AGE, PROVENANCE, AND GEOCHEMICAL RELATIONSHIPS AMONGST THE GREAT
VALLEY GROUP, COAST RANGE OPHIOLITE, AND FRANCISCAN SUBDUCTION

COMPLEX AT DEL PUERTO CANYON, CENTRAL CALIFORNIA

by

Natalee Emma Weis

A thesis submitted in partial fulfillment
of the requirements for the degree

of
Master of Science
in

Earth Sciences

MONTANA STATE UNIVERSITY
Bozeman, Montana

May 2024



©COPYRIGHT
by
Natalee Emma Weis
2024

All Rights Reserved



1

DEDICATION

This thesis is dedicated to Frank Mikan for inspiring all who are fortunate enough to
enter his classroom, for introducing me to geology, and for giving me the rock hammer that I
used to collect the samples in this study. This work is in honor of Grandma (Joan Anderson) and
Joji Weis who are with me always, especially while outside looking at rocks. Thank you to Mom,
Dad, Reyden Weis, Meemaw, Dadu, and Ian Nielsen for your endless support and
encouragement.



i1

ACKNOWLEDGEMENTS

Devon A. Orme, Kathleen D. Surpless, and Andrew K. Laskowski provided initial edits
to this thesis, and Jim Crowley, Nicole Stine, Ian Colliver, Carly Ross, and Emma Sweet
supported this research during field and lab work. Funding was provided by the National Science
Foundation (NSF) grant EAR-CAREER-1942460 to Devon A. Orme. We are grateful to the
landowners in Del Puerto Canyon for graciously allowing us to visit their properties and to
collect samples from their land. Thank you to the California Well Sample Repository,
specifically Charles and Leon, for sample collection assistance, the University of Arizona
Laserchron Center and Staff for analytical support (NSF EAR-1649254), ZirChron for assistance
with mineral separation, Washington State University for geochemical analyses, and Spectrum
Petrographics for thin sections. We are thankful for Dr. Kurt Sundell for his assistance with Lu-
Hf data reduction and help with MatLab programs, Zachary Morrow, Natali Kragh, and Rebekah

Kennedy for discussions regarding petrography and geochemistry.



v

TABLE OF CONTENTS

1. INTRODUCTION ...ootiiiiiiiiiieitettete ettt sttt sttt ettt st sae e 1
2. GEOLOGIC BACKGROUND ......cccotiieiiitieiteie ettt ettt seee e 4
Jurassic-Cretaceous California Margin............ccoecueeeieeeiienieeiiieniie et eeee e 4
Del Puerto Canyon, CalifOrnia...........cccuiiiiiieeiiieeciie et eeee et e e see e sveeesaeeeevee e 6

3. METHODS ...ttt ettt et sbe et st be ettt et et eaeen 13
Field Geology and Core REPOSITOTY .......cccviiieiieeiiieeiie ettt evee e e 13
GEOCHTONOLOZY ....eivieiiieiieee ettt ettt ettt e et e st e et e sabeesbeesnbeenseesnaeenseannns 13
PrOVENANCE ....coouiiiiiiiiiic e 16

Maximum Depositional AZES ........ccceevveeeiierieeiiienieeiieeie et eeeeiee e 16

oS 0T ¢:10) S RSURS 17
LU-HE GEOCHEMISIIY ...ttt ettt ettt e e e ensaesane e 18
Whole Rock Trace Element GEoChemiStry.........cccvieeeiieeriieeiieeiee e 19

4. RESULTS ...ttt et ettt ettt sbe e bt et sbeenbeenees 21
U-PD A SPECLTA.....uiiiiiiieeiie ettt ettt ettt e e st e e st e e e ssaeeessaeeensbeeensaeesnsaaeenseeas 21
Maximum DepoSitional AZES ........ccecueeriieriieiiieiieeiieeieeitesee et e sreereesaeebeeseaeeseesaeaens 22

oS 075 210 ) S SSRURS 25
LU-HE GEOCHEMISIIY .....eiiiiieeiiieiie ettt ettt et et e e e saneesaesaaeens 30
Zircon Trace Element GEOChEeMISIIY ......ccccviiiiiiiiiiieeiieeiee et 31
Whole Rock Trace Element GEOChemiStry.........cccueeiuiiriiiiiiiiiieiieeie et 33

5. DISCUSSION ...ttt ettt ettt et s et e saee st e et e eseesseeseeseesseensesneesseesesneans 36
REVISEA MAPPINE ..ottt ettt ettt et e st e e bt e s saeebeessbeenseesnseenseesnsaens 36
Controls on DepositioNal A........cueeecuiieiiiiieiiiieeiie et eeee et sre e e e e e e saeeeebeeens 36
PrOVENANCE ..ottt sttt et e ea 39
Knoxville FOrmation.........cooouiiiiiiiiee e 39

Panoche FOrmation ...........coceiieriiiiiiiiniiiieeceeet et 41
Franciscan Subduction CompleX .........ccceeevuiieriiieiiieeiee e 44

Tectonic IMPIICATIONS .....c..eiiiiiiieeii ettt ettt ettt e bee s eeseeseaeenseeenne 45

6. CONCLUSIONS..... ettt ettt ettt et e b e e st e sseetesneesseenseeneesseenseeneens 52
REFERENCES CITED.....coottitiiiiiiieitestee ettt sttt et sttt 54
APPENDICES ...ttt ettt ettt et et e s s e beenteenee st eneeeneenneeneas 70

APPENDIX A: ALL SAMPLE INFORMATION ......coociiiiiiiiiiinieieeeieeecee e 71



v

TABLE OF CONTENTS CONTINUED

APPENDIX B: LAICPMS DETRITAL ZIRCON U-PBi......ccccoiiiriiiiiniiiicniccieeneee 72
APPENDIX C: MAXIMUM DEPOSITIONALAGES .......cociiiiieeeeeeees 73
APPENDIX D: SANDSTONE MODAL ANALYSIS ....ooiiiiiieeeeceeeenee 74
APPENDIX E: ZIRCON EPISLON HAFNIUM .....ccooiiiiiiiiiiiiiceeeeeeee e 75
APPENDIX F: U-PB VERSUS TH/U ALL ZIRCON GRAINS......ccccecinieniinieneeiennne 76

APPENDIX G: WHOLE ROCK GEOCHEMISTRY .....ccccooiiiiiiiiiiiieeieeeeeees 77



Table

1.

vi

LIST OF TABLES

Table 1. CA-ID-TIMS comparison and classification



vil

LIST OF FIGURES
Figure Page
1. Figure 1. Geologic map of California and Del Puerto Canyon...........ccoceevereereenieniennnene 3
2. Figure 2. Psuedo-tectonic stratigraphic collumn of Del Puerto Canyon ............cc.ccuu....... 9
3. Figure 3. Uranium-Lead AZe SPECIIA .....cccuieruiiriieiiieeiieiieeie ettt 22
4. Figure 4. Maximum Depositional AZES........ccccueeeriieeriiieiiieeiieeiee e eieeesreeesveeesvee s 24
5. Figure 5. Petrography of Great Valley Group Strata............cceceveviieiieniiieniieeiieieeeeeeen 27
6. Figure 6. Petrography of CRO and Franciscan.............cccccueevviieniieiiiieeiee e 29
7. Figure 7. Epsilon Hafnium versus U-Pb ages.........cccocveviiiiieniiniiiiiiciecieeeeeeeeeen 31
8. Figure 8. Thorium/Uranium versus U-Pb ages ........cccccecvieiiiiiiiiieeieeeieeeeeeee e 33
9. Figure 9. Whole Rock GEOChEMISIIY......cccuieiiiiiiiiieeiieiiecie et 35
10. Figure 10. California Age Spectra Compilation ...........ccccceeeeiiieeriieeeiieeeiiee e eee e 38

11. Figure 11. Tectonic Model SUMMATY........c.cccciiiiiieniieiieie ettt 48



viil

ABSTRACT

The Great Valley Forearc (GVF) basin of California preserves an extensive rock record of
subduction zone processes, including evidence for the earliest states of forearc evolution. During
initiation of the basin in the latest Jurassic-earliest Cretaceous, the sedimentary succession
comprising most of the GVF, the Great Valley Group (GVG), was deposited atop the Coast
Range Ophiolite (CRO) and later, atop older GVG strata and the Franciscan subduction complex
along the GVF’s eastern margin. We apply U-Pb geochronology, zircon and whole rock
geochemistry, and petrographic analyses to rocks of the GVG, Franciscan subduction complex,
and CRO in the northern San Joaquin Basin to better understand the timing and tectonic location
of initial forearc sedimentation, and how sediment routing systems may have evolved during
Early to Late Cretaceous time. At Del Puerto Canyon, the oldest strata of the GVF basin are
preserved as a series of black shales, with subordinate sandstone and limestone concretions, that
accumulated during the earliest Cretaceous, between ~145-140 Ma. These strata, referred to as
the Knoxville Formation, are separated by a ~40 myr unconformity with the overlying Upper
Cretaceous deep-water turbidites of the Panoche Formation, which were deposited between ~96-
85 Ma. Pre-Mesozoic age zircon grains are present in both the Knoxville and Panoche
Formations, but sparse (0-7%) compared to other GVG sandstones. Zircon geochemical analyses
support a predominantly felsic source (Th/U 0.9-0.2) during both periods of deposition, but
Epsilon Hf signatures reveal a shift from contributions from juvenile to more evolved sources,
broadly consistent with metavolcanic signatures of the Sierra Nevada magmatic arc, and more so
with the Sierra Nevadan western metamorphic belt. Whole-rock geochemistry shows increasing
compositional maturity from crystallization of the CRO during the latest Jurassic to deposition of
the Knoxville and Panoche Formations during the Early and Late Cretaceous, respectively.
Integrating these data, we present a tectonic model for the GVF basin at the latitude of Del
Puerto Canyon that highlights the potential mechanisms to trap sediment during forearc initiation
and hypothesize as to mechanisms to explain the ~40 myr unconformity and return to high-flux
sedimentation during the earliest Late Cretaceous.
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INTRODUCTION

Forearc basins are a common component of subduction margins and form along the
oceanward side of volcanic arcs (e.g., Dickinson, 1973, 1974; Karig, 1974; Seely et al., 1974;
Karig and Sharman, 1975). Forearc basin morphology varies significantly with the tectonics of
specific margins. Therefore, forearc basins are categorized based on whether the margin is in a
state of compression, extension, or neutrality, as well as whether the basin is along an
accretionary or non-accretionary margin (e.g., von Huene and Scholl, 1991; Stern, 2002; Clift
and Vannucchi, 2004; Noda, 2016). Forearc basins may transition amongst these end-member
states as they respond to changes in subduction zone dynamics. Thus, the sedimentary record of
ancient forearc basins provides a record of the tectonics of extant subduction zones. Whether a
basin develops as a narrow (<50 km) and deep (>3 km) or wide (>50 km) and shallow (<3 km)
basin or is a long- (>10 myr) or short-lived (<10 myr) feature, depends on the mechanisms that
generate accommodation. Some of the working theories for forearc basin subsidence
mechanisms include downward flexure from lithosphere load (Dickinson et al., 1995), activation
of back thrust structures within an accretionary prism due to increased basal friction (e.g., Scholl
et al., 1980; Larroque et al., 1995; Contardo et al., 2011), and reversal of surface slope angle
(i.e., negative alpha basin) as seen in numerical modelling (Tharp, 1985; Byrne et al., 1993;
Hassani et al., 1997; Mountney and Westbrook, 1997; Fuller et al., 2006; Bonnardot et al., 2008).
Less commonly discussed are the effects of extension on basin subsidence, which may occur
during basin formation (e.g., Trop et al., 2002; Stern, 2004; Orme and Surpless, 2019; Arukla et

al. 2022) often coeval with or during a later-stage of lower-plate rollback.
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The GVF basin in central California records sedimentation during latest Jurassic-earliest
Cretaceous to Eocene oceanic subduction along the North American margin and is located
between the Coast Ranges to the west and the Sierra Nevada and Klamath magmatic arcs to the
east and north, respectively (e.g., Cowan and Bruhn, 1992; Dickinson, 1995; 2004). These three
lithotectonic units represent the major components of the ancient subduction zone (Figure 1A).
Along the western margin of the GVF basin, exposures of the Jurassic-Cretaceous Great Valley
Group (GVGQG) form the eastern foothills of the Coast Ranges, which in turn are primarily
composed of the ancient accretionary wedge known as the Franciscan subduction complex.
Often separating rocks of the GVF basin and the Franciscan subduction complex are remnants of
middle-late Jurassic ophiolitic material, collectively named the Coast Range Ophiolite (CRO).
The Franciscan subduction zone complex, Jurassic and Cretaceous strata of the GVG, and its
underlying basement, the CRO are present in the southern Great Valley Forearc, the San Joaquin
Valley, at Del Puerto Canyon, California, ~35 km southeast of the city of San Jose (Figure 1B).
This exposure at Del Puerto Canyon provides a unique opportunity to study the age,
geochemical, and provenance relations amongst the three lithotectonic units, which in turn may
eludicate the development of the GVF basin.

In this study, we integrate zircon U-Pb geochronology, zircon trace-element and Lu-Hf
geochemistry, whole-rock geochemistry, and sandstone petrography to characterize the
provenance and ages of GVG strata and Franciscan subduction complex exposures in Del Puerto
Canyon, California. We also use petrography and geochemistry to determine the composition of
the underlying CRO to interrogate the tectonic setting of its formation. Integration of these data

from Del Puerto Canyon seeks to determine the coevolution of these distinct lithotectonic units,



leading to a clearer picture of the Jurassic-Cretaceous North American margin and the formation

of the GVF basin.
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GEOLOGIC BACKGROUND

Jurassic-Cretaceous California Margin

The preservation of the Franciscan subduction complex and segments of the CRO within
the Coast Ranges, the GVF basin, and magmatic arcs of the Sierran and Klamath mountains,
provide a world-class natural laboratory for the study of ancient subduction dynamics. The Coast
Ranges are primarily comprised of the Franciscan subduction complex, which is an assemblage
of heterogeneous terranes characterized by varying metamorphic grades and lithologies that
formed the accretionary wedge outboard of the GVF basin (Dickinson, 1981; Shervais et al.,
2005; Hopson et al., 2008). While Franciscan-related subduction is interpreted to be active as
early as ~180 Ma (Mulchay, 2018), the Franciscan wedge became accretionary at ~123 Ma
(Dumitru et al., 2010; Apen et al., 2021) with the main stage of exhumation from ~100-70 Ma
and continuing into the Cenozoic (Wakabayashi et al. 2010). Inboard and within exposures of the
Franciscan complex, the Coast Ranges include remnants of ophiolitic material that comprise the
CRO and form the basement to the GVF along its eastern margin. The crystallization ages of
ophiolitic remnants in California vary from 169 to 155 Ma (see summary within Arkula et al.,
2023). The tectonic setting in which the CRO remnants formed is debated and includes back-arc-
inter-arc basin lithosphere (e.g., Moores, 1970; Schweickert and Cowan, 1975; Moores and Day,
1984; Ingersoll and Schweickert, 1986, and Ingersoll, 2019 and references therein), paleo
equatorial mid-oceanic rift spreading center (Berger and Winterer, 1974; Evarts, 1977; Evarts
and Schiffman, 1982; Robertson, 1989; Hopson et al., 1991; Hull et al., 1993; Hopson et al.,

1996), and parautochtonous forearc lithosphere (e. g., Saleeby, 1982; Harper and Wright, 1984;
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Shervais and Kimbrough, 1985; Wyld and Wright, 1988; Shervais, 1990; Saleeby and Busby-
Spera, et al., 1992; Saleeby and Harper, 1993; Saleeby, 1996; Arkula et al., 2023).

The GVG consists of deep marine turbidites and shallow marine deposits, generally
shoaling upward through time (e.g., Ojakangas, 1968; Ingersoll, 1978; Mansfield, 1979). The
depositional age of the GVG was first determined through biostratigraphy, with the onset of
sedimentation dated to Late Jurassic (Jones et al., 1969; Implay and Jones, 1970). The
stratigraphically deepest GVG has also been dated using uranium and lead radioisotopes in
detrital zircon which yield variable maximum depositional ages of ~151-135 Ma, thus indicating
the beginning of the GVG deposition was diachronous during Late Jurassic to Early Cretaceous
time (Orme and Surpless, 2019). The provenance of the latest Jurassic-earliest Cretaceous GVG
is mainly within Jurassic volcanics of the Sierran-Kamath magmatic arcs and North American
retroarc strata, whereas the Late Cretaceous GVG is primarily sourced from deeply eroded
portions of the proximal magmatic arc (e. g., DeGraaff-Surpless et al., 2002; Sharman et al.,
2015; Dumitru et al., 2015; Orme and Surpless, 2019; Surpless et al., 2019). Volcanic sources for
the GVG were first identified through petrographic analysis of sandstone, conglomerate clast
counts, and clay mineralogy (e.g., Ingersoll, 1979; Ingersoll, 1983). The petrofacies in the GVG
contain metamorphic, plutonic, and volcanic arc detritus, thus recording eroded magmatic arc as
a source for GVG (Ojakangas, 1968; Dickinson and Rich, 1972; Ingersoll, 1978, 1983;
Mansfield, 1979). Petrographic analysis shows that the lower GVG is dominated by
volcaniclastic and sedimentaclasic sandstones, whereas the upper GVG is dominated by
plutoniclastic sandstones (Ingersoll, 1978). Detrital zircon studies that analyze the provenance of

the GVG record a shift from generally unimodal age spectra to multipeak spectra, interpreted to
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indicate changing source morphologies and sediment routing systems to the GVF (Degraaff-
Surpless et al., 2002; Dumitru et al., 2010; Sharman et al., 2015). Trace element geochemistry
reveals the source of much of the Cretaceous strata within the northern GVF (the Sacramento
basin) and the southern GVF (the San Joaquin basin) to be between basaltic and andesitic
composition, with significant sedimentary recycling (e.g., Cox et al., 1995; Surpless, 2014).

During the Early to Middle Jurassic Period, regions known today as the Sierra Foothills
and Klamath Mountains accreted to the North American margin, after which the GVF developed
(e. g., Schweickert and Cowan, 1975; Ingersoll and Schweickert, 1986; Ingersoll, 2000;
Dickinson, 2008). Permo—Triassic to Cretaceous intra-arc strata of the Sierra Nevada reflect
derivation from proximal arc activity, as well as the pre-Mesozoic sources from southwestern
Laurentia (e.g., 1400-900 Ma, 500-300 Ma age peaks; Attia et al., 2021). During Late Jurassic-
Eocene Franciscan subduction and coeval deformation, calc-alkaline plutons of the Sierran
batholith were emplaced in the North American upper crust (e. g., Schweickert et al., 1984).
There were magmatic high flux periods during Triassic (~250—-190 Ma), Middle and Late
Jurassic (~180—-150 Ma), and mid-Cretaceous (~140-90 Ma) time, with each episode involving

varying depths of pluton emplacement and magma addition rates (Paterson and Ducea, 2015).

Del Puerto Canyon, California

Del Puerto Canyon, located in the northern Diablo Range ~35 km southeast of San Jose,
California, is part of the San Joaquin subbasin of the southern Great Valley forearc basin.
Previous studies of Del Puerto Canyon have focused on detailed mapping and outcrop (E.g.,
Maddock, 1964; Dibblee, 1982; 2007) and petrologic descriptions of the CRO, with the latter

exposed an almost complete ophiolite sequence (e.g., Evarts, 1977; 1978; 1992; Evarts et. al.,
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1999). Pioneering mapping of the region by Dibblee (1982; 2007) included defining the Del
Puerto Keratophyre and the Lotta Creek Tuff as part of the CRO, and work by Maddock (1964)
further divided the GVG into the Jurassic Knoxville Formation, Albian Shale, Upper Cretaceous
Panoche Formation, and overlying Moreno Formation (Anderson and Pack, 1915; Dibblee, 1982;
2007; Maddock, 1964; Bailey, 1970; Raymond, 1970; 1973) (Figure 1; Figure 2). There are two
major fault systems in Del Puerto Canyon: the Coast Range Fault (CRF) and the Tesla-Ortigalita
Fault (TOF) (e.g., Vickery, 1924; Briggs, 1953; Bailey 1970; Raymond, 1973) (Figure 1). The
CREF is a thrust fault that superposed the GVG on top of the Franciscan Complex coeval with
subduction and is often marked by serpentinite (e.g., Bailey, 1970; Raymond, 1973). The TOF is
a normal and right-lateral strike-slip fault system comprised of high angle fault segments with
various strikes that form an almost continuous boundary between the Franciscan and GVG or
younger Cenozoic basin fill (Figure 1). The TOF cuts beds of the GVG including the Panoche
Formation (Vickery, 1924; Huey, 1948; Raymond, 1973), and offsets segments of the CRF
(Raymond, 1973; Figure 1). The oldest beds the TOF cuts are Lower Cretaceous in age, so the
fault must have been active after this time, and in some areas, the TOF truncates Miocene beds,
indicating reactivation of faulting in the Neogene because of potential Franciscan diapirism
(Ernst, 1970; Huey, 1948; Raymond, 1973). The TOF is active today, evidenced by movement
along the system during the 1983 Coalinga earthquake.

The Franciscan subduction complex in Del Puerto Canyon defines the western portion of
the field area and consists of mostly sandstones and lesser components of greenstone, chert, and
mélange (e.g. Raymond, 1973; Maddock, 1964; Dibblee, 1982; 2007). The sandstone portion is

generally graywacke that is dark gray to gray, massive to bedded, fine grained, and interbedded
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with siltstone or dark gray slaty shale (Maddock, 1964; Dibblee, 1982; 2007). Fossils indicate
the Franciscan subduction complex in Del Puerto Canyon is ~152-145 Ma (Camp, 1942;
Crittenden, 1951; Hall, 1958; Imlay, 1959; Maddock, 1964). The chert is thinly bedded, brittle,
red, white, or green in color, and locally contorted (Dibblee, 1982; 2007). The greenstone
(metabasalt) is black, massive, and locally brecciated, and it is often stained orange to red with

iron and magnesium oxide (Maddock, 1964; Dibblee, 1982; 2007).
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Figure 2. Pseudo-tectonic stratigraphic column of Del Puerto Canyon, including sample names
and analytical data type for this study. All thickness data is from the same reference as the
description (Anderson and Pack, 1915; Maddock, 1964; Bailey et al., 1970; Lanphere, 1971;
Evarts, 1977; Dibblee, 1982; 2007). The upper age of the Panoche Formation at Del Puerto

Canyon is reported as old as ~93 Ma from biostratigraphy (Bennison, 1991) and maximum
depositional ages from this study, but within the subsurface to the south is reported as young as

~83.5 Ma (Hosford Scheier and Magoon, 2007).

The CRO in Del Puerto Canyon is present as deformed and fragmented oceanic meta-
igneous and igneous assemblages, which includes gabbroic dikes, serpentinized volcanics, basalt,
and chert (Bailey et al., 1970). The crystallization ages from the CRO are between 161-155 Ma,
recorded by U-Pb in zircon and Ar-Ar in Hornblende found in plagiogranite veins in quartz
diorite and tonalite (Lanphere, 1971; Hopson et al., 1981; Evarts, 1992; Mattinson et al., 2008).
A series of dikes that cut the cumulates and a rhyolite at the top of the volcanic portion of the
ophiolitic succession yield dates between ~150-149 Ma (Evarts, 1992). The Del Puerto
Keratophyre is a mappable unit, interpreted as the upper volcanic section of the CRO as first
defined by Dibblee (1982; 2007) and described by Evarts (1992) and consists of intermediate
volcanic rock that has a groundmass of chlorite, albite, quartz, and magnetite, with phenocrysts
including albite and minor quartz (this Study; Dibble, 1982; 2007; Maddock, 1964). The
Keratophyre is bounded by the TOF to the north and an unnamed fault to the east, and is
deformed into an anticline (Maddock, 1964; Raymond, 1973; Dibblee, 1982; 2007).

The Lotta Creek Formation is stratigraphically above the Del Puerto Keratophyre and
crops out south of the main canyon (Figure 1B). The volcanic formation is comprised of
tuffaceous radiolarian chert with volcanic breccias, limited exposure of white crystalline tuffs

(albite), white tuffaceous sandstone, lithics, and dark green shale (Maddock, 1964; Raymond,
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1970, 1973: Dibblee, 1982; 2007). An andesite boulder within the formation dates to ~150 Ma
(Ar-Ar on hornblende: Evarts, 1992).

The Knoxville Formation conformably and gradationally overlies the Lotta Creek
Formation (Figure 1B) and contains dark gray, black, and purple clay shales with gray limestone
concretions near the basal contact containing fossils, and thinly bedded sandstone layers
interbedded with the shales (Cittenden, 1951; Hall, 1958; Maddock, 1964). The Knoxville
Formation is classically assigned a latest Jurassic depositional age and is the most basal member
of the GVG within the San Joaquin basin (e.g., Cittenden, 1951; Hall, 1958; Maddock, 1964).

The Panoche Formation unconformably overlies the Knoxville Formation and makes up
most of the GVG strata mapped in Del Puerto Canyon (Anderson and Pack, 1915; Maddock,
1964; Dibblee, 1982; 2007). A thin, pea-size conglomerate horizon marks the unconformity
between Knoxville and Panoche (Anderson and Pack, 1915; Maddock, 1964). The lower
Turonian Adobe Flat Shale Member forms the base of the Panoche Formation, and is a hard,
dark gray to black silty shale that grades into overlying sandstones (Maddock, 1964). In places
along Del Puerto Creek, the presence of limestone lenses and concretions between shale layers is
what led authors to group these shales as the Adobe Flat Shale Member. By contrast, the bulk
facies found within the Panoche Formation consist of massive, fine to medium grained-
sandstone with argillaceous or calcareous matrix interbedded with soft, brown to gray, silty shale
(Anderson and Pack, 1915; Maddock, 1964). The Panoche Formation has been dated using
fossils and U-Pb maximum depositional ages (MDAs) from detrital zircons to be ~87-93 Ma

(Maddock, 1964; Sharman et al., 2015; this Study).
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The Moreno Formation is present in the northeast corner of this field area and is
comprised of brown clay shale that has limestone concretions and interbedded massive gray
sandstone (Anderson and Pack, 1915; Maddock, 1964; Raymond, 1970; Bishop, 1970). It
overlies the Panoche Formation with gradational depositional contact, and in this field area, only
the lower portion of the formation is visible (Maddock, 1964). The presence of foraminifera,
ammonites, and reptile remains indicate that the Moreno Formation was deposited in the latest

Late Cretaceous in a marine environment (Maddock, 1964).
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METHODS

Field Geology and Core Repository

At each field site, we took GPS coordinates, examined contacts, conducted a detailed
lithofacies description, and used a Brunton Compass to measure strike and dip of bedding. We
were unable to complete measured stratigraphic sections or detailed mapping beyond single field
stations due to limited access to private property. At many field stations, we collected samples
for detrital U-Pb geochronology (N = 18), Lu-Hf geochemistry (N=5), sandstone petrography (N
= 8), igneous and/or metamorphic petrology (N = 12) and whole rock geochemistry (N=5)
(Figure 1B; Figure 2).

Given our limited access to the field area mapped as the Panoche Formation, we collected
subsurface sandstone samples for U-Pb geochronology (N=4), Lu-Hf (N=1), and whole rock
geochemistry (N=2) from the California Core Repository in Bakersfield, CA (Figure 2). Open
access drilling reports and well logs with gamma and sonic ray curves were used to identify
sandstone intervals in core sections. To ensure enough zircon yield for detrital analyses, each
sample is a composite from core chippings from -91 and -293 meters below the Kelly Bushing
datum (Appendix A; Figure 1B). We ensured that all of the chippings samples we collected were
consistently medium-grained sandstone and did not exhibit any changes in bulk mineralogy with

depth.

Geochronology

U-Pb geochronology was completed for detrital zircons from eighteen sandstone samples

to determine provenance and maximum depositional ages of sedimentary rocks (Williams, 1997;
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Gehrels, 2012). Samples include nine medium-grained sandstones from mapped outcrops or
subsurface wells of the Panoche Formation, one-medium grained sandstone from mapped
Knoxville Formation, four medium-grained sandstones at the eastern-most contact with the CRO
that are either mapped as Knoxville Formation, Albian Shale, or lower Turonian Adobe Flat
Shale member of the Panoche Formation (Maddock, 1964; Bishop, 1970; Dibblee, 1982; 2007),
and four medium to coarse-grained sandstones from the Franciscan subduction complex. Mineral
separation for zircon was completed using standard heavy mineral separation techniques (e.g.,
Gehrels et al., 2008). We used backscattered electron (BSE) images to randomly select 315
detrital zircon grains without significant inclusions or cracks.

In this study, we analyzed our zircons with laser ablation inductively coupled plasma
mass spectrometry (LA-ICP-MS) at the University of Arizona Laserchron Center using a
Thermo Element?2 single collector ICP-MS. U-Pb analyses were conducted with a 20 um 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
206pb/207Ph ages for grains > ~1.0 Ga (Gehrels et al., 2008; Gehrels, 2012). Th/U ratios measured
during this analysis were used for zircon trace element geochemical analysis. All data were
reduced using AgeCalcML, a Matlab-based graphical user interface (GUI) that is used for
reducing, visualizing, and reporting data collected by LA-ICP-MS (Sundell et al., 2020). U-Pb
data are reported in Appendix B.

Two sandstones (61721A and 23DP22) analyzed for U-Pb geochronology with LA-ICP-

MS were further interrogated with CA-ID-TIMS (chemical abrasion isotope dilution thermal
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ionization mass spectrometry). CA-ID-TIMS provides a more precise age than LA-ICP-MS,
therefore allowing for closer inspection of outlier grains, such as a young tail of single ages that
do not overlap the bulk of analyses. CA-ID-TIMS was performed at Boise State University
following the protocols modified after Mattinson (2005). Cathodoluminescence (CL) images
were obtained with a Hitachi TM4000Plus scanning electron microscope. Grains selected for
TIMS analysis based on CL images and LA-ICPMS data were removed from the mounts and
annealed at 900°C for 60 hours in a muffle furnace. Zircon was dissolved and rinsed in multiple
stages of HF, HNOj, ultrapure H>O, and HCl, and then spiked with the Boise State University
mixed 2**U-2U-?%Pb tracer solution (BSU-1B). U and Pb were separated from the zircon matrix
using an HCl-based anion-exchange chromatographic procedure (Krogh, 1973), eluted together
and dried with 2 pl of 0.05 N H3PO4. Pb and U were loaded on a single outgassed Re filament in
5 ul of a silica-gel/phosphoric acid mixture (Gerstenberger and Haase, 1997), and U and Pb
isotopic measurements made on a GV Isoprobe-T multicollector thermal ionization mass
spectrometer equipped with an ion-counting Daly detector. Pb isotopes were measured by peak-
jumping all isotopes on the Daly detector for 160-200. U mass fractionation was corrected using
the known 2**U/?*°U ratio of the Boise State University tracer solution. CA-ID-TIMS U-Pb dates
and uncertainties were calculated using the algorithms of Schmitz and Schoene (2007), U decay
constants recommended by Jaffey et al. (1971), and **U/?*>U of 137.818 (Hiess et al., 2012). We
corrected 2°°Pb/?*8U ratios and dates for initial 2°Th disequilibrium using Drnu = 0.20 + 0.05
(1s) and the algorithms of Crowley et al. (2007). All common Pb in analyses was attributed to
laboratory blank and subtracted based on the measured laboratory Pb isotopic composition and

associated uncertainty.
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Provenance

The complete distribution of detrital zircon ages within a sample can help characterize
source terranes and provide information on the tectonic setting of strata (e.g., Cawood et al.,
2012; Gehrels, 2012; 2014). AgeCalcML was used to construct a series of vertically stacked
histograms and kernel density estimates (KDEs) to visually compare age spectra from multiple
samples (Gehrels et al., 2008; Horstwood et al., 2016; Sundell et al., 2020). KDEs display the
continuous probability of the age distribution of a sample, but do not incorporate uncertainties
since the Gaussian kernel bandwidth can be set by the user to optimize data visualization based
on the distribution of ages (Sundell et al., 2020). In AgeCalcML (Sundell et al., 2020) we set bin
width for all ages to 50 M.y., kernel bandwidth for 50-250 Ma grains to 5 M.y., and kernel

bandwidth for grains older than 250 Ma to 20 M.y.

Maximum Depositional Ages

The youngest component of a sedimentary rock can be used to constrain its maximum
depositional age (MDA), which may approximate the true depositional age (TDA) in convergent
tectonic settings with active arcs and young zircon grains (e.g., Dickinson and Gehrels, 2009;
Cawood et al., 2012; Spencer et al., 2016; Coutts et al., 2019; Herriott et al., 2019). There are a
range of statistical methods used to determine the MDA, including the youngest single zircon
grain (YSG), youngest cluster of at least three grains whose errors overlap within two sigma
uncertainty (YGC2c 3+), and youngest statistical population (YSP) (e. g., Gehrels, 2003;
Dickinson and Gehrels, 2009; Coutts et al., 2019). YSP is a weighted average of the youngest
group of two or more grains that have a mean square weighted deviation (MSWD) of ~1.00

(Coutts et al., 2019). We use the Matlab based program DZMda to calculate YSG, YSP, and
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YGC203+ (Sundell et al., 2024). In addition, we consider the maximum likelihood age (MLA),
which we calculate using IsoplotR Online (Galbraith, 1988; Galbraith and Laslett, 1993;
Vermeesch, 2018; 2021).

We report the age of the youngest single grain from each sample, with no filtering.
However, prior to calculating YSP, YGC263+, and MLA, we examined the youngest series of
dates and did not include in MDA calculations any grains that did not overlap with another grain
within 2-sigma error because these skew the data to erroneously young dates that use fewer than
2 grains to calculate an MDA. We report a range of MDA calculations to highlight differences in
the resulting MDA based on each method, but we use the YSP date as the best estimate TDA in
Del Puerto Canyon following Herriott et al. (2019). YSG and YGC2063+ often record MDAs that
are too young and can routinely underestimate MDAs, whereas YSP calculations are more
conservative and are less likely to capture erroneously young grains or tails that could have been
affected by Pb loss (Herriott et al., 2019). For two samples with a scattering of young dates that
do not overlap the youngest age population, we use weighted mean calculations of the youngest

subset of grains that were analyzed using CA-ID-TIMS.

Petrography

Twenty-one rock samples from Del Puerto Canyon were collected, cut, and stained for
Ca-plagioclase and K-feldspar as standard petrographic thin sections. Nine are sandstones from
GVG strata, and the remainder are igneous, metamorphic, and sandstone samples from the CRO
and Franciscan subduction complex (Figure 1 and 2). The composition and provenance of the
GVG samples were analyzed by counting three-hundred framework grains according to the

Gazzi-Dickinson point-counting method (Gazzi, 1966; Dickinson, 1985), with only samples
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comprised of less than 15% matrix analyzed. In addition to the 300 framework grains, we
recorded the composition of the matrix and cement, and took note of any sedimentary structures
and textures to gain insight into the depositional and post-depositional environment of the
sedimentary samples. Point counting data, including grain types and modal parameters for all
twenty-four samples, are available in Supplementary Material.

The mineralogy of the CRO and Franciscan samples was also analyzed by documenting
the primary groundmass and minerals present. When samples consisted of distinct framework
minerals, three-hundred framework grains were counted according to the Gazzi-Dickinson point-
counting method (Gazzi, 1966; Dickinson, 1985). We recorded any igneous textures and
metamorphic fabrics for these samples to determine the origin and extent of metamorphism and

deformation, respectively.

Lu-Hf Geochemistry

Lutetium-Hafnium (Lu-HY) isotopic ratios, reported as epsilon hafnium (¢Hf) values, can
be combined with U-Pb age data to give insight on the type of magma from which zircon
crystallized (Vervoort, 2014). The ¢Hf values are categorized as evolved (negative ¢Hf) or
juvenile (positive eHf), in comparison to CHUR (chondritic uniform reservoir). Evolved
signatures imply the zircon was crystallized from evolved arc magmas, often intruding older
continental material, whereas juvenile signatures support crystallization from undifferentiated,
more mafic magma sources (e.g., Hofmann, 1997; Vervoort, 2014). We analyzed five samples
for Lu-Hf after U-Pb analysis at Arizona Laserchron Center, using the practices outlined by
Gehrels and Pecha (2014) and Ibanez-Mejia et al. (2014). We chose grains from the two primary

zircon age populations found in GVG strata (160-140 Ma and 100-90 Ma), and we selected
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grains that would fit a 40-micron laser spot in addition to the 15-micron U-Pb analysis spot.
After data reduction in AgeCalcML (Sundell, 2021), eHf values are plotted as individual points

overlain on heat maps to distinguish between different units in the field area.

Whole Rock Trace Element Geochemistry

Seven samples from Del Puerto Canyon were analyzed for trace element concentrations
using ICP-MS and loss on ignition (LOI) at Washington State University following routine
methods of Knaack et al. (1994) and Johnson et al. (1999). Samples were collected from specific
units as mapped by Dibblee (1982; 2007) and Maddock (1964), with two mudstones within the
Knoxville Formation, three mudstones within the Panoche Formation, and two igneous samples
within the CRO (Figure 2). Analyzing the trace element geochemistry of the sedimentary
samples can distinguish mafic components, source region, and degree of weathering and
recycling of sediments (McLennan et al., 1993; Fralick, 2003; Surpless, 2014). The trace element
geochemistry of the igneous samples is used to gain insight into the type of magma from which
the rocks crystallized from, and therefore infer their tectonic setting (Hoffman, 1970). Mantle
convection leads to a globally heterogeneous mix of magma composition; as a melt separates
from the mantle, elements that are incompatible (e.g., U, Th, K) migrate to other regions
(Hofmann, 1970). Because of their varying tectonic settings and therefore mantle interactions,
mid ocean ridge basalt (MORB), ocean island basalt (OIB), and igneous units that have
interacted with continental crust or evolved mantle will have varying chemical signatures, both
isotopically and within their trace element compositions (Hofmann, 1970).

In sedimentary geochemistry, trace elements help determine provenance because they are

generally excluded from seawater and have low post-depositional mobility (McLennan et al.,
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1993). In mafic sedimentary rocks, such as shale and mudstone, immobile trace elements such as
Th, Sc, and La help determine provenance and composition (Armstrong-Altrin and Verma, 2005;
Ryan and Williams, 2007). To ascertain if the sediment’s crustal source was more evolved or
juvenile, we can plot the samples La, Th, and Sc values in a ternary diagram (Bhatia and Crook,
1986; McLennan et al., 1990, 1993; Surpless 2014). Juvenile, MORB, crustal components plot
towards the Sc corner of the diagram, whereas more evolved, NASC and UCC continental
crustal components, plot closer towards the La corner of the plot in a linear trend. Using these
trace elements, we can estimate the composition and source of the rocks and the processes that
occurred to generate the geochemical composition of our sediments: magmatic differentiation
and/or sedimentary recycling. In addition, a Zr/Sc vs Th/Sc plot, is used to compare our samples
to what we would expect from MORB, andesite, and upper crust (granodiorite); as Zr/Sc ratio
increases, we expect an increase in sedimentary recycling, and as Th/Sc increases, we see an

increase in magmatic differentiation.
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RESULTS

U-Pb Age Spectra

Samples collected from the GVG predominantly consist of Mesozoic age grains, with
<2% pre-Mesozoic dates, and fall into two groups (Figure 3). Seven samples (23DP22, 61721A,
23DP21, 61621B, 23DP03, 61621C, 23DP06) consist of a unimodal age distribution centered at
~145 Ma with zero to six pre-Mesozoic grains in each sample (Figure 3; middle panel). Sample
23DP21 was collected within strata mapped by Dibblee (1982; 2007) and Maddock (1964) as the
Knoxville Formation, 23DP22 and 61721A were collected from mapped Panoche Formation,
and samples 61621B, 23DP03, 61521C, and 23DP06 were collected moving progressively east
from the contact with the keratophyre (Figure 1B). Six samples from mapped or subsurface
Panoche Formation (23DP01, 23DP02, 23-DPC-33, 23-DPC-34B, 23-DPC-34A, 23-DPC-35)
consistently show a bimodal age spectrum with peaks at ~89-93 Ma and ~145 Ma (Figure 3, top
panel); these samples contain two to twenty-one pre-Mesozoic grains per sample (Figure 3). The
four sandstones collected from the Franciscan subduction complex (23DP16, 23DP17, 23DP11,
23DP12) show a multimodal age spectrum with variable Mesozoic age peaks between 250-80
Ma (Figure 3) and 6-52% pre-Mesozoic grains. Pre-Mesozoic age grains for three of the four
(23DP11, 23DP12, 23DP17) Franciscan samples show peaks, of various magnitudes, ranging
between ~250-450 Ma, ~1000-1200 Ma, ~1400-1600, ~1600-1800, and a few >2000 Ma grains.
Sample 23DP16, differs from other Franciscan samples in the field area, as it contains major age

populations between 1330-1470 Ma and ~1600-1800 Ma, and lacks the ~250-450 Ma grains.
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Figure 3. Detrital zircon kernel density estimates (KDEs) of 17 sandstones from Del Puerto
Canyon stacked from east (top) to west and grouped by geologic formation. Mesozoic KDEs
(50-250 Ma) are normalized to each other, with the reported maximum depositional age (MDA)
of each sample (see Table 1 and Figure 4 for additional MDA details). Following a break in
scale, Paleozoic and Precambrian (251-3000 Ma) KDEs are normalized to each other and
highlight the lack of these age grains within Great Valley Group sandstones at Del Puerto
Canyon.

Maximum Depositional Ages

The seven sandstones with a unimodal age spectra yield YSP MDAs of ~139-145 Ma,
with other MDA methods generally overlapping this range (Figure 4). Initial LA-ICP-MS
analyses on samples 61721A and 23DP22 yielded a young tail of scattered dates (n= 7) that do
not overlap the unimodal age spectra centered at ~145 Ma. Therefore, we performed CA-ID-
TIMS on a subset of these grains to test for the accuracy of LA-ICP-MS dates and the potential
effects of Pb loss leading to erroneously young dates. Sample 61721A yields six CA-ID-TIMS
dates: 145.14 +0.12, 145.10 £ 0.32, 117.32+0.11, 111.86 = 0.08, 101.55 £ 0.11, and 95.18 +
0.15. The two oldest dates (~145 Ma) are significantly older than their LA-ICP-MS dates of

~125 and ~124 Ma, respectively, suggesting Pb loss may have affected LA-ICP-MS dates (Table
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1). In contrast, three other dates overlap LA-ICP-MS dates, and one is a bit younger. We choose
to use the oldest two dates that overlap within 1-sigma error to calculate a weighted mean of
145.10 £ 0.22, which we report as the MDA for this sample. We do not choose to include the
other CA-ID-TIMS dates in any MDA calculation as they do not overlap within error of each
other. Sample 23DP22 yields six CA-ID-TIMS dates: 146.19 + 0.22, 145.90 + 0.19, 145.30 +
0.11,128.09 £0.09, 123.11 £0.17, and 115.56 = 0.31. From these six dates, the oldest three
overlap within 1-sigma error and yield a weighted mean of 145.60 + 0.17, which we report as the
MDA for this sample. The youngest TIMS dates are excluded from the weighted mean MDA
calculation because the grains are more dispersed, with 5-10 Ma between them and lack of
correlation with ages of strata in the field area. Although we use the weighted mean for
interpretation of MDA for samples 61721A and 23DP22, the implication of all TIMS dates and
LA-ICP-MS MDA calculations for each sample will be discussed further and are included in
Figure 4.

Panoche sandstone samples yield YSP MDA’s of ~ 97-85 Ma, and all other MDA
methods overlap the YSP within error (Figure 4). Three sandstones (23DP16, 23DP17, 23DP12)
from the Franciscan subduction complex yield YSP MDAs of ~98-84 Ma, with other MDA
methods overlapping within error (Figure 4). In contrast, sample 23DP11 yields a YSP MDA of

115.02 £ 1.16, which overlaps the MLA of 115.82 & 1.35 (Figure 4).
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Figure 4. Maximum Depositional Ages for all 17 samples shown in Figure 3 calculated using
methods described in the text including youngest statistical peak (YSP), maximum likelihood
age (MLA), youngest single grain (YSG), youngest cluster of three or more grains with
overlapping error of 2 sigma (YGC2s 3+), TIMS weighted mean. MLA and weighted means
calculated with IsoplotR (Vermeesch, 2014); all other methods calculated with DZmda (Sundell,
2020). CA-ID-TIMS grains shown as open purple diamonds did not overlap with uncertainties
with other dates and therefore were not used for the weighted mean calculations (See discussion
for more details).
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Sample Name ]{13\1};]‘SLSAp-ut 206Pb /238U + (1-sigma) Resulting Unit Assignment |ALC U-Pb LA-ICP-MS|U-Pb LA-ICP- Final Unit
Label Date (Ma) based on TIMS alone Best Age MS Error Assignment

61721A 251 145.1 0.1 Knoxville Formation 125.9 1.5
61721A 75 145.1 0.3 Knoxville Formation 124.5 2.7
61721A 96 117.3 0.1 Albian Shale 115.6 1.9 Knoxville
61721A 158 111.9 0.1 Albian Shale 110.9 1.3 Formation
61721A 12 101.6 0.1 Albian Shale 103.9 1.6
61721A 271 95.2 0.2 Albian Shale 103.1 1.4
23DP22 227 146.2 0.2 Knoxville Formation 133.9 9.2
23DP22 109 145.9 0.2 Knoxville Formation 102.6 35
23DP22 188 145.3 0.1 Knoxville Formation 94.7 3.2 Knoxville
23DP22 266 128.1 0.1 unknown ? 129.0 9.6 Formation
23DP22 193 123.1 0.2 unknown ? 121.0 5.7
23DP22 180 115.6 0.3 Albian Shale 111.3 4.7

Table 1. CA-ID-TIMS comparison and classification. LA-ICP-MS and CA-ID-TIMS U-Pb ages
from grains within samples 23-DP-22 and 61721A are reported and used to classify each sample
by age into the Knoxville Formation.

Petrography

The average composition of eight samples of GVG strata from Del Puerto Canyon are
33% quartz, 32% feldspars, and 35% lithics (Figure 5, Appendix D). Ninety-five percent of the
quartz is monocrystalline (Qm) and the remainder is polycrystalline (Qp). Among the feldspar
grains, 50% are plagioclase feldspar (P) and 50% are potassium feldspar (K). Lithics are
primarily volcanic, with lathwork (17%), granulitic (55%), and microlitic (28%) textures.
Notably, Knoxville samples have a total of 161 detrital olivine (O) present, and olivine
comprises 3-14% of the framework grains of each sample (Figure 5, Appendix D). Both
Knoxville and Panoche samples have accessory detrital minerals including muscovite, biotite,
calcite, and chlorite. All GVG samples lack evidence of deformation, contain minor plagioclase
replacement by calcite, and generally contain cement and matrix comprised of micas, iron
oxides, and calcite (Figure S5A-E).

The composition and texture of the Del Puerto Keratophyre and CRO samples are shown

in representative thin section photos (Figure 6A-E). Del Puerto Keratophyre (23DP20), shows
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polycrystalline quartz with lathwork volcanics and minor calcite (Ca) (Figure 6A). From the
CRO, sample 23DPO0S5 is mostly lathwork volcanics and plagioclase feldspar, and it contains
veins of calcite and polycrystalline quartz (Figure 6B). Sample 23DP23 is comprised of
clinopyroxene, serpentine, lizardite, olivine, and contains microfractures within the grains
(Figure 6C). Sample 23DP15B shows lizardite and corona texture with mostly clinopyroxene
(Cpx), orthopyroxene (Opx), and serpentine (S) (Figure 6D-E).

The variation of texture and composition of Franciscan subduction complex samples in
Del Puerto Canyon is shown in representative thin section photos (Figure 6F-H). Sample
23DP10 is a serpentinite and has minor iron oxide staining (Figure 6F). By contrast, samples
23DP16 and 23DP17, show framework grains comprised of monocrystalline quartz,
polycrystalline quartz, plagioclase feldspar, potassium feldspar, and accessory detrital

serpentinite (Figure 6G-H).
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Figure 5. Panels A-F: Characteristic thin section images from GVG strata in Del Puerto Canyon.
Magnification for panels A-E is 4x, and the scale bar in the top left corner in 400 microns and
contains the sample name. The magnification of panel F is 10x, and the scale bar is 100 microns
long. Images were all taken under cross polarized light (XPL). Bt: biotite, Pl: plagioclase, Lvm:
volcanic, microlitic, Lvl: volcanic, lathwork, Lvg: volcanic, felsitic, granular, Ca: calcite, Qp:
polycrystalline quartz, Qm: monocrystalline quartz, O: Olivine. Panel G: Ternary diagram with
abundance of total quartz (Q), total feldspar (F), and total lithics (L), classified by

provenance. Panel H: Ternary diagram with abundance of total quartz (Q), total feldspar (F), and
total lithics (L), classified by rock type. Panels G and H reference data from Dickinson and Rich
(1972) and references therein, Romero et al. (2024), and fields of SJV and Sacramento basin
from Surpless (2014) adapted from Ingersoll (1983).
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Figure 6. Panels A-E: Characteristic thin section images from CRO in Del Puerto Canyon. Panels
F-H: characteristic thin section images from Franciscan subduction complex in Del Puerto
Canyon. Magnification for samples is 4x, and the scale bar in the top left corner is 500 microns
and contains the sample name. The exception is Panel D which is 20x magnification and the
scale bar represents 100 microns. Images were all taken under cross polarized light (XPL). K:
Potassium feldspar, Pl: plagioclase, Lvm: volcanic, microlitic, Lvl: volcanic, lathwork, Ca:
calcite, Qp: polycrystalline quartz, Qm: monocrystalline quartz, Opx: orthopyroxene, Cpx;
clinopyroxene, S: serpentinite.

Lu-Hf Geochemistry

Five sandstones from Del Puerto Canyon from two age groups (160-140 Ma and 100-90
Ma) were analyzed for Lu-Hf geochemistry (Figure 2, 7). These populations were chosen to
reflect the general depositional age groupings of the Knoxville (latest Jurassic-earliest
Cretaceous) and Panoche (earliest Late Jurassic) Formations. We analyzed a total of 96 zircons
for Lu-Hf, with 53% (n = 51) of the grains crystallized from 160-140 Ma, and 47% (n = 45) from
100-90 Ma. The eHf values for the older zircons range from —17 to +16 (Figure 7), with the
majority (88 %) plotting above the CHUR reference line. Within the 160-140 Ma zircons, the
Knoxville Formation sample, 23DP06, has the smallest eHf range: +10 to +15 (Figure 7). Grains
from the Panoche sample, 23-DPC-33, ranges from —17 to +9, with 68% of grains plotting above
the CHUR reference line in older zircons (Figure 7). Older grains from the Franciscan
subduction complex sample, 23DP12, range from +1 to +16, primarily overlapping with zircons
of the Knoxville Formation. Late Cretaceous zircons from the Panoche Formation and
Franciscan are more evolved with ¢Hf values ranging from —13 to +15. The 100-90 Ma grains
from Panoche samples are clustered around the CHUR reference line, with 90% of grains

ranging from -6 to +1 (Figure 7). Zircon grains from the Franciscan subduction complex sample,
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23DP12, are increasingly negative (-8 to —13) as compared to zircons from the coeval Panoche

Formation.
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Figure 7. Epsilon Hafnium (¢Hf) versus U-Pb for samples from Del Puerto Canyon in age ranges
of 100-90 Ma and 160-140 Ma. CHUR is chondrite uniform reservoir. Grey polygons indicate
the eHf curve at 95% confidence of Sierra Nevada arc from Attia et al. (2020). Gray squares
represent Western Sierra Nevada Metamorphic Belt samples from Attia et al. (2020).

The Th/U concentrations of the subset of Mesozoic zircons analyzed for Lu-Hf

Zircon Trace Element Geochemistry

geochemistry were also investigated to aid with provenance interpretation (Figure 8). These
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samples consist of three Panoche samples (23DP01, 23DP02, and 23-DPC-33), one Knoxville
sample (23DP06), and one Franciscan subduction complex sample (23DP12). All samples,
regardless of age or formation, plot within the felsic melt zone, with one outlier grain that lies
within the transition zone (Figure 8). Zircons from the Panoche Formation have the widest
spread of Th/U ratios, ranging from ~0.2 to 0.9, excluding an outlier with a ratio of 1.43. Zircon
grains from the Knoxville Formation are densely clustered and range from ~0.1 to 0.4, and the
Franciscan subduction complex sample grains range from ~0.2 to 0.7 (Figure 8). Comparing U-
Pb and Th/U of all ~5,000 zircons analyzed by LA-ICP-MS indicate no change in Th/U
concentrations between the pre-Mesozoic and Mesozoic grains (Appendix F); the entire dataset

is not shown in Figure 8 for the purposes of clarity.
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Figure 8. U-Pb crystallization age versus Th/U ratios of selected zircon grains from Del Puerto
Canyon analyzed with LA-ICP-MS. The lines indicating the base and top of the mafic melt zone
and the metamorphic cut off are from Teipel et al (2004) and Linnemann et al. (2011). See
Appendix F for plot of all grains U-Pb versus Th/U.

Whole Rock Trace Element Geochemistry

Within REEs shown in a chondrite-normalized spider diagram, there is a negative trend
and a significant negative Eu anomaly for all samples (Figure 9A). From La to Sm, the Panoche
samples yield the highest concentrations with the Knoxville close below, and the CRO samples
have the least concentrated values (Figure 9A).

On a La-Th-Sc ternary diagram, all samples plot between La and Sc, and far from Th

(Figure 9B). There is trend with age whereby the CRO samples plots between MORB and
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continental arc references, Knoxville samples right above the continental arc signature, and
Panoche samples plot between UCC, and NASC reference points (Figure 9B), reflecting an
increase in compositional maturity through time. Samples from the Panoche Formation are
consistent with Upper Cretaceous San Joaquin Valley mudstones from Surpless (2014), but the
Knoxville samples plot above the trend for Lower Cretaceous samples from the same study.

A comparison of Zr/Sc versus Th/Sc shows the CRO samples close to the andesite
reference (Figure 9C). The Knoxville samples plot above andesite and the Panoche samples
show a trend toward the granodiorite reference (Figure 9C). As in the La-Th-Sc ternary diagram,
samples from the Panoche Formation plot with Upper Cretaceous samples from Surpless, 2014,
with the Knoxville just below this trend, and the CRO samples plot with Lower Cretaceous

samples from the same study.
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Figure 9. Geochemistry of Del Puerto GVG strata and igneous samples. (A) Spider diagram of
REE (rare earth elements) normalized to chondritic reservoir (Sun and McDonough, 1989). The
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and Cretaceous aged Sierra Nevadan plutons from Cecil et al. (2012) and references wherein (B)
La-Th-Sc ternary plot with potential sources from Taylor and McLennan (1985) and McLennan
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Data from Upper and Lower Cretaceous strata from Surpless (2014) shown in grey in panels B

and C. The legend in Panel A is applied to all panels.
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DISCUSSION

Revised Mapping

Compiling previous work by Dibblee (1982; 2007), Maddock (1964), and Raymond
(1973) with our field observations and the California State Geologic map (Jennings, 1997; Wills
et al. 2015), we present a revised map that incorporates previous field mapping with the results
of this study in Figure 1. We find the Lotta Creek Formation does not reach the present location
of Del Puerto Canyon Road and moved the contact further south to reflect this. In addition, we
find GVG strata at the easternmost contact with the CRO has lithofacies, sandstone
compositions, and geochronologic ages consistent with the Knoxville Formation, and re-establish
the presence of this unit at this contact (see below for details). We incorporated the CRF and
TOF mapped by Raymond (1973) on our map and the addition of one unnamed fault in the

southeast portion of the map that was originally mapped by Dibblee (1982; 2007) (Figure 1).

Controls on Depositional Age

Sample 23DP21, collected from strata mapped as Knoxville on all previously published
maps and along the western limb of the Del Puerto Keratophyre anticline, stratigraphically above
the Lotta Creek Tuff, contains exclusively Mesozoic grains with MDA of 145.56 = 1.52 Ma
(Figure 1, 3, and 4). Similarly, five samples (61621B, 23DP04, 23DP03, 61621C, 23DP06)
collected on the east limb of the anticline, at the contact with the CRO, yield unimodal peaks
with MDAs ranging from ~139-146 Ma (Figure 1, 3, and 4). These sandstones were collected
within ~ 300 m of stratigraphy comprising fissile black shales interbedded with fine-grained

sandstone intervals and scattered limestone concretions. Previous mapping assigns these rocks to
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the Panoche Formation (Dibblee, 1982; 2007) or an Albian Shale (Bennison et al., 1991).
However, due to similarities with Knoxville sedimentary descriptions, unimodal age spectra, and
~145 Ma MDAs, we re-assign these to the Knoxville Formation (Figures 1-4). Similarly, on the
western side of the Del Puerto Keratophyre anticline, along Del Puerto Canyon Road, sample
61721A was collected from similar lithofacies of shales and fine-grained sandstones interbedded
with limestone boulder size concretions (Figures 2, 3). Given the similar lithofacies, the
unimodal Mesozoic age distribution, and an MDA of 145.13 = 0.11 for 61721A, we re-assign
sample 61721A to the Knoxville Formation (Figure 1-4). Furthermore, we interpret these MDASs
as approximating TDA and not significantly younger than ~140 Ma based on the presence of
Valanginian-Hauterivian strata overlying the Knoxville Formation just south of our field area at
Pacheco Pass and Coalinga.

The five sub-surface Panoche samples (23-DPC-30, 23-DPC-33, 23-DPC-34A, 23-DPC-
34B, and 23-DPC-35) and two surficial Panoche samples (23DP01, 23DP02) are consistent with
each other, yielding MDAs ranging from ~97-84 Ma, consistent with published depositional age.
The ~40 myr duration between deposition of Lower Cretaceous Knoxville strata and Upper
Cretaceous Panoche strata highlights a previously documented unconformity between strata of
this age and its implications are discussed further below (Figures 3, 4). Four sandstones from
Franciscan subduction complex (23DP12, 23DP11, 23DP17, and 23DP16) yield MDAs that
range from ~84 to 115 Ma, which, apart from the oldest ~115 Ma MDA (23DP11), temporally
overlap with deposition of the Panoche Formation. Detrital zircon age distributions from
metasandstones at neighboring localities in the northern Diablo Range report MDAs between

~115-93 Ma (Dumitru et al., 2018), with Apen et al. (2021) assigning rocks with MDAs between
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115-110 Ma and 100-92 Ma to the Angel Island accreted units in the Tiburon Peninsula ~100 km
north of Del Puerto Canyon; restoring Cenozoic strike-slip deformation places these units ~30-50
km south of the Diablo Range (Apen et al., 2021). Two of our samples (23DP12 and 23DP17)
have MDAs and DZ age spectra (discussed below) consistent with rocks of the Northern Diablo
Range, whereas sample 23DP11 yields an MDA of ~ 115 Ma and age spectra consistent with
metasandstones of Angel Island accreted units (Apen et al., 2021; Figure 10). Sample 23DP16
yields an MDA (~84 Ma) younger than previously reported MDAs of the Franciscan subduction

complex exposed within the northern Diablo Range.
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Figure 10. Detrital zircon kernel density estimates (KDEs) compilation of Franciscan subduction
complex, Panoche Formation, and Knoxville Formation from the GVF. KDEs are grouped by
formation, and within each formation, by age, with the oldest on the bottom of each formation.
Mesozoic KDEs (50-250 Ma) are normalized to each other and have a kernel of 4. Following a
break in scale, Paleozoic and Precambrian (251-3000 Ma) KDEs are normalized to each other
and have a kernel of 20. References for each dataset are listed in bold italics, dataset names are
listed in bold text, the MDASs for each dataset are listed in italics underneath the dataset name,
samples used are represented by “N=", and total grains for each KDE are shown as “n=".

Provenance

Knoxville Formation

The Knoxville samples’ unimodal DZ U-Pb age spectra (Figure 3) and relative reduction
in volcanic lithics as compared to the majority of the oldest GVG in both the Sacramento and
SJV basins (Figure 5) suggests that there was a plutonic point source of broadly uniform age
during deposition, potentially a Jurassic pluton ~146-139 Ma within the central or southern
Sierra Nevada magmatic arc, including potential Jurassic sources within the Western Sierra
Nevada Metamorphic Belt (WSNMB) (Ingersoll, 2000; Cecil et al. 2012; Schweickert, 2015) or
the underlying CRO (e.g. Ingersoll, 1982; Romero et al., 2024). A unimodal Mesozoic age peak
contrasts with much of the oldest, most-basal GVG in the northern GVF, the Stony Creek
Formation, which commonly shows >55% pre-Mesozoic grains (Figure 10; Orme and Surpless,
2019: Romero et al., 2024). Nevertheless, few samples from the Stony Creek Formation within
the Sacramento basin also show a similar unimodal peak at ~145-150 Ma and no pre-Mesozoic
grains (DeGraaff-Surpless, 2002; Surpless et al. 2006; Orme and Surpless, 2019); these samples
are also interpreted to reflect contributions from a point-source within the proximal undissected

magmatic arc (Ingersoll, 1982; DeGraaff-Surpless, 2002; Romero et al., 2024).
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Four of our Knoxville Formation samples contain pre-Mesozoic grains found within
basement terranes of North America and are petrographically similar to the basal GVG samples
from the Sacramento basin that contain abundant pre-Mesozoic detrital zircon grains (Dickinson
and Rich, 1972; Ingersoll, 1983; Surpless, 2014; Romero et al. 2024). We interpret that
deposition of the oldest GVG strata in the San Joaquin basin, the Knoxville Formation, occurred
proximal to North America, which is consistent with previous studies that of the oldest GVG in
the Sacramento basin (DeGraaff-Surpless, 2002; Orme and Surpless, 2019). In addition, the
presence of 161 total detrital olivine grains found in all five of our Knoxville sandstone
petrographic analyses suggests that the CRO may have provided an additional source of detritus,
as suggested by Romero et al. (2024) for the most basal Stony Creek Formation overlying the
CRO in the Sacramento basin.

Our zircon and whole rock geochemical results support linking the Knoxville Formation
to the Sierra Nevada continental arc during Knoxville deposition, consistent with geochemistry
of coeval GVG strata Surpless (2014) and records from the Sierra Nevada magmatic arc and the
western Sierra Nevada magmatic belt (Attia et al., 2020; 2021) (Figure 8 and 9). This is most
apparent by La-Th-Sc and Zr/Sc versus Th/Sc plots, in which Knoxville samples plot between
continental arc and upper continental crust signatures (McLennan, 1985; McLennan et al., 1993),
and in between andesite and upper crust signatures (Taylor and McLennan, 1985). Rare Earth
Element spectra of central and southern Jurassic Sierra Nevada plutons display concave to flat
trends with large some outliers showing a negative Eu anomalies due to high SiO2 intrusions
(Cecil et al., 2012 and references therein), which aligns with the Jurassic strata from the

Knoxville Formation in Del Puerto Canyon (Figure 9A). Interestingly, the zircon eHf values
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from Knoxville zircon overlap with data points from the Sierran arc but show a shift to slightly
more juvenile values as compared to the 95% confidence interval from the arc (Figure 7; Attia et
al., 2020). These values are more consistent with a more juvenile source such as the CRO
and accreted island-arc material of the WSNMB, but as we only analyzed one sample from the
Knoxville for Lu-Hf and whole-rock and zircon U-Pb geochemical data support a link with a
felsic continental arc, we interpret the CRO and WSNMB as secondary sources to Jurassic

plutons of the Sierra Nevada.

Panoche Formation

We interpret no major provenance changed during Panoche deposition (Figure 3, 4),
based on three lines of evidence: the Panoche MDAs generally young up section (west to east) or
remain the same, the Panoche age spectra are similar to each other, with Middle-Late Jurassic
(~170-145 Ma) and Early-Late Cretaceous (~140-90 Ma) prominent age populations (Figure 3),
and the Panoche sandstone samples have similar petrologic compositions (Figure 5). The
abundant Cretaceous zircons coincide with the well-documented mid-Cretaceous high flux
magmatism of the Sierra Nevada, which comprise ~50% of all exposed plutons within the
Sierran arc today (e.g., Chen and Moore, 1982; Ducea et al., 2015; Paterson and Ducea, 2015).
These include proximal plutons of the Tuolumne Intrusive Suite, adjacent to the dextral Bench
Canyon and Quartz Mountain shear zones, both of which are interpreted to be active during
Campanian Panoche Deposition (e.g., Coleman et al., 1994; McNulty, 1995; Tobisch et al.,
1995; Tikoff and Greene, 1997; Greene and Surpless, 2017; Tomek et al., 2024). By contrast,
Jurassic sources are less abundant and spatially scattered within the modern outcrop of the Sierra

Nevada. The presence of the same late Jurassic age peak (~150 Ma) and similarities between the
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petrography of both Knoxville and Panoche Formations suggests that during Panoche deposition,
Jurassic sources that fed the Knoxville were still feeding the GVF (e.g., Dumitru et al., 2015;
Green and Surpless, 2017). The age range of Jurassic grains (~170-146 Ma) present in our
samples is found within the Jurassic Sierra Nevada arc and WSNMB, and is also are abundant in
various parts of the CRO, including at Del Puerto Canyon where crystallization ages range from
~161-155 Ma (Lanphere, 1971; Hopson et al., 1981; Evarts, 1992; Mattinson et al., 2008).

Our samples are down-section, either in outcrop or in the sub-surface, and yield MDAs
older than two sandstones from the Panoche Formation analyzed by Sharman et al. (2015) and
Jacobson et al. (2011), which are Campanian in age (Figure 10). These samples yield similar
Mesozoic age peaks, but outcrop sample GVG09-2 from Sharman et al. (2015), contains
Proterozoic grains between ~1330-1400 Ma and ~1600-1800 Ma. These peaks, notably grains
circa 1380 Ma are interpreted to be derived from pluton within the Lemhi subbasin of Idaho and
were transported to the GVF basin and Franciscan subduction complex between ~85-80 Ma via
the Kione River (Dumitru et al., 2016). Given the lack of the ~1380 Ma peak in our samples, and
their lower stratigraphic position, we propose the lower Panoche Formation did not receive
detritus from the Kione River system until its arrival after 85 Ma.

At Del Puerto Canyon, Bishop (1970) interpret conglomerate clast counts as indicating a
potential western source for detritus, such as the bathymetric high of the Franciscan subduction
complex. We could not directly test this with additional geochronologic and geochemical data
due to lack of access to the conglomeratic ridges in our field area. However, other locales in the
San Joaquin Valley, including the exposures of the Panoche Formation at San Luis Reservoir

~45 km southwest of Del Puerto Canyon, indicate a predominantly west or southeast-directed
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current (Ingersoll, 1979; Cherven, 1983: Bennison, 1991; Bennison et al., 1991; Greene and
Surpless, 2017). At San Luis Reservoir, Greene and Surpless (2017) document both felsic and
mafic plutonic rocks (granitoids to gabbro) and metavolcanic and/or metavolcaniclastic rocks,
and interpret the latter as derived from the CRO and/or the WSNMB. Our petrographic results
from the Panoche Formation overlap with those of Greene and Surpless (2017) and other the SJV
Grabast petrofacies of Mansfield (1979) and Ingersoll (1983) and include similar diagenetic
features such as presence of calcite cement, altered volcanic grains, and dissolved feldspar grain
boundaries. However, we do not observe a high abundance of metamorphic grains as are
observed by Ingersoll (1983). The abundance of potassium feldspar to total feldspar in all of our
samples are consistently 50%, unlike the 0 to 50% increase from Jurassic to Cretaceous found by
Ingersoll (1983). Panoche samples are geochemically more compositionally mature and more
evolved than Knoxville samples (Figure 9), but both formations’ geochemical signals tie their
provenance to the Sierra Nevadan arc, as seen in the overlap of Del Puerto GVG strata eHf with
the Sierran arc signature (Figure 7; Attia at al., 2020), felsic zircon Th/U ratios (Figure 8), and
the REE trends of central and southern Cretaceous Sierra Nevada plutons (Figure 9; Cecil et al.
2012). Integrating the petrographic, geochronologic, and geochemical data with the paleocurrent
data from previous studies, we favor proximal Sierra Nevada Cretaceous and Jurassic plutons as
the primary source of sediment for the Panoche samples at Del Puerto Canyon. However, we do
not dismiss the WSNMB as another potential source, especially given its spatial relationship to

the plutons of the Sierra Nevada and similar eHf range as WSNMB.
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Franciscan Subduction Complex

Franciscan subduction complex sandstones share similar framework grains with the
Panoche Formation in Del Puerto Canyon (Figures 5, 6), but also contain accessory detrital
serpentinite (Figure 6), which is not observed in our Panoche sandstones. The MDAs of the
Franciscan subduction complex sandstone coincide with the Panoche MDAs (Figure 4), but age
spectra contain more pre-Mesozoic grains (~6-52%) than the Panoche or Knoxville samples
(Figure 3). These data are consistent with previous studies on the Franciscan subduction complex
that show an abundance of syn-volcanic and pre-Mesozoic age grains (Apen et al., 2021;
Dumitru et al., 2015; Snow et al., 2010) that are interpreted to represent clastic sedimentation
from the North American margin (e.g., Dumitru et al., 2018; Wakabayashi, 2015). Pre-Mesozoic
grains (~250-450 Ma, ~1000-1200 Ma, ~1400-1600, ~1600-1800, and a few >2000 Ma grains)
are found in samples with MDAs between ~115-94 Ma. These age populations are consistent
with original derivation from the Appalachian orogen, Grenville Province, anorogenic granitic
plutons, Yavapai-Mazatzal Provenance and older Paleoproterozoic North American basement
(e.g., Dickinson et al. 2012; Gehrels and Pecha, 2014). Notably, 23DP16, differs in having
two major Proterozoic age populations between ~1330-1470 Ma and ~1600-1800 Ma, which is
consistent the Campanian Panoche sample of Sharman et al. (2015) (Figure 10). Following the
pioneering observations of Dumitru et al. (2016), we interpret 23DP16 to also record the arrival
of the Kione River system, sourced from central Idaho to the Franciscan subduction complex
after 85 Ma.

Detrital zircon age distributions from neighboring localities of the Franciscan in the
northern Diablo Range have MDAs between ~104-93 Ma, with prominent age peaks at ~160-140

Ma and ~120-115 Ma (Dumitru et al., 2018) and abundant pre-Mesozoic grains that lack the
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~1380 Ma Kione signal. Our three Franciscan samples with MDAs between ~115-94 Ma have
age spectra consistent with these prior samples and support correlations with the Angel Island or
Alcaraz accreted terranes. Interestingly, eHf data on one sample (23DP12) from the Franciscan
subduction complex show overlap of Jurassic age grains with GVG strata and the Sierran arc
signature but show more evolved signatures for four Cretaceous grains relative to the GVG
(Figure 7; Attia et al., 2020). This general pull-down in eHf space, although only evident from
four grains, is consistent with the Hf isotopic signatures of North American basement (e.g.,
Gehrels and Pecha, 2014), and does not require input from the Kione Rive system sourced in the
Idaho region, which we interpret to arrive after deposition of these samples and at the time of

deposition of sample 23DP16, ~ 84 Ma.

Tectonic Implications

In Del Puerto Canyon, the crystallization age of the CRO is ~161-149 Ma (Lanphere,
1971; Hopson et al., 1981; Evarts, 1992; Mattinson et al., 2008), which is generally consistent
with other CRO ophiolite fragments (see summary in Arkula et al., 2022). The uppermost CRO
and overlying Lotta Creek Tuff are dated to ~149 Ma (Evarts, 1992), indicating a ~ 2-5 myr
unconformity between the CRO/Tuff Knoxville Formation (149-145.56 + 1.42). The presence of
accessory olivine in the Knoxville Formation in Del Puerto Canyon indicates that the CRO was
exposed as a source of sediment during the initiation of forearc deposition. Similar petrographic
and age relationships are observed in the northern GVF at Crowfoot Point, where the most basal
GVG, the Stony Creek Formation, is petrographically indistinguishable from an underlying
breccia interval that was derived from the CRO west of Paskenta in the Sacramento Basin

(Romero et al., 2024).
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The geochemical signatures of the Del Puerto Canyon CRO samples (61621A and
23DP05G) plot between MORB and continental arc on a Th-La-Sc ternary diagram, and closer
to andesite than MORB on a Zr/Sc versus Th/Sc plot (Figure 9). In addition, the CRO samples
generally follow the same REE trends as Jurassic and Cretaceous plutons from northern, central,
and southern Sierra Nevada (Figure 9A; Cecil et al., 2012), apart from the flat light REE spectra
for 23DP05G. Our petrographic and geochemical results are consistent with previous studies on
the CRO at Del Puerto Canyon, are inconsistent with formation at a mid-oceanic ridge setting,
and suggest an island-arc or suprasubduction zone are more likely candidates for the origin of the
CRO as seen by the silicic and plutonic components of the CRO at Del Puerto Canyon (Evarts,
1977; 1978; Dickinson et al., 1996; Evarts et al., 1999). Notably, the CRO samples from Del
Puerto Canyon plot amongst Lower Cretaceous strata from further south within the SJV
(Surpless, 2014; Figure 9C). Surpless (2014) proposed the southwestern Sierra Nevada foothills
as a potential source for more MORB-like materials due to the abundance of metavolcanics and
zircon poor (i.e., more mafic) sources. We note that overlap between our CRO samples and the
Lower Cretaceous strata of Surpless (2014) broadly supports our interpretation that the basal
GVG in the SJV basin received input from the CRO, in addition to metavolcanic sources within
the WSNMB and plutons of the Sierran magmatic arc. However, our Knoxville samples plot
closer to the continental arc and within the lower part of the upper granodiorite crust of these
discrimination plots. One explanation for this difference may be that Del Puerto is located farther
north than the Lower Cretaceous SJV strata studied by Surpless (2014), and that the proposed

southern sources did not reach this far north.
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The Knoxville Formation records the earliest GVG sedimentation atop the CRO, ~2-5
myr after the CRO crystallized, and was sourced from the proximal Sierra Nevada magmatic arc
and western foothills, within minor input from the CRO as seen by the abundance of detrital
olivine (Figure 5F, 11A). The presence of detrital olivine in our Knoxville samples indicates that
the CRO is exposed and had not undergone hydrothermal alteration to serpentinite (Rai and
Matthew, 2021) The Knoxville Formation appears to be more extensively preserved at Del
Puerto Canyon than in other regions of the SJV, yet is significantly thinner than the latest
Jurassic-earliest Cretaceous Stony Creek Formation, which forms the basal strata of the GVG in
the northern GVF (Moxon, 1988). Given the lack of evidence for significant accretionary
processes at the Franciscan trench during Knoxville deposition (Dumitru et al., 2010; Mulchay
et. al., 2018), the SJV part of the GVF may have been a sloped forearc with a minor trench slope
break to trap sediment behind it (Dickinson and Seely, 1979; Dickinson, 1995; Figure 11). After
the proximal sedimentation of the Knoxville Formation, the sloped forearc may have transitioned
from underfilled to filled, leaving no room for more sediments to accumulate, and causing

sediment to bypass to the trench or nearby basins in the GVF (Figure 11B).
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Figure 11. Tectonic model of the GVF at Del Puerto Canyon (latitude of ~37° north) in the San
Joaquin Basin during (A) earliest Cretaceous, (B) middle Cretaceous, and (C) Late Cretaceous.
Lithospheric scale 3-D overview and a zoomed in cross section of the forearc depositional center
shown for each time interval. Legend applies to all panels and insets. Panel D is a generalized
geologic map of California, and the yellow star indicates the general latitude of the tectonic

models. Convergence rate (normal component) and angle of obliquity from Engebretson, Cox,
Gordon (1985).

The end of the ~40 Ma unconformity from ~140-100 Ma recorded in GVG strata of Del
Puerto Canyon (Figures 3, 11B) coincides with a regionally documented unconformity at ~105-
100 Ma (DeCelles and Graham, 2015; Moxon, 1988), but includes the interval of deposition
of the Platina and Lodoga Formations in the Sacramento Valley (~132-100 Ma) (e.g., Ingersoll,
1979; Ingersoll, 1983). In addition, Lower Cretaceous (Valanginian-Hauterivian) strata are
preserved in the Coalinga area of the SJV, ~170 km south of Del Puerto Canyon (Moxon, 1988).
The Del Puerto Canyon unconformity spans an interval of reduced magmatism within the Sierra
Nevada, non-accretion at the trench at the latitude of the SJV, and little to no high T
metamorphism (e.g., Patterson and Ducea, 2015; Dumitru et al., 2018; Mulchay et al., 2018;
Apen et al., 2021). A potential interpretation of this long unconformity is that erosion rates were
low during the magmatic-lull and there was no mechanism to capture sediment between the
latitude of Mt. Diablo and the Panoche Hills part of the SJV during ~90-140 Ma, leading to a
period of sediment bypass (Figure 11B). This is consistent with the Early Cretaceous depocenter
in the GVF in Sacramento basin, where Lower Cretaceous sediments accumulated, at low
sediment flux (e.g., Moxon, 1988; Orme and Graham, 2018). Notably, during this same period,
the Franciscan records accretion of the South Fork Mountain Schist and Yolla Bolly terranes
outboard of the northern GVF (e.g., Worrall, 1981; Dumitru et al., 2018). In addition,

successions of Upper Cretaceous rocks are thickest in the San Joaquin basin compared to the
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Sacramento basin. This spatial shift in deposition is observed in both subsurface and in outcrop
studies and supported by observed southward down-lap geometries (Moxon, 1988; Orme and
Graham, 2018). This interpretation suggests the forearc may have been segmented into isolated
depositional centers, as is common in the recent ancient to modern forearc records along
the Java-Sumatra, Aleutian, and Japanese island arc systems (e.g., Schliiter et al. 2002; Yang and
Gao, 2020; Okamura and Shishikura, 2020; Utsunomiya et al., 2023).

An alternative hypothesis to explain the development of the unconformity is that
sediments of Lower Cretaceous age were deposited in the San Joaquin Valley, but subsequently
eroded. Greene and Surpless (2017) discuss evidence from Tagami and Dumitru (1996) for rapid
exhumation of the Franciscan wedge near Mt. Hamilton, ~30 km west of our study area, during
~100-70 Ma, as a potential mechanism to erode Lower Cretaceous strata. Importantly, this model
is invoked to explain the CRO as a potential source of the Panoche Formation based on the
abundance of metavolcanics within clast counts at San Luis Reservoir (Greene and Surpless,
2017). Our sandstone petrographic work does not support the CRO as a source for the lower
Panoche Formation, and instead, we propose slight provenance differences between the lower
pre-Campanian Panoche at Del Puerto Canyon and Campanian Panoche Formation up-section at
Del Puerto Canyon (Sharman et al. 2015) and at San Luis Reservoir (Greene and Surpless,
2017). Application of low-temperature thermochronology strata preserved across the Lower-
Upper Cretaceous contact could shed light on any record of basin uplift and erosion not present
in the preserved stratigraphic record.

Deposition of the Panoche Formation occurs at a time of 1) increased plate convergence

and obliquity (e.g., Engbretson, Cox, and Gordon, 1985), 2) flare-up in arc magmatism, and 3)
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wedge accretion and exhumation of high-grade blocks within the wedge (e. g., Patterson and
Ducea, 2015). The latter is consistent with the Franciscan complex preserved in Del Puerto
Canyon and elsewhere in the Diablo Range (e.g., Apen et al. 2021; Dumitru et al. 2018). Once
the Franciscan subduction complex transitioned to highly accretionary at ~123 Ma (Dumitru et
al. 2018), it establishes an outer forearc high, or ridged forearc (Dickinson, 1995) behind which
sediment shed from the Sierran arcs accumulated with the GVF basin (Figure 11C). Rapid
subsidence and sediment accumulation is found during the Cenomanian across the Great Valley
forearc (e.g., Ingersoll, 1978; 1982) and Moxon (1988) first correlates this to an increase in the
rate of convergence and obliquity between the Farallon and North American plates (Page and
Engebretson, 1984). Similarly, changes in plate obliquity have been called upon to explain
Cretaceous high-flux magmatism and associated changes in igneous fabrics (e.g., Tomek et al.,
2024). After ~ 85 Ma, the Panoche Formation and Franciscan subduction complex begin to
receive input from the Kione River system that is sourced from the continental interior in Idaho

(Dumitru et al., 2016).
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CONCLUSIONS

The Late Jurassic through early Late Cretaceous geologic history of Del Puerto Canyon
in central California highlights the integrated history of the Franciscan subduction
complex, CRO, GVG, and Sierra Nevada magmatic arc. The most basal GVG strata in Del
Puerto Canyon, the Knoxville Formation, were deposited from ~145-139 Ma, ~2-5 myr after
emplacement of the CRO as its underlying basement. The Knoxville Formation was derived
from the proximal felsic to intermediate plutons and Sierra Nevada magmatic arc, with minor
components of mafic minerals sourced from exposed CRO. The basin was likely a sloped
forearc, with little accretionary prism outboard, and may have become an overfilled basin and
locus of sediment bypass shortly after deposition of the Knoxville Formation atop the CRO,
resulting in a ~40 Myr unconformity with the Late Cretaceous Panoche Formation. We favor a
model of sediment bypass to explain the unconformity because the time interval (~140-100 Ma)
coincides with no evidence for accretionary or metamorphism within the Franciscan trench
outboard of the SJV basin and during a magmatic lull in the Sierra Nevada arc, which
presumably mean erosion rates were lower. At Del Puerto Canyon, the Late Cretaceous Panoche
Formation and Franciscan subduction complex record a return to sedimentation and rapid
subsidence and accretion along the trench, respectively. The increase in rapid sediment
accumulation within the GVF basin during this time, likely reflects the growth of the
accretionary prism acting as an outer forearc high behind which to trap sediments, preventing
their escape into the trench. In turn, these processes are consistent with and reflect the return to
high flux magmatism within the Sierra Nevada, owing to increased rates of oblique convergence

(Engebretson, Cox, Gordon, 1985). After ~85 Ma, the multimodal age spectra of the Panoche
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Formation, including a ~ 1380 Ma peak, indicates sediment sources from the interior of North
America (i.e., Kione River from Idaho; Dumitru et al., 2016), in addition to the Jurassic sources
present during initial deposition of the Knoxville Formation within the GVF basin. This study
highlights the utility of integrating multiple types of datasets across different lithotectonic units
preserved within an ancient forearc to better understand processes active during forearc basin

initiation and rapid basin subsidence.
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