(MDAs) report the youngest statistical age population (YSP). Colors are based on geologic age groupings. Pie diagrams show relative percentages of Mesozoic (black) and
pre-Mesozoic (light pink) detrital-zircon ages for each sample. Measured sections: MC1, McCarty Creek; CP1, Crowfoot Point; P01, Paskenta; GC1, Grindstone Creek.

comprise 50-57% of the two detrital samples, with age modes at ~ 245
Ma, ~ 200 Ma, ~ 195 Ma, ~ 167 Ma, and ~ 150 Ma (Fig. 9). Pre-
Mesozoic detrital-zircon grains yield age populations of ~ 1550-1350
Ma, ~ 1250-950 Ma, ~ 650-500 Ma, and ~ 450-300 Ma.

Chrome.—Sample 0119-MR-02 was collected between measured
Section PO1 and Section GC1, along Hull Road (i.e., County Road 313,
Forest Route 23N05) ~ 4 km southwest of the unincorporated community
of Chrome (Fig. 5C), in sandstone ~ 63 m from the uppermost CRO. This
sample yields an MDA of 146.2 = 1.3 Ma (Table 4) and contains 50%
Mesozoic detrital-zircon ages, with age modes at ~ 200 Ma, ~ 165 Ma,
and ~ 150 Ma (Fig. 9). The other 50% of detrital-zircon ages are pre-
Mesozoic with age populations of ~ 1850-1550 Ma, ~ 1500-1350 Ma,
~ 1250-900 Ma, ~ 650-560 Ma, ~ 500400 Ma, and ~ 370-300 Ma.

Grindstone Creek.—Sample 0619-MR-35 was collected from an ~ 1-
m-thick sandstone bed in Grindstone Creek, ~ 180 m above the contact
with the underlying CRO, and yields an MDA of 141.2 = 1.6 Ma (Fig.
5C, Table 4). This detrital-zircon sample was obtained down-section of
composite measured Section GC1 (Fig. 5C). In the composite measured

Section GC1, sample 0619-MR-36 is the lowest sample with an MDA of
142.6 = 1.6 Ma (Fig. 7, Table 4). Sample 0619-MR-37 is located in the
upper part of this section and records an MDA of 146.0 = 1.7 Ma (Fig. 6,
Table 4). Detrital-zircon samples contain 31-44% Mesozoic detrital-zircon
ages, with age modes at ~ 242 Ma, ~ 200 Ma, ~ 195 Ma, ~ 187Ma,
~ 170 Ma, ~ 162 Ma, ~ 155 Ma, ~ 150 Ma, and ~ 147 Ma. Pre-Mesozoic
detrital-zircon populations include ~ 1800-1600 Ma, ~ 1550-1350 Ma,
~ 1250-950 Ma, ~ 640-550 Ma, and ~ 450-350 Ma (Fig. 9).

DISCUSSION
Sedimentology and Stratigraphy

The lithofacies in stratigraphic sections Digger Creek (DC1), Crowfoot
Point (CP1), Paskenta (PO1), Grindstone Creek (GCl1), and McCarty
Creek (MC1) (Fig. 6) are characteristic of deposition by sediment gravity
flows (low- and high-density turbidity flows) in basin-plain and lower-
continental-slope settings, consistent with previous studies (e.g., Ingersoll
1978, 1982; Suchecki 1984). The Crowfoot Point (CP1) measured
stratigraphic section includes the unconformable stratigraphic contact
between the upper ophiolitic breccia and the overlying GVG strata (Fig.
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Method 2

TaBLE 4.—Calculated maximum depositional age (MDA) using multiple methods for each sample. All errors reported at 2-sigma.
Method 1

Youngest Grain Cluster

# grains used; Maximum Likelihood Measured
Section (Fig. 8)

Youngest Statistical

of 3 or more ages at 20, # grains used;

Youngest Single
Grain (YSG) (Ma)

Peak (YSP) MSWD Age (MLA) (Ma)

MSWD

(YGC26 3+) (Ma)

Assigned Unit

Sample

147.7 £ 1.5

n=54;1.02
n=22;0.99

n =25;1.00
n=11;1.03
n=4;145

n=44;1.00
n=26;1.03

146.8 = 1.4

n=37;0.78
n=29;1.17
n=18;0.91
n=6;1.03
n=7;1.76
n = 35;0.89
n=26;1.03
n=77,0.78
n=79;0.72

n=7,14

146.0 £ 1.5

142.1 £33

on
on

1478 £ 1.3

146.2 = 1.3

1469 = 1.2

142.8 =22

PO1-3

149.1 = 1.6

1483 £ 1.5

147.7 = 1.5

1439 £2.0

on
on

on

149.7 = 1.7

146.5 = 1.7

1459 = 1.8

1424 =22

1494 =19

144.4 = 2.0

1454 = 1.8

141.5 = 2.1

Stony Creek Format

0119-MR-01
0119-MR-02

P01-3

Stony Creek Format

Stony Creek Format

Stony Creek Format
Stony Creek Format
Lodoga Formation

0619-MR-16
0619-MR-17
0619-MR-22
0619-MR-23
0619-MR-24
0619-MR-26
0619-MR-27
0619-MR-30
0619-MR-35
0619-MR-36
0619-MR-37

MCl

1347 £ 1.5

1335+ 1.5

1332 £ 1.5

131.0 = 1.9
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MCI1
MCl

1352 = 14 1353 = 1.6

1302 £ 1.8 1352 =14

Lodoga Formation

1346 £ 1.5

n=111; 1.00

n=93;1.01
n=5;0097

1332 =14

130.6 = 1.9 1327 £ 1.4

Lodoga Formation

166.1 = 1.8 166.5 = 1.8

165.6 = 1.8

160.3 = 2.5

Ophiolitic breccia

CP1
CP1

150.7 = 1.7 150.5 = 3.2

1514 £ 1.5

1342 £ 2.1

Ophiolitic breccia

1434 £ 1.6

n = 105; 1.00
n=14;1.01
n=7;091
n==6;1.03

147.1 £ 1.4

n=42;0.82
n=14;1.01
n=2_;1.34
n=2y;152

1459 = 1.4

1434+ 1.8

Stony Creek Formation
Stony Creek Formation
Stony Creek Formation
Stony Creek Formation

143.0 = 1.7

141.2 = 1.6

1413 1.6

138.1 £2.0
1304 = 1.8

GC1
GCl1

146.4 = 1.9

142.6 = 1.6

143.0 £ 1.6

1458 £2.6

146.0 = 1.7

146.7 £ 1.6

1445 *+2.0

7G, H). Section CP1 also documents an overall up-section shift from
deposits of ophiolitic breccia that represent localized cohesive or plastic
debris flows (e.g., Lowe 1982; Shultz 1984) to strata of the Stony Creek
Formation, which were deposited in deep water by turbidity currents. The
matrix-supported pebble—cobble breccia is consistent with the description
of the ophiolitic breccia of Lagabrielle et al. (1986) and Robertson (1990),
which includes mega-breccia, clast-and matrix-supported conglomerate
and breccia, sandstone, and mudstone, and was interpreted to represent
ophiolite-derived talus deposited by debris flows.

Pelecypod Buchia and shell fragments in turbidite and debris-flow
facies occur in the majority of measured stratigraphic sections in strata
mapped as Upper Jurassic GVG, leaving open the possibility of down-
slope transport and contemporaneous reworking of fossils, fragments of
fossils, and sediment containing small marine invertebrates. Section MC1,
which was measured in strata mapped as the Cretaceous Lodoga
Formation, shows a higher abundance of fossiliferous sandstone and
siltstone beds that contain the pelecypod Buchia, appearing in a coquina-
like texture in turbidite facies, not in in-sifu carbonate seeps as
documented by Zakharov and Rogov (2020). These facies in section MC1
document the continuation of clastic deposition primarily by low- and
high-density turbidity flows into the Early Cretaceous.

Along Strike Variation in Maximum Depositional Age

In the northernmost part of the study area at Eagle Peak, two samples
of gabbro in the upper CRO yield Middle Jurassic zircon U-Pb weighted
mean ages of 167.97 £ 1.3 Ma and 165.13 = 1.2 Ma (Fig. 5A, Table 2).
South of Eagle Peak, at Crowfoot Point and Digger Creek, samples from
the lower and upper ophiolitic breccia that overlies the CRO yield
Jurassic MDAs of 166.1 = 1.8 Ma (sample 0619-MR-26) and 150.7 =
1.7 Ma (sample 0619-MR-27), respectively (Fig. 5A, Table 4). The
lower breccia MDA overlaps with the timing of CRO development
(173-161 Ma; Mattinson and Hopson 1992; Shervais et al. 2005;
Hopson et al. 2008; Orme and Surpless 2019; this study); however,
because the lower ophiolitic breccia is primarily locally derived from
non-arc sources and reflects the available igneous source material during
deposition in the latest Jurassic, it is likely that the TDA of the lower
ophiolitic breccia is younger than the mean ages of the CRO. The upper
ophiolitic breccia, sampled ~ 520 m up-section, yields an MDA of
150.7 = 1.7 Ma and a non-unimodal age distribution, consistent with a
younger, late Kimmeridgian depositional age for the breccia (timescale
of Cohen et al. 2013, updated). Our depositional age result is consistent
with the published late Kimmeridgian depositional age for the ophiolitic
breccia, which was based on the Buchia rugosa in the Paskenta area
(Jones 1975; Pessagno 1977). In this local area at Crowfoot Point
(Fig. 5A), a sample from basal GVG, the Stony Creek Formation,
unconformably overlies the ophiolitic breccia and yields an MDA of
147.1 £ 1.4 Ma (sample 0619-MR-30), reflecting a maximum duration
of ~ 4 Myr for the unconformity (150.7-147.1 Ma), or, incorporating
the uncertainties on the MDAs, a range of 0.5 to 6.7 Myr for the
duration. We interpret the GVG MDA of ~ 147 as a good
approximation for TDA because the next up-section samples yield
MDAs of ~ 146 and ~ 144 Ma, younging with stratigraphic position.
Generally, the MDAs suggest the duration of the unconformity is
slightly less than the > 5 Myr-duration unconformity inferred from
other basal GVG locations (Surpless et al. 2006).

Southward, GVG is juxtaposed against serpentinite mélange along a
fault contact that potentially omits ophiolitic breccia and basal GVG (Fig.
5B, C). At Paskenta, Chrome, and Grindstone Creek localities, the
stratigraphically lowest detrital-zircon samples from strata mapped as
Jurassic at each locality yield MDAs of 148.3 = 1.5 Ma (sample P01-3),
146.2 = 1.3 Ma (sample 0119-MR-02), and 141.2 = 1.6 Ma (sample
0619-MR-35), respectively (Figs. 5B, C, 9). Detrital-zircon samples from
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northern localities of Chrome, Paskenta, Crowfoot Point, and Digger
Creek yield MDAs consistent with deposition during the Jurassic, based
on a Jurassic—Cretaceous boundary age of ~ 145.0 Ma (Cohen et al. 2013,
updated). In contrast, two of the three samples from Grindstone Creek
were deposited during Cretaceous time, including the stratigraphically
lowest sample collected adjacent to the serpentinite mélange of the CRO.

Three sandstone samples analyzed for U-Pb geochronology were obtained
from Cretaceous strata in the McCarty Creek region located less than 2 km
from Jurassic strata to the west (Figs. 4, 5A). The three sandstone samples yield
MDA of ~ 133 Ma and ~ 135 Ma (Fig. 9, Table 4). These Valanginian (or
younger) strata up-section from uppermost Jurassic—lowest Cretaceous strata
(e.g., Crowfoot Point and Digger Creek localities, MDAs 147—-144 Ma) may
indicate that motion along the Paskenta fault zone that separates these two
sections omitted stratigraphic section.

Provenance Interpretations

Detrital zircon in sedimentary basins may derive from primary sources
(first-cycle grains from crystalline and/or igneous sources) and recycled
sources (poly-cycle grains from sedimentary sources) (e.g., Schwartz et al.
2019, and references therein). As highlighted by Schwartz et al. (2019),
during initiation of the Cordilleran orogen, Paleozoic—lower Mesozoic
sedimentary strata covered most North American crustal provinces,
suggesting that pre-Sierran—Klamath arc-age grains in the forearc were
recycled from sedimentary and crystalline sources that were eroded as the
orogen developed. The pre-Mesozoic age spectra of all GVG samples
from this study are consistent with recycling from North American
sources (Fig. 9), including Laurentian bedrock and North America
Cordillera passive-margin strata that collectively comprise detrital-zircon
age populations that include 2.85-2.59 Ga, 2.12-2.05 Ga, 1.99-1.74 Ga,
1.85-1.62 Ga, 1.52-1.38 Ga, 1.20-0.97 Ga, 580-490 Ma, and 330-210
Ma (Gehrels and Pecha 2014; Leary et al. 2020, and references therein).
Notably, the majority of GVG samples with Late Jurassic and/or earliest
Cretaceous MDAs have abundant (often exceeding 50%) pre-Mesozoic
grains. By contrast, samples from Lower Cretaceous GVG at McCarty
Creek have few pre-Mesozoic-age grains (Fig. 9), consistent with
Cretaceous topographic growth of the Sierra Nevada placing the drainage
divide within the western terranes of the northern Sierran magmatic arc, as
proposed by Ingersoll (1982), Linn et al. (1992), and DeGraaff-Surpless
et al. (2002). As the Sierra Nevada arc grew topographically, Early
Cretaceous detrital zircon derived from the Sierran magmatic arc
dominated the forearc, while the foreland received dominantly recycled
Precambrian zircon (e.g., Schwartz et al. 2021).

Proximal to our study region in northern California, the Mesozoic
Cordilleran magmatic arc comprises Late Triassic to Late Cretaceous calc-
alkaline granitoid batholiths and related volcanic rocks of the Sierra
Nevada and Klamath mountains (Fig. 10; Bateman and Dodge 1970; Chen
and Moore 1982; Bateman 1983; Saleeby and Busby-Spera 1992; Allen
and Barnes 2006; Attia et al. 2020, 2021). The Jurassic—Early Cretaceous
age populations found in our GVG samples are consistent with first-cycle
derivation from these sources (Fig. 10), which is supported by sandstone
petrographic results that indicate GVG sandstone are feldspatho-quartzo-
lithic in composition (Fig. 6); the lithic composition is dominated
(> 99%) by volcanic grains, including Lvs, Lvg, Lvl, Lvm, and Lvv.

In contrast, the breccia at Crowfoot Point consists of clasts of basalt,
gabbro, diabase, and chert in a mudstone to sandstone pseudomatrix that
is composed of volcanic lithic grains (e.g., Lvm, Lvl, Lvs; Figs. 6, 7G,
8B-D). Comparison of age distributions from potentially coeval and older
igneous sources for the breccia highlight its similarity to the CRO, in
contrast to the Sierra Nevada or Klamath Mountains (Fig. 10). In addition
to this unimodal peak, sandstone from the breccia also contain six or
seven pre-Mesozoic grains, consistent with North American affinity. The
GVG sandstone immediately overlying the breccia also has a unimodal
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age peak and few (n = 7) pre-Mesozoic grains. Integrated with the
composition of clasts and framework grains from the matrix, we interpret
the breccia to be derived from erosion of the ophiolite, proximal to North
America and in a spatially limited drainage catchment that contained latest
Jurassic plutons of the Sierra Nevada—Klamath magmatic arcs. Unimodal
age peaks in GVG strata are also found in Upper Cretaceous strata (e.g.,
Venado Formation) and interpreted as point-source derived (DeGraaftf-
Surpless et al. 2002).

Tectonic Implications

We propose a tectonic model for early development of the northwestern
Sacramento basin during Late Jurassic—earliest Cretaceous time (Fig. 11).
Ophiolitic breccia and basal strata of the Stony Creek Formation contain
pre-Mesozoic and Mesozoic detrital zircon of North American affinity,
supporting the interpretation that they were deposited proximal to the
Sierra Nevada—Klamath magmatic arcs. The composition of clasts and
framework grains of the breccia, and its igneous U-Pb dates, support
derivation from the CRO. We interpret the ophiolitic breccia to have been
deposited by ~ 151 Ma (Fig. 11A), during faulting resulting from
localized dismemberment and uplift of the middle Jurassic CRO (Hopson
et al. 1981; Robertson 1990). This interpretation is consistent with
Hopson et al. (2008), who first proposed that dismembered oceanic crust
developed large structural relief via faulting that occurred before, during,
and after breccia deposition. However, our model differs from Hopson
et al. (2008), as we interpret the dismemberment to be in a forearc
position, not an open ocean. The interpretation that the upper ophiolitic
breccia formed in a forearc position immediately before, prior to GVG
deposition, is consistent with models that invoke the beginning of GVG
deposition in a forearc-basin setting, following arc—arc collision (i.e.,
Nevadan orogeny) (e.g., Schweickert and Cowan 1975; Ingersoll 1982).

We further suggest that deformation of the CRO and initial
sedimentation of the GVG occurred during two phases of forearc
extension proximal to North America, based on several lines of evidence.
First, there is significant attenuation of the CRO at the latitude of our
study area (Fig. 4) and westward thickening and onlap of the Stony Creek
Formation onto the CRO (Fig. 11A). Subsurface seismic imaging at the
latitude of Paskenta shows ~ 6 km of structural relief of the CRO
(Constenius et al. 2000, their Fig. 8C). Integrating these observations with
our age and provenance data, we suggest that normal faulting during the
carliest stages of forearc deposition (~ 151-140 Ma) generated steep
bathymetric relief of the CRO surface and produced the accommodation
space for the ophiolitic breccia and forearc-basin sediments (Fig. 11A).
An extensional mechanism to explain thinning of the CRO is also
supported by the lack of folding, contractional faulting of the CRO, or
thrust duplication of the CRO before deposition of ophiolitic breccia (e.g.,
Robertson et al. 1990), and serpentinite diapirism during the earliest
Cretaceous (Wakabayashi 2019). Our inference that structural relief of the
CRO resulted from extension is consistent with the interpreted localized
provenance for the lower breccia with limited North American crustal
input, versus a wider catchment geometry for the upper breccia and basal
GVG that would incorporate more detritus from the Sierra Nevada—
Klamath magmatic arcs and pre-batholith framework (e.g., Orme and
Surpless 2019).

As extension progressed, the structural level of normal faulting stepped
up to the top of the Stony Creek Formation and the faults in the Paskenta,
Cold Fork, and Elder Creek fault zone began (Fig. 11B). These fault
systems governed the development of a syndepositional half-graben
system in the forearc basin, as indicated by stratal thickening and
Valanginian—Turonian GVG strata in the hanging wall of the Paskenta
fault zone, as well as the Elder Creek and Cold Fork fault zones to the
north (Fig. 4; Constenius et al. 2000). Onlap of the Lower Cretaceous
Lodoga Formation onto the CRO highlights the syndepositional motion
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along the Paskenta fault system (Fig. 11B). We interpret the latest
Jurassic—earliest Cretaceous segmented depocenters to have filled during
Early Cretaceous time, forming an integrated forearc basin (Fig. 11B)
(DeGraaff-Surpless et al. 2002; Orme and Surpless 2019). As the basin
widened during the earliest Late Cretaceous (e.g., Ingersoll 1982),
sediments of the GVG onlapped eastward onto the Sierra Nevada
metamorphic belt (Fig. 11B; Orme and Graham 2018) and motion along
the normal fault systems ceased during Turonian time (~ 90 Ma)
(Constenius et al., 2000).

The timing of the initial phase of extension proposed by this study
(~ 151-140 Ma) and by Constenius et al. (2000) overlaps with the timing
of latest Jurassic contractional deformation that is documented in the
western Sierran foothills and Klamath Mountains, termed the Nevadan
orogeny (e.g., Schweickert 2015). Deformation and metamorphism of the
Upper Jurassic Galice Formation in the Klamath Mountains ~ 155-150
Ma (Harper et al. 1994; Hacker et al. 1995; MacDonald et al. 2006) and
the Upper Jurassic Mariposa Formation in the western foothills of the
Sierra Nevada ~ 152 Ma (Bogen 1984; Snow and Ernst 2008), and
intrusion of the ~ 151-149 Ma Guadalupe Igneous Complex (Saleeby
et al. 1989; Ernst et al. 2009; Ratschbacher et al. 2018) support regional
contraction in the latest Jurassic (155-145 Ma) (Paterson et al. 1991,
Haeussler and Paterson 1993; Paterson and Miller 1998).

This latest Jurassic contraction in the Sierra Nevada foothills during the
Nevadan orogen was followed by a westward shift in magmatism as

References for Klamath Mountains: Allen and
Barnes 2006; Surpless et al. 2023, and references
therein.

250

Franciscan subduction was established along the western margin of newly
accreted arc terranes (Schweickert 2015; Ingersoll 2019, and references
therein). In this model, extension in the newly formed GVf basin may
have been related to establishment of Franciscan subduction in latest
Jurassic time, following arc—arc collision. We note that the Franciscan
accretionary prism is interpreted to have been non-accretionary until
~ 20-25 Myr after GVG deposition began (Dumitru et al. 2010; DeCelles
and Graham 2015), implying the existence of a non-contractional
mechanism to capture sediment from the eroding North American margin
in a forearc basin during the latest Jurassic onset of basin development.

Coeval extension and contraction are common along modern forearc
regions experiencing oblique subduction, such as the Sumatra—Java and
Mariana forearc systems (e.g., Schliiter et al. 2002; Heeszel et al. 2008).
The Jurassic magmatic arc of the western U.S. Cordillera was broadly
characterized by extension before latest Jurassic—earliest Cretaceous intra-
arc shortening (e.g., Saleeby and Busby-Spera 1992; Busby 2012; Seton
et al. 2012; Saleeby and Dunne 2015), overlapping with the timing of
proposed extension and deposition of the breccia in northern California.
Proposed synchronous forearc extension and magmatic arc contraction
during the Late Jurassic—Early Cretaceous may be analogous to the
modern outer forearc of the northern Chilean margin, which is
experiencing extension synchronous with compression in the western
margin of the active magmatic arc (Reuther and Adam 1996; Adam and
Reuther 2000).
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CONCLUSIONS

The upper ophiolitic breccia in northern California was deposited
between ~ 151 and ~ 147 Ma, atop the Middle Jurassic CRO (~ 164
Ma), < 4 Myr before the onset of GVG sedimentation; the lower
ophiolitic breccia may have been deposited as early as ~ 166 Ma. Jurassic
MDAs along with the presence of pre-Mesozoic and Mesozoic detrital-
zircon ages in the ophiolitic breccia suggest deposition in a forearc
position proximal to the Sierra Nevada—Klamath magmatic arc of North
America. We propose a model whereby extensional dismemberment of the
CRO may have generated high bathymetric relief and isolated fault-
bounded depocenters that trapped sediment during early development of
the GVf (Fig. 11A). We suggest that variation in maximum depositional
ages from basal strata (Stony Creek Formation) of the GVf at Digger
Creek, Crowfoot Point, Paskenta, Chrome, and Grindstone Creek reflect
diachronous deposition in these segmented depocenters during early
development of the Sacramento basin between 151 and 140 Ma.
Subsequently, during the middle Early Cretaceous, the structural level of
normal faulting stepped up to atop the Stony Creek Formation, and a new
system of syndepositional normal faults governed the focus of deposition
(Fig. 11B). These latest Jurassic—earliest Cretaceous isolated depocenters
were filled by the end of the Early Cretaceous, forming a coherent forearc
basin that collected detritus from sources in the Klamath—Sierra Nevada
magmatic arc as the forearc-arc system matured.

SUPPLEMENTAL MATERIAL

A supplemental file is available from the SEPM Data Archive: https://
www.sepm.org/supplemental-materials.
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