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Facies architecture and provenance of a boulder-conglomerate 
submarine channel system, Panoche Formation, Great Valley Group: 
A forearc basin response to middle Cretaceous tectonism in the 
California convergent margin
Todd J. Greene1 and Kathleen D. Surpless2

1Department of Geological and Environmental Sciences, California State University, Chico, 400 West 1st Street, Chico, California 95929-0205, USA
2Department of Geosciences, Trinity University, One Trinity Place, San Antonio, Texas 78212, USA

ABSTRACT

Tectonic reorganization induced by a rapid increase in plate motion 
 obliquity and rate beginning at ca. 100 Ma affected California’s Andean-style 
convergent margin, with concomitant changes in the accretionary prism of 
the Franciscan Complex, the Great Valley forearc basin, and the Sierran con-
tinental arc. Using facies analysis and a combined provenance approach, we 
suggest that this ca. 100 Ma tectonic signal is preserved in a Cenomanian 
(Upper Cretaceous) boulder-conglomerate outcrop along the San Luis Res-
ervoir (SLR) in the southern Great Valley, which represents the thickest 
and coarsest deep-water deposit ever described in the Great Valley Group 
(GVG). We document a 1.8-km-thick by 4-km-long depositional-dip profile of 
an interpreted SE-directed (axial) submarine channel system that is part of 
a conglomeratic package that stretches 20 km along the east-central Diablo 
Range. Our facies analysis of the SLR area documents five facies associa-
tions within four aggradational channel complex sets, followed by regional 
abandonment.

Sandstone petrography and mudrock geochemical data suggest a dis-
sected continental Sierra Nevadan arc source. Conglomerate clast counts 
show abundant ophiolitic-type clasts that may be derived from the Coast 
Range Ophiolite and/or the Western Sierra Nevada Metamorphic Belt. 
Detrital- zircon geochronology data also indicate western and central Sierra 
Nevadan sources; however, we interpret an anomalous (relative to other 
Cenomanian localities) 105–95  Ma zircon population to indicate the initial 
erosional products from the volcanic carapace associated with the Late Cre-
taceous magmatic flare-up within the eastern Sierran arc. This flare-up has 
been linked to an increase in arc-parallel plate motion that induced defor-
mation along shear zones in the eastern Sierra Nevada, allowing for wide-
spread plutonism. Our provenance interpretation makes the SLR area the ear-
liest Upper Cretaceous GVG locality to receive significant detritus from the 
flare-up, effectively linking tectonic plate motion changes and coarse-grained, 
deep-water forearc sedimentation.

INTRODUCTION

California’s Late Jurassic through Paleocene history includes one of the best 
long-lived examples of Andean-style convergent margin tectonics in the geo-
logic record (Bailey et al., 1964; Dickinson and Seely, 1979; Ingersoll, 1979, 1982; 
Ingersoll and Dickinson, 1981; Dickinson, 1995; Ducea, 2001). Moreover, the 
mid-Cenozoic conversion to transform tectonics of the San Andreas fault sys-
tem uplifted and exposed a rich record of continuous forearc sedimentation and 
accretionary prism tectonics (Atwater, 1970; Dickinson and Rich, 1972; Mans-
field, 1979; Short and Ingersoll, 1990; Williams et al., 1998). From east to west, 
the major tectonic elements include the volcanic arcs of the Sierra Nevada–
Klamath mountains, the forearc basin of the Great Valley (represented by the 
Great Valley Group [GVG]), and the accretionary prism of the Franciscan Com-
plex (Fig. 1; Hamilton, 1969; Dickinson, 1970, 1976; Ernst, 1970; Hsü, 1971; Max-
well, 1974; Schweickert and Cowan, 1975). Numerous studies of each tectonic 
element have helped resolve the details of the margin that involves changes 
in magmatism, accretionary tectonics, and basin subsidence (Ingersoll, 1978, 
1979, 1982; Dickinson and Seely, 1979; Ingersoll and Dickinson, 1981; Moxon 
and Graham, 1987; DeGraaff-Surpless et al., 2002; Williams and Graham, 2013; 
Surpless, 2014; Sharman et al., 2015; Wakabayashi, 2015; and many others).

The transition between the Early and Late Cretaceous (ca. 100 Ma) has re-
ceived particular attention as an opportunity to examine how a convergent 
system responded to changes in plate motion rates and direction. Many stud-
ies have documented an overall increase in plate convergence rate and plate 
motion parallel to the arc (obliquity) occurring 100–90 Ma (Page and Engebret-
son, 1984; Engebretson et al., 1985; Liu et al., 2008). Others suggest that these 
plate motion changes led to induced deformation in the eastern Sierran arc, 
resulting in increased rates of magmatism (Glazner, 1991; Tikoff and Teyssier, 
1992; McNulty, 1995; Greene and Schweickert, 1995; Tikoff and Greene, 1997; 
Tobisch et al., 2000; Memeti et al., 2014; Paterson and Ducea, 2015), as well 
as accelerated phases of accretion in the prism (Wakabayashi, 2015). Stud-
ies of forearc basin stratigraphy have also recognized various sedimentary 
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responses at ca. 100 Ma, though most studies have focused on the northern 
Great Valley (Sacramento subbasin). These include recognition of uncon-
formities (Williams and Graham, 2013), deformation (Chuber, 1961), acceler-
ated subsidence (Moxon and Graham, 1987), and abrupt shifts in provenance 
(Ingersoll, 1983; Surpless, 2014).

In the southern portion of the forearc (San Joaquin subbasin), however, 
recognizing a potential ca. 100 Ma signal has been more elusive due to inacces-
sible burial depths, a bias toward more proximal facies in outcrop, and a gen-
eral lack of integrative studies (Moxon, 1990). As a result, paleogeographic 
models may be overly simplistic and therefore overlook potential responses to 
plate motion changes. For example, Ingersoll (1979) summarizes the San Joa-
quin subbasin as generally deepening to bathyal depths by ca. 100 Ma (base 

of Cenomanian), followed by transverse submarine canyons and overlapping 
submarine fan deposits. Our results suggest more complexity, with larger axial 
submarine channelized systems, slumping channel walls, and possible emer-
gent accretionary outer-arc ridges.

We use facies analysis to document a previously unrecognized submarine 
channelized system in the San Luis Reservoir (SLR) area of the eastern Diablo 
Range; this system is ideally positioned to help address this ca. 100 Ma transi-
tional period of the forearc and improve paleogeographic models for the San 
Joaquin subbasin (Fig. 2; Schilling, 1962; Ingersoll, 1976, 1978, 1979; Bennison, 
1991; Bennison et al., 1991). The boulder-conglomerate succession is ~1.8 km thick 
along a 4 km transect that lies within an even larger 20-km-long, depositional- dip 
exposure of a southeast-directed (axial) submarine channelized system (Fig. 3).  
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Figure 1. Map showing the major terranes 
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Map after Wyld et al. (2006) and Surpless 
(2014).
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We combine our facies analysis with a combination of provenance indicators 
from mudrock geochemistry, sandstone composition, conglomerate clast 
counts, and detrital-zircon geochronology and compare our results to larger, 
basin-wide data sets (e.g., DeGraaff-Surpless et al., 2002; Surpless, 2014; Shar-
man et al., 2015).

Our integrated provenance results define a mixed source for detritus within 
the submarine channelized system: (1) local ophiolitic sources that we inter-
pret to be derived from either proximal outer-arc high uplifts of the Coast 
Range Ophiolite (CRO) or from the Western Sierra Nevada Metamorphic Belt 
(WSNMB); and (2) Sierran-arc sources, including a contemporaneous volcanic 
carapace linked to eastern Sierran magmatism induced by deformation re-
lated to plate motion changes. The 105–95 Ma detrital-zircon population in the 
channelized deposits is not prevalent in coeval GVG deposits to the north and 
south (e.g., Sharman et al., 2015) and could indicate that the SLR submarine 
channelized system was depositionally linked to subaerial systems that tapped 
the eastern Sierra volcanic carapace. We interpret that this Cenomanian paleo-
geography in the San Joaquin subbasin resulted from large-scale tectonic re-
organization of the arc-forearc-prism system at ca. 100 Ma.

BACKGROUND

Most of the southern GVG exposures lie along N-S–trending strike ridges 
on the far western portion of the San Joaquin subbasin in fault contact with 
the Franciscan Complex of the eastern Coast Ranges or unconformably on 
ophiolitic fragments of the Jurassic CRO (Fig. 2;  Bailey et al., 1970; Cady, 
1975; Hopson et al., 1981, 2008; Robertson, 1989; Bartow and Nilsen, 1990; 
Stern and Bloomer, 1992). In the eastern San Joaquin subbasin, the GVG 
rests unconformably on a compilation of metamorphosed Jurassic island 
arc terranes and ophiolitic fragments of the WSNMB (Fig. 2; Cady, 1975; 
Hopson et  al., 1981; Saleeby, 1982; Schweickert et  al., 1999; Ernst et  al., 
2008; Schweickert, 2015), which includes Early and mid-Cretaceous plu-
tons of the Sierran arc (Saleeby et  al., 1989a). Beneath the central San 
Joaquin subbasin, perhaps at the prominent magnetic high along the axis 
of the basin (Cady, 1975), the amalgam of the WSNMB and Sierran plu-
tons transitions into ophiolitic basement that some have referred to as 
the Great Valley Ophiolite (GVO; Jachens et al., 1995; Godfrey et al., 1997; 
Godfrey and Klemperer, 1998). For simplicity here, we refer to the ophio-
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litic basement under lying the western portion of the San Joaquin subbasin 
as the CRO.

Following the assembly of the Jurassic basement terranes, reinitiation 
of subduction in Late Jurassic time (Schweickert and Cowan, 1975; Saleeby, 
1981; Ingersoll and Schweickert, 1986) coincided with the development of 
the Great Valley forearc basin (combined Sacramento and San Joaquin sub-
basins; Fig. 2). The forearc basin widened and filled through Cretaceous time 
due to westward and upward growth of the Franciscan accretionary prism 
and the eastward migration of the Sierra Nevada magmatic arc (Evernden 
and  Kistler, 1970; Dickinson and Rich, 1972; Dickinson and Seely, 1979; Inger-
soll, 1979; Graham and Ingersoll, 1981). The Great Valley forearc stratigra-
phy is now represented by the GVG, which consists of up to 15 km of mostly 
deep-water deposits that eventually shoaled to fill the basin by Paleogene 
time (Fig. 4; Moxon, 1990). The forearc formed a westward-thickening, asym-
metric basin (Bartow and Nilsen, 1990; Williams, 1997) as fluvial systems from 
the Sierran-Klamath arc transitioned to deltaic environments along narrow 
shelves, eventually bringing sediment into the deep-water setting. Paleocur-
rents indicate the basin filled longitudinally (north to south), most likely af-
fected by the outboard outer-arc high of the subduction complex (Ojakangas, 
1964, 1968; Ingersoll, 1976, 1979; Dickinson and Seely, 1979; Cherven, 1983; 
Moxon, 1990; Williams, 1997). The forearc basin was subdivided by the Stock-
ton Arch during the Paleogene into successor basins referred to as the Sac-
ramento subbasin in the north and the San Joaquin subbasin in the south 
(Fig. 2; Dickinson et al., 1979).

Geology of the Diablo Range

Within the San Joaquin subbasin, the SLR deposits are located in the east-
ern portion of the Diablo Range along Pacheco Pass (Fig. 2; Bartow and Nilsen, 
1990). The Diablo Range is an antiform with GVG rocks flanking the Francis-
can core along vertical faults (Page, 1981; Blake et al., 1984; Elder and Miller, 
1993; Ernst, 1993; Ingersoll et al., 1999). The Diablo Range has probably been a 
posi   tive feature since at least latest Cretaceous (Maastrichtian) time (Nilsen and 
Clarke, 1975; Mitchell et al., 2010). The most recent uplift phase was associated 
with the arrival of the Mendocino Triple Junction between 12 and 8 Ma and San 
Andreas transform tectonics (Atwater, 1970; Bartow and Nilsen, 1990; Ingersoll 
et al., 1999).

The San Luis Reservoir covers a faulted contact (Ortigalita fault) between 
the Franciscan and CRO rocks to the west and the GVG rocks to the east 
(Bennison et  al., 1991). The best pre-reservoir geologic map of the area 
derives from Schilling’s (1962) unpublished dissertation. Schilling (1962) 
documented up to 3.6-km-thick conglomerate in the Panoche Formation 
(Cenomanian and  Turonian) across 20  km of GVG strike ridges. Mapping 
by Dibblee (2007a, 2007b, 2007c) also documented extensive Panoche-aged 
conglomerate along the ridges to the north of San Luis Reservoir (Fig. 3). 
Detailed unpublished maps by Vic Cherven (2015, personal commun.) docu-

mented five submarine fan sequences to the north of San Luis Reservoir; 
his lowest fan, called the Crevison Peak Fan, is equivalent to the exposures 
described in this study.

Great Valley Group Stratigraphy

Great Valley Group (GVG) stratigraphy is mainly defined by biostrati-
graphic zonations of Goudkoff (1945) and modified by others (Fig. 4; Chuber, 
1961, 1962; Douglas, 1966; Ingersoll, 1976, 1990; Almgren, 1986; Moxon, 1990). 
Using a variety of outcrop and subsurface data sets, Moxon (1990) divided the 
Mesozoic and Cenozoic GVG into six major supersequences, three of which 
are relevant to this study: (1) JK (Upper Jurassic–Lower Cretaceous: Tithonian 
to Valanginian); (2) LK (Lower Cretaceous: Hauterivian to Albian); and (3) UK-1 
(Upper Cretaceous: Cenomanian to Campanian). Although both subbasins 
of the Great Valley contain variable thicknesses of the JK and UK-1 super-
sequences, the LK supersequence is conspicuously absent or very thin from 
the San Joaquin subbasin, implying some degree of uplift and erosion prior to 
deposition of UK-1 in Cenomanian time (Hopson et al., 1981; Ingersoll, 1988).

Previous work by Anderson and Pack (1915), Schilling (1962), and Moxon 
(1990) placed the SLR deposits of our study into the lower portion of Mem-
ber C of the Cenomanian and Turonian Panoche Formation (Goudkoff’s [1945] 
H and I zones), largely based on micropaleontological analysis (Fig. 4; note 
that this is distinct from the subsurface nomenclature used in the San Joaquin 
subbasin, where the term “Panoche Formation” describes younger Cretaceous 
strata [Hosford Scheirer and Magoon, 2007]). In addition, using the model of 
Sliter and Baker (1972) and Sliter (1975), Moxon (1990) placed the SLR deposits 
in middle-lower bathyal paleowater depths (1500–2500 m); he based this on 
Schilling’s (1962) report of a variety of benthic foraminifera genera, including 
the indicative middle-lower bathyal genus Glomospira (cf. Haig, 1979; Wil-
liams, 1997). Cenomanian coarse-grained, deep-water deposits also occur to 
the south within the Redil Shale (Papanatas Conglomerate) near the Panoche 
Hills and the Juniper Ridge Conglomerate near Coalinga (Fig. 2; Payne, 1962; 
Moxon, 1990; Hickson and Lowe, 2002).

Provenance Trends of Great Valley Group (GVG) Deposits

Previous provenance work in the San Joaquin subbasin has established 
trends in sandstone composition, mudrock geochemistry, and detrital-zircon 
geochronology of deep-water deposits. These studies confirm earlier inter-
pretations that the southern Sierra Nevada source area shifted eastward and 
was uplifted, deeply eroded, and unroofed throughout Cretaceous time (Sams 
and Saleeby, 1988; Linn et  al., 1992; House et  al., 1998; DeGraaff-Surpless 
et al., 2002).

The earliest provenance studies on GVG deposits recognized distinct ver-
tical trends that were defined by sandstone framework grain components 
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( Ojakangas, 1968; Dickinson and Rich, 1972; Ingersoll, 1978, 1979, 1981, 1983; 
Mansfield, 1979; Graham and Ingersoll, 1981). Ingersoll (1983) statistically or-
ganized these data into eight sandstone petrofacies. Ingersoll (1983) suggested 
that these large-scale changes in sandstone composition reflected alternating 
periods of erosion and build-up of the volcanic edifice in the Sierra-Klamath 
source region and can therefore be used as laterally continuous stratigraphic 
markers across the basin. In addition to documenting a general unroofing trend 
of the arc, Ingersoll (1983) also concluded that the sources for the San Joaquin 
subbasin were more “continental” than Sacramento subbasin sources, based 
on higher proportions of metamorphic grains and felsic volcanic grains in San 
Joaquin samples.

Following Ingersoll (1983), Surpless (2014) grouped the sandstone petro-
facies into a Lower Cretaceous and an Upper Cretaceous “super-petrofacies” 
based on conglomerate clast counts, sandstone composition, mudrock geo-
chemistry, and detrital-zircon age populations. The San Joaquin sandstone 
and mudrock provenance results are consistent with previous studies (e.g., 
Linn et al., 1992) and also indicate that more mafic, volcanic sources in Lower 
Cretaceous samples transitioned to more felsic plutonic, metamorphic, and 
continental crustal sources in Upper Cretaceous samples. Moreover, Surpless 
(2014) reported that Lower Cretaceous San Joaquin samples include abundant 
Precambrian detrital-zircon grains (25%), and their Mesozoic age spectra have 
a single, dominant zircon age peak at 162 Ma. In contrast, Upper Cretaceous 
San Joaquin samples have very few Precambrian grains (4%) and a more 
broadly distributed Mesozoic age spectra with peaks at ca. 104 Ma, 121 Ma, 
and 148 Ma (Surpless, 2014). The SLR samples from our study fill a data-poor 
spatial sampling gap and will be compared to both Ingersoll’s (1983) petro-
facies and Surpless’s (2014) super-petrofacies trends.

Sharman et al.’s (2015) extensive study of Mesozoic–Cenozoic detrital-zir-
con age spectra throughout California highlights important changes in both 
space and time that are relevant to this study of the SLR area. Cenomanian–
Coniacian GVG strata of Sharman et al. (2015) include very few post–100 Ma 
zircons despite a contemporaneous 100–85 Ma igneous flare-up in the east-
ern Sierra, perhaps due to a drainage divide that blocked sediment from 
the eastern Sierran arc from reaching basinal settings (cf. DeGraaff-Surpless 
et al., 2002). Sharman et al.’s (2015) post-Coniacian strata contain abundant 
post–100 Ma zircon, indicating unroofing of the eastern Sierran source. In con-
trast, Cenomanian SLR strata from this study do contain post–100 Ma zircons, 
suggesting the presence of isolated pathways from eastern Sierran sources 
into the SLR area during Cenomanian time (see data and discussion below; cf. 
House et al., 1998).

METHODS

We measured a total of 21 detailed stratigraphic sections along the 
northeastern shoreline of the San Luis Reservoir (Fig. 5; Plate 1). Each 
section was measured at meter-scale and includes sedimentologic data 

with interpreted lithofacies and facies associations. For five localities, 
conglomerate clast counts of ~200 clasts greater than 5 cm diameter were 
counted within ~2 m2. For two localities, paleocurrent directions were 
measured on ~100 imbricated clasts. Data were corrected for bed attitude 
and plotted on rose diagrams with a 5° bin size (Plate 1). Submeter GPS 
data were used to map individual outcrop boundaries, faults, facies asso-
ciations contacts, measured stratigraphic section pathways, and sample 
localities. We also utilized small fixed-wing plane photographs and drone 
aerial photomosaics to assist in locating and mapping significant strati-
graphic contacts. The drone aerial photomosaics were stitched together 
using Adobe Photoshop software and a lens correction add-on to correct 
for “fisheye” distortion.

Petrographic data were collected for seven massive, medium-grained 
sandstones. Point-counting methods followed a modified Gazzi-Dickinson 
method (Dickinson, 1970; Dickinson and Suczek, 1979; Dickinson et al., 1983). 
Half of each thin-section slide was stained to aid in plagioclase and potassium 
feldspar identification. Approximately 300 sand-sized grains (>0.0625 mm in 
diameter) were counted for each thin section. Table 1 lists the raw point data 
and the recalculated detrital modes that were plotted in Q-F-L, Lm-Lv-Ls, and 
Qp-Lv-Lsm ternary plots (see Table 1 for definitions of sandstone abbrevia-
tions). Data were also re-calculated to compare to Ingersoll’s (1983) statistically 
defined petrofacies parameters.

Five mudrock samples from the SLR deposits were analyzed for geochem-
istry by inductively coupled plasma–mass spectrometry (ICP-MS) and X-ray 
fluorescence (XRF) at Washington State University following the procedures of 
Knaack et al. (1994) and Johnson et al. (1999; data presented in Tables 2 and 3). 
Graphs of major and trace elements are compared to previously established 
GVG trends of Surpless (2014).

Seven detrital-zircon samples were collected throughout the SLR study 
area for U-Pb isotopic analysis (see Fig. 5 for sample locations). Zircons were 
recovered using standard separation techniques (e.g., Gehrels et  al., 2008), 
and a random subset of zircon grains from each sample was mounted in a 
1-inch epoxy round with grains of Sri Lanka, FC-1, and R33 primary zircon stan-
dards. Sample mounts were polished to a depth of ~20 microns and imaged 
using backscattered electron imaging to guide selection of spot locations. U-Pb 
dating was completed at the University of Arizona LaserChron Center using 
laser ablation ICP-MS following methods described in Gehrels et al. (2008) and 
Gehrels and Pecha (2014).

All reported uncertainties are at 1 sigma and include only measurement 
errors. Common lead correction is based on measured 204Pb, and common 
Pb composition is interpreted from Stacey and Kramers (1975). Grains with 
greater than 10% internal (measurement) uncertainty (1 sigma) in 206Pb/238U 
ages and grains with more than 20% discordance or more than 5% reverse 
discordance are not considered further (20 grains; 1.5% of the 1343 grains ana-
lyzed). Ages reported are 206Pb/238U ages for grains younger than 900 Ma and 
207Pb/206Pb ages for grains 900 Ma and older (all U-Pb data in Supplemental 
Table DR11).

TITLE descriptive title of the dataset

(San Luis Reservoir, California, USA)
Table DR1. Detrital zircon U-Pb geochronologic analyses

ABSTRACT brief description of dataset, please 
aim for <250 words

Seven detrital zircon samples were collected throughout San Luis Reservoir study area for 
U-Pb isotopic analysis. Zircons were recovered using standard separation techniques (e.g., 
Gehrels et al., 2008), and a random subset of zircon grains from each sample was mounted 
in a 1-inch epoxy round with grains of Sri Lanka, FC-1, and R33 primary zircon standards. 
Sample mounts were polished to a depth of about 20 microns and imaged using 
backscattered electron imaging to guide selection of spot locations. U-Pb dating was 
completed at the University of Arizona LaserChron Center using laser ablation inductively 
coupled plasma mass spectrometry following methods described in Gehrels et al. (2008) 
and Gehrels and Pecha (2014).The purpose of the dataset was to better understand the 
provenance of forearc deep-water deposits.

AUTHOR name of the author(s) of the 
dataset (Last, First) Greene, Todd J.; Surpless, Kathleen D.

Institution institution of the author

California State University - Chico; Trinity University
Release Date date when the data is available to 

the public (if left blank, available 
now)Creator person who fills out this template

Greene, Todd J.
CONTACT INFO contact email for the creator of the 

template tjgreene@csuchico.edu

Related Publication #1 information about a publication 
related to the dataset (e.g. journal 
article that cites all or part of the 
dataset)

Title

Facies architecture and provenance of a boulder-conglomerate submarine channel 
system, Panoche Formation, Great Valley Group: a fore-arc basin response to middle 
Cretaceous tectonism in the California convergent margin

Authors Greene, Todd J.; Surpless, Kathleen D.
Publication Year 2017
Journal Geosphere
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Issue
Pages
DOI
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Plate 1. Stratigraphic panel, measured sections, and loca-
tion map of Panoche Formation deposits surrounding the 
San Luis Reservoir. To view Plate 1 at full size, please visit 
http:// doi .org /10 .1130 /GES01422 .S1 or the full-text article 
on www .gsapubs .org.
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RESULTS

Stratigraphic Architecture

We use a process-based hierarchical scheme that defines six main litho facies 
(three lithofacies are subdivided into two sublithofacies; Fig. 6 and Plate 1), which 
we group into five facies associations (FA). We correlate stratigraphic surfaces 
across outcrop localities by reasonably matching lithostratigraphic packages; 
these correlations have variable uncertainty due to cover and/or faults. Finally, 
we use the lateral and vertical stacking of depositional facies to outline the 
overall depositional setting and fill history.

Lithofacies

We divide lithofacies by grouping similar beds and bed sets that are sedi-
mentologically distinguishable from one another using previously established 
process-based criterion for sediment gravity flows (Bouma, 1962; Lowe, 1982, 
2004, and references therein). Our main divisions are based on sediment-sup-
port mechanism (clast support and matrix support), caliber (dominant clast 
size), concentration of dominant clast-size (low-density versus high-density), 
grading, average bedding thickness, and degree of bioturbation. See Plate 1 
(Lithofacies Descriptions) and Figure 6 for definitions and examples for the six 
lithofacies and sublithofacies.

TABLE 1. RAW AND RECALCULATED SANDSTONE POINT-COUNT DATA

Sample 
name

Location

Qm Qp P K M Ls Lv Lm MISC Inter. Total Lm/Lv
P/F
(%)

FMWK%M
(%)

Lv/L
(%)

Qp/Q
(%)

Q-F-L plot Qp-Lv-Lsm plot Lv-Ls-Lm plot

Latitude
(N)

Longitude
(W)

QFL
%Q

QFL
%F

QFL
%L

QpLvLsm
%Qp

QpLvLsm
%Lv

QpLvLsm
%Lsm

LvLsLm
%Lv

LvLsLm
%Ls

LvLsLm
%Lm

14-12C-01 37°4′47″ 121°5′55″ 49 10 64 27 9 11 44 55 5 12 286 1.25 70.3 3.3 40.0 16.9 22.7 35.0 42.3 8.3 36.7 55.0 40.0 10.0 50.0
14-12B-02 37°4′49″ 121°6′4″ 75 12 78 32 15 3 23 40 2  4 284 1.74 70.9 5.4 34.8 13.8 33.1 41.8 25.1 15.4 29.5 55.1 34.8 4.5 60.6
14-10-02 37°5′3″ 121°6′32″ 71 11 65 29 11 12 30 41 7 16 293 1.37 69.1 4.0 36.1 13.4 31.7 36.3 32.0 11.7 31.9 56.4 36.1 14.5 49.4
14-08-02 37°5′12″ 121°6′55″ 56 5 73 27 20 10 37 48 3 23 302 1.30 73.0 7.2 38.9 8.2 23.8 39.1 37.1 5.0 37.0 58.0 38.9 10.5 50.5
14-08-03 37°5′12″ 121°7′0″ 75 10 47 25 16 11 31 49 3 13 280 1.58 65.3 6.0 34.1 11.8 34.3 29.0 36.7 9.9 30.7 59.4 34.1 12.1 53.8
14-06-03 37°5′26″ 121°7′11″ 40 5 75 25 16 12 48 59 5  9 294 1.23 75.0 5.6 40.3 11.1 17.0 37.9 45.1 4.0 38.7 57.3 40.3 10.1 49.6
14-06-01 37°5′28″ 121°7′14″ 57 9 57 16 16 21 47 53 5  8 289 1.13 78.1 5.7 38.8 13.6 25.4 28.1 46.5 6.9 36.2 56.9 38.8 17.4 43.8

Average 1.37 71.7 5.3 37.6 12.7 26.9 35.3 37.8 8.8 34.4 56.9 37.6 11.3 51.1
 Standard deviation 0.22 4.2 1.3 2.5  2.7  6.3  5.1  7.6  4.0  3.6  1.6  2.5  4.0  5.1

Note: Qm—monocrystalline quartz; Qp—polycrystalline quartz; F—total feldspar; P—plagioclase feldspar; K—potassium feldspar; M—micaceous grains; Ls—sedimentary lithic grains; Lv—volcanic lithic grains; Lm—metamorphic 
lithic grains; MISC—miscellaneous grains; Inter.—interstitial; Total—total counts; FMWK—framework grains (all grains excluding interstitial grains); L—total lithic grains (Ls + Lm + Lv); Q—total quartz (Qp + Qm); Lsm—sedimentary 
and metasedimentary lithic grains (Ls + Lm).

TABLE 2. MUDROCK MAJOR-ELEMENT GEOCHEMICAL DATA

Sample name

Location

SiO2

(%)
TiO2

(%)
Al2O3

(%)
Fe2O3

(%)
MnO
(%)

MgO
(%)

CaO
(%)

Na2O
(%)

K2O
(%)

P2O5

(%)
Total
(%)

Latitude
(N)

Longitude
(W)

14-13-01 37°4′47″ 121°5′53″ 56.44 0.76 16.13 6.84 0.06 3.98 1.55 1.63 2.49 0.14 90.01
14-12B-01 37°4′51″ 121°6′5″ 57.97 0.69 14.85 6.43 0.04 2.93 1.58 1.68 2.20 0.17 88.55
14-10-01 37°4′58″ 121°6′29″ 58.14 0.73 15.40 4.89 0.03 2.45 1.40 1.36 2.25 0.15 86.79
14-08-01 37°5′10″ 121°6′52″ 59.24 0.69 16.02 5.85 0.04 3.13 1.10 1.00 2.25 0.10 89.42
15-2C-01 37°5′54″ 121°7′33″ 60.77 0.79 16.65 5.41 0.03 2.15 1.08 1.09 2.27 0.11 90.34

TABLE 3. MUDROCK TRACE-ELEMENT GEOCHEMICAL DATA

Sample name
Ba

(ppm)
Ce

(ppm)
Cr

(ppm)
Cu

(ppm)
Hf

(ppm)
La

(ppm)
Nb

(ppm)
Nd

(ppm)
Ni

(ppm)
Pb

(ppm)
Rb

(ppm)
Sc

(ppm)
Sr

(ppm)
Th

(ppm)
V

(ppm)
Y

(ppm)
Zn

(ppm)
Zr

(ppm)

14-13-01 923.4 46.7 159.8 86.3 3.8 25.8 11.9 24.8 98.2 16.8 101.5 21.1 177.2 9.5 163.5 24.2 13.3 138.7
14-12B-01 648.6 39.6 123.7 61.1 3.6 23.2 10.0 22.7 71.3 13.5 92.2 19.7 160.5 8.9 163.1 24.0 107.9 129.4
14-10-01 667.3 46.5 113.2 59.0 4.4 26.5 11.0 24.3 49.5 10.4 92.2 19.2 164.2 10.7 134.8 26.2 98.0 152.9
14-08-01 638.6 32.5 142.9 76.3 3.4 17.6 8.4 17.3 88.9 9.8  95.5 20.4 89.8  7.1 175.2 20.0 125.1 125.2
15-2C-01 597.6 52.6 127.6 62.5 4.4 25.4 11.0 23.1 74.4 13.6 91.7 17.1 154.8 10.4 142.4 20.3 102.2 161.3

http://geosphere.gsapubs.org
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San Luis Reservoir (SLR) deposits. Arrows 
show stratigraphic-up direction, and the 
1.5 m black-and-white staff shows 10 cm 
intervals. See Lithofacies Descriptions 
(Plate 1) for detailed descriptions. (A) L1a, 
bedding surface view showing horizon-
tal burrows. (B) L1b with overlying L5a. 
(C)  L2a underlying L5a. (D) L2b cutting 
down into L5b. (E) L3 with floating rip-up 
clasts. (F) L4 with cross-bedded sands and 
gravels. (G) L5a with 3.5 m out-sized boul-
der clast. (H) L6 with imbricated cobbles.
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Facies Associations

• Facies Association 1 (FA1): Thin-Bedded Turbidites

Description. FA1 contains the highest proportion of siltstone and mudstone 
(Plate 1). These thin-bedded turbidites are dominated by L1a and L1b, with 
occasional to rare thicker sandy beds (not exceeding 1 m thick) of L2a and 
L2b (Figs. 6A and 6B). FA1 is mostly adjacent to the coarser facies associa-
tions (Fig. 7). The bases of FA1 packages are generally gradational with the 
underlying facies association, and the tops of FA1 packages are usually sharp 
and  often erosional with respect to the overlying facies association. Thickness 
of FA1 ranges from 3 to 85 m (average = 24 m; n = 22). The top of the entire 
sediment fill is capped by a 620-m-thick FA1 package that contains the only 
occurrence of L1a (bioturbated thin-bedded turbidites).

Interpretation. FA1 deposits were generally formed from the fine-grained 
tops of turbidity currents. These beds were either deposited laterally adjacent 
to migrating axial channels (channel margin or overbank; cf. McHargue et al., 
2011) or on the tops of channel bodies during abandonment with varying 
degrees of hemipelagic fallout. The lack of both climbing-rippled beds and 
soft-sediment deformation (i.e., high sedimentation rates) suggests the FA1 
beds are not associated with typical gull-winged, proximal levees (Dykstra and 
Kneller, 2009; Kane and Hodgson, 2011). However, common rip-up blocks of 
the more cohesive FA1 beds occur within the coarser conglomeratic facies, 
suggesting slumping and/or erosion of confining channel walls.

• Facies Association 2 (FA2): Thick-Bedded, 
Amalgamated Sandy Turbidites

Description. FA2 deposits mostly contain sharply upward-fining, amalga-
mated medium-grained sandstone of the L2a and L2b lithofacies (Figs. 6C and 
6D; Plate 1). Tab (Bouma divisions) beds with internal erosive surfaces dom-
inate FA2, but thin gravel stringers with rare out-sized boulders and cobbles, 
as well as sporadic mud rip-up clasts (L3) also occur (Fig. 6E). In general, the 
bases and tops of FA2 are gradual and serve as transitional stages between 
FA3 and FA1, representing thick fining-upward packages. However, FA2 can 
also be interbedded and laterally adjacent to the coarser FA3 (Fig. 8). Thickness 
of FA2 ranges from 3 to 57 m (average = 16 m; n = 18).

Interpretation. FA2 sediments were deposited by high- and low-density 
sandy turbidity currents and are associated with coarser conglomeratic 
facies. However, FA2 can occur as either the beginning stages of channel 
abandonment (Figs. 9A and 9B) or as part of progressive channel migration 
(cf. Hubbard et al., 2009). In the former case, FA2 represents the beginning 
of the waning stages within larger channelized packages. Most of the larger 
caliber sediments have been deposited up-system, leaving flows internally 
stratified; the basal, more concentrated sandy portions eventually deposit 
out of suspension, leaving the finer-grained tails to continue downstream 
or be stripped off to the overbank environment (Posamentier and Walker, 

2006). In the latter case, FA2 could represent sandy portions that were off-
axis to laterally adjacent coarser, on-axis channels (McHargue et al., 2011; 
Macauley and Hubbard, 2013; Bain and Hubbard, 2016). Relative to on-axis 
deposits (see FA3 interpretation), the FA2 off-axis beds are thinner, con-
tain less amalgamation, and have a lower proportion of coarse material. 
Although both cases exist in the SLR area, the lack of outcrop exposure 
prohibits determining which depositional mechanism was responsible for 
these sandy deposits.

• Facies Association 3 (FA3): Clast- and Matrix-Supported Cobble 
and Boulder Conglomerate with Sand Lenses

Description. FA3 is the most prevalent and heterogeneous facies associ-
ation in the study area (Plate 1). The most widespread lithofacies in FA3 are 
the sandy-matrix conglomeratic lithofacies (L5a and L5b) in which the aver-
age clast diameter reaches boulder in size, with many clasts exceeding 1.0 m 
diam eter (largest is 3.5 m; Fig. 6G). Most clasts are extrabasinal (well- rounded 
to subrounded), though angular mud rip-up clasts are common, and “raft-
blocks” (up to 6 m wide) of thin-bedded turbidites (L1b) occasionally appear. 
Textures vary between even proportions of clast-supported and matrix-sup-
ported (L5a) to mostly clast-supported (L5b), with frequent imbricated clasts 
in the latter (Fig. 6H; Plate 1). Pervasive medium-grained sandy lenses exist 
throughout both lithofacies L5a and L5b (Figs. 8 and 9). These sporadically 
distributed lenses range from 0.5 to 2.0 m in thickness and contain traction 
structures (mostly Tb), as well as pebble stringers, mud rip-up clasts (L3), and 
occasional floating boulders. Other sandy lithofacies (L2a and L2b) are inter-
bedded with the conglomeratic lithofacies (L5a and L5b). Although the L2a 
and L2b lithofacies are very similar to the sand lenses within L5a and L5b, the 
main differences are that L2a and L2b are more laterally continuous, and they 
commonly fine upwards to the thin-bedded L1b lithofacies.

FA3 has sharp, planar bases (though one example displays nearly 12 m 
of erosional relief; section 12A, Plate 1) and gradual coarse-tail graded tops 
that merge into FA2. Internal erosional surfaces are very common in FA3, al-
though individual channel dimensions are difficult to determine due to the 
highly amalgamated nature of the L5a and L5b lithofacies. Based on thickness 
of conglomerate beds between significant sand lenses within the L5a litho-
facies, individual flow units vary from 2 to 4 m thick; however, one example 
contains down-channel accreting bar sets with ~6 m of relief (Figs. 8A and 8B). 
Full FA3 sections range from 8 to 100 m thick, with an average thickness of 
49 m (n = 20).

Interpretation. FA3 generally contains very little architectural organization, 
with sporadically distributed sand lenses, internal erosive surfaces that are dif-
ficult to follow, and only rare appearances of channel forms. Common mud 
rip-up clasts, lack of mud in the matrix, internal sand lenses with planar beds 
(Tb), and rare occurrences of down-channel accreting bar sets lead us to inter-
pret that the bulk of FA3 was deposited by multiple, mostly turbiditic events 
rather than a few en masse laminar flows.
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Figure 7. Facies associations for the lowermost channel complex in section 2C (see Plate 1, section 2C for location of photo within CCS-1). (A) Oblique perspective photomosaic 
from drone photos interpreted in part B. (B) Interpreted photo mosaic from part A with facies associations dominated by the clast-supported cobble conglomerate in FA4. FA4 also 
displays ~1-m-thick sand lenses (colored yellow within FA4). Note the ~30 m erosional surface marked by arrow. This surface was probably reactivated by later faulting. Box in lower 
left shows three people for scale. (C) Key and map of facies associations showing location of photomosaic and symbol definitions; see Plate 1 location map for reference.
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Figure 8. Facies associations of the up-
per portion at sections 12A and 12B (see 
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of photo within CCS-4). (A) Photomosaic 
interpreted in part B. The perspective is 
vertical taken from drone photos directly 
above outcrop. (B) Interpreted photo-
mosaic from part A with facies associ-
ations of section 12B. FA3 also shows 
interbedded sands of L5a. Arrows point 
to downward accreting bar sets with 
~6  m relief. Note the contrasting styles 
of FA2: lensoidal in the upper left corner 
and tabular in the center. See Figure 7C 
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ing mostly L5a within the thickest FA3 
interval of the SLR deposits (section 12A). 
Arrow points in strati graphic-  up direction 
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perspective on-strike aerial view photo 
taken from a small fixed-wing aircraft 
showing portions of sections 12A, 12B, 
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with purple lines). Arrow within the photo 
points to person for scale. Box shows area 
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part C. (B) Interpreted facies associations 
of photo from part A. Arrow points in 
the stratigraphic-up direction. Faults are 
shown in green. (C) Photomosaic inter-
preted in part D. The perspective is vertical 
taken from drone photos directly above 
outcrop. Arrow points in stratigraphic-up 
direction. (D) Interpreted photomosaic 
from part C with facies associations. Note 
the erosional surface with ~5  m of relief 
cutting into FA3 with overlying, highly 
amalgamated FA2 deposits. FA2 also 
shows a small conglomeratic lens repre-
senting the stratigraphically highest con-
glomerate bed of the SLR channelized fill. 
See Figure 7C for symbol definitions.
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The boulder- and/or cobble-rich portions of FA3 were either deposited 
out of suspension or by traction processes. We interpret the largest of the 
boulders (e.g., Fig. 6G and 10C) were sourced from bedrock exposures that 
were weathered, eroded, and eventually incorporated into the deep-water 
setting by avalanching along steep channel walls. Incoming gravity flows 
then remobilized the boulders as they rolled along the base of the flow. As 
these energetic flows deposited the coarsest fraction (FA3), high concentra-
tions of sand and mud continued down channel where they were deposited 
as FA2 and FA1.

We interpret the bulk of FA3 as on-axis channel deposits based on their 
greater thickness, degree of amalgamation, blocky vertical grain-size profile, 
and relative proportions of coarser-grained material (Sullivan et  al., 2004; 
McHargue et al., 2011; Covault et al., 2016). FA1 and FA2 occupy an off-axis and 
channel margin to overbank position, respectively, relative to the on-axis FA3 
flows (cf. McHargue et al., 2011). An example occurs between the lowermost 
conglomerate in section 12A (on-axis) and the equivalent deposits in section 
10 (off-axis; Plate 1). Any interpretation of channel axes is hampered, however, 
from both the amount of covered section and the depositional dip-parallel ori-
entation of the outcrops.

• Facies Association 4 (FA4): Clast-Supported Cobble Conglomerate

Description. FA4 deposits only appear in the lowermost section of the SLR 
area (Fig. 7; Plate 1). A majority of the deposits (L6) are clast-supported, well-
sorted, cobble conglomerate with common imbrication and internal erosive 
surfaces (1–3 m relief), gravel lenses, and rare 1–2-m-thick medium-grained 
sand lenses (Figs. 6H and 7). Unlike FA3, boulder-sized clasts are extremely 
rare. FA4 has very sharp, planar bases, although one occurrence displays an 
erosional base with 30 m of relief (Fig. 7). Tops fine upward rapidly and are 
commonly overlain by fine-grained sediments of FA1. Thickness of FA4 varies 
from 15 to 76 m (average = 42 m; n = 6).

Interpretation. FA4 is architecturally organized into cobble-filled channels 
and down-channel accreting bar sets (Fig. 7). The dominant support mecha-
nism was turbulence, as indicated by the well-sorted, clast-supported cobbles, 
imbrication, and general lack of sand and mud (cf. facies IIIscg of Hubbard 
et al., 2008; Jobe et al., 2010). With one exception, FA4 is also bounded by the 
mud-rich FA1 deposits, indicating significant bypass by the sand-rich portion 
of the flows (Fig. 7C). Only after the thick, amalgamated FA4 deposits formed 
were the muddy overbank sediments of FA1 deposited, most likely as turbiditic 
tails adjacent to other FA4 channels (Plate 1).

Similar to FA3 deposits, FA4 represents on-axis channelized deposition. 
However, fast lateral and vertical facies transitions as well as rapid thickness 
changes suggest that these channels are more confined. For example, the 
upper most conglomerate in section 1A and the lowermost conglomerate in 
section 2C (Plate 1) show lateral thinning of FA4 deposits (50% thickness re-
duction across ~500 m). The uppermost conglomerate in section 1N also rep-
resents a 50% reduction relative to correlative FA4 deposits to the south.

• Facies Association 5 (FA5): Cross-Bedded Sand and /or 
Gravel Beds and Chaotic Debrites

Description. FA5 deposits are generally found at the bases of thick con-
glomeratic FA3 deposits (Fig. 10; Plate 1). They are dominated by crosscutting 
scour-and-fill structures with well-sorted, very coarse-grained sands and oc-
casional gravels and rare boulders (L4; Fig. 6F). They include common trough 
cross-bedding, planar beds (L4), and chaotic beds (L3; Fig. 6E). Some bar sets 
have up to 1.5 m in relief. Thickness ranges from 5 to 36 m (average = 18 m; 
n = 7). We differentiate FA5 from FA2 sandy deposits by FA5’s coarser sand 
size, better sorting, more traction structures, and less lateral continuity of beds 
(Fig. 10D).

Interpretation. Turbulence was the dominant support mechanism for the 
L4 beds; the rare L3 chaotic beds were probably supported by matrix strength. 
Some FA5 deposits can also be correlated along erosional surfaces at the base 
of channels (Fig. 10D). Therefore, based on FA5’s stratigraphic position, inter-
nal structure, texture, and common association with thick FA3 conglomerate, 
we interpret FA5 as channel-lag deposits recording significant bypass before 
deposition of the conglomeratic fill of channels (Stevenson et al., 2015).

Paleocurrents

Clast imbrication measurements were taken at two localities within the 
study area (Fig. 5; Plate 1): (1) lowest channel complex set: CCS-1 (section 2C; 
n = 100) and (2) highest channel complex set: CCS-4 (section 12B; n = 100). Data 
from section 2C plotted toward the southeast (mean 140° and 18° circular stan-
dard deviation). Similarly, section 12B data also plotted toward the southeast 
(mean 121°; 15° circular standard deviation). These paleocurrent directions 
corroborate results of Bennison (1991), Bennison et al. (1991), and V. Cherven 
(2015, personal commun.).

Stratigraphic Framework

The architectural framework used in this study includes channels, chan-
nel complexes, and channel complex sets (cf. Campion et al., 2000; Sprague 
et al., 2002; Schwarz and Arnott, 2007; McHargue et al., 2011; Macauley and 
Hubbard, 2013; Bain and Hubbard, 2016). Although individual channel forms 
rarely manifest, we interpret channels as a heterogeneous mix of lithofacies 
or facies associations that are dominated by tractional or turbulent structures 
that may or may not display general fining-upward trends. Channels that 
appear to be genetically linked form channel complexes; a channel complex 
may or may not show fining-upward trends but is sometimes marked by an 
erosive base overlain by bypass deposits (e.g., FA5). Channel complex sets 
are marked by erosional surfaces at their bases and their tops are generally 
fine-grained.
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Vertical changes in facies association stacking patterns and accompany-
ing stratigraphic surfaces were used to package the SLR study area into four 
channel complex sets that display an upward decrease in depositional energy 
followed by abandonment. These channel complex sets (CCS) from oldest to 
youngest are named CCS-1, CCS-2, CCS-3, and CCS-4 (Fig. 5; Plate 1). Each 
channel complex set contains channel complexes that display varying degrees 
of lateral continuity. Due to lack of lateral exposure, it is difficult to assess lat-
eral variability, and therefore we do not emphasize the detailed 3-D architec-
tural elements within channel complexes or channel complex sets. In addition, 
most channel complex and channel complex set widths cannot be determined 
and are therefore drawn schematically on Plate 1. Nevertheless, channel com-
plex set thickness stratigraphically increases from 390 m (minimum thickness 
due to lack of a basal exposure) for CCS-1, 410 m for CCS-2, 450 m for CCS-3, 
and 560 m for CCS-4. The youngest channel complex set (CCS-4) is overlain 
by 620 m of laterally continuous FA1 deposits that we interpret resulted from 
regional abandonment.

The lowermost channel complex set (CCS-1) represents the most ener-
getic deposition, which we interpret as having the most confined channel 
complexes (Fig. 7; Plate 1). The channel complexes are dominated by FA4 
deposits (up to 75 m thick) separated by the thin-bedded FA1. CCS-1 also dis-
plays the most amalgamated, clast-supported, and well-sorted conglomerate 
in all of the channel complex sets, indicating the highest degree of consistent 
 turbulent flow.

CCS-2 and CCS-3 represent the main portion of the fill (Fig. 10; Plate 1). 
They are composed of vertically aggrading channel complexes filled with FA3; 
the complexes contain some of the largest boulder clasts in the study area 
(e.g., sections 6S and 10). CCS-2 and CCS-3 both contain bypass facies associ-
ation (FA5) at their bases (Fig. 10D; Plate 1).

CCS-4 also has abundant channel complexes filled with FA3 deposits; how-
ever, CCS-4 contains more amalgamated channel complexes and downward 
accreting bar sets than CCS-2 or CCS-3 (Figs. 8 and 9; Plate 1). We interpret this 
to reflect a decrease in accommodation as the entire system aggraded. Other 
indicators of decreasing depositional energy within CCS-4 include higher 
proportions of sandy facies associations (e.g., FA2) and a gradual upward de-
crease in grain size (Fig. 9; Plate 1).

Provenance of Sediments

Conglomerate Clast Counts

Deep-water conglomerates have the potential to capture local sources 
through large-caliber clasts (e.g., Seiders, 1983; Ingersoll, 1990; Doebbert 
et al., 2012) and may also include clasts that have traversed confined path-
ways across exposed shelves and coastal plains during relative sea-level 
lowstands. We completed five conglomerate clast counts evenly distrib-
uted throughout the SLR field area (Figs. 5 and 11; Plate 1). Clast lithology 

varied considerably, reflecting the diverse sources contributing to these 
deposits. To simplify our counts, we created five clast groupings: (1) fel-
sic and/or intermediate plutonic (granitoids and diorite); (2) mafic plutonic 
(hornblende gabbro and diabase); (3) mafic volcanic (basalt and brecciated 
basalt); (4) metavolcanic and/or metavolcaniclastic; and (5) chert/quartzite. 
The metavolcanic and/or metavolcaniclastic and the felsic and/or interme-
diate plutonic groups make up the majority of the clast types (Fig. 11). The 
former includes keratophyre (metamorphosed andesite and rhyolite), quartz 
keratophyre, intermediate-felsic volcanics, silicified metatuffs, metasedi-
mentary, and other lithologies typical of upper portions of arc-related crust 
(e.g., island arcs and ophiolites). With the exception of the mafic plutonic 
group in the lowermost locality, all clast groups are present in all localities, 
indicating similar sources throughout the fill history. Although the mafic plu-
tonic group shows the largest variation in percentage, no obvious vertical 
trends occur in the data set. In addition, out-sized boulders (greater than 
1.5  m in diameter) have a more narrow range of lithologies. The largest 
clast (3.5 m) is a brecciated basalt boulder with radial pumpellyite (Fig. 6G); 
most other out-sized clast lithologies include metamorphosed and silicified 
volcaniclastics and metavolcanics (Fig. 10C). In general, clast counts in SLR 
conglomerate indicate a mixed source signature: (1) granitoid and other arc 
rocks likely sourced from the Sierran arc and (2) significant basement clasts 
derived from the CRO and/or the WSNMB (Fig. 2).
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Sandstone Petrography

The seven sandstone samples collected for petrographic analysis contain 
common diagenetic products, including seritization, alteration of volcanic 
grains, albitization of plagioclase, minor calcite cement, and crushing of lithic 
grains. When plotted on tectonic discrimination ternary plots of Dickinson and 
Suczek (1979) and Dickinson et al. (1983), all seven samples cluster together 
near the magmatic arc provenance field as well as the San Joaquin subbasin 
field of Ingersoll (1983; Figs. 5 and 12; Table 1). Based on Ingersoll’s (1983) sta-
tistically derived petrofacies parameters for GVG sandstone across the entire 
forearc basin, our samples plot within the range of the Grabast petrofacies 
(Mansfield, 1979). The parameters, in order of greatest to least importance, 
are P/F, Lv/L, M, Qp/Q, Q, F, and L (see Table 1 for definitions). Grabast is distin-
guished by its higher metamorphic signature, as indicated by relatively high 

P/F and M and low Lv/L values. This was also predicted by petrofacies distribu-
tion maps by Ingersoll (1983), wherein the Grabast petrofacies corresponds to 
Cenomanian through Santonian GVG rocks that only occur in the San Joaquin 
subbasin. We therefore interpret the SLR sandstone to be derived from the 
more “continental,” dissected southern Sierran arc, similar to other San Joa-
quin GVG samples.

Major- and Trace-Element Mudrock Geochemistry

Deep-water mudrock geochemistry records a more homogenized prov-
enance signal relative to the coarser sedimentary fractions (e.g., McLennan 
et al., 1993; Mahoney, 2005) and therefore helps us recognize large-scale prov-
enance shifts rather than more localized variation. Furthermore, mudrocks may 
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Figure 12. San Luis Reservoir (SLR) sandstone com-
positional data. (A) SLR data (n = 7) compared to 
the super-petrofacies for the Great Valley Group 
(GVG) (Ingersoll, 1983; Surpless, 2014), grouped 
into the Sacramento and San Joaquin subbasin 
samples (both Lower and Upper Cretaceous). Prov-
enance fields are from Dickinson and Suczek (1979) 
and Dickinson et al. (1983); see Table 1 for abbrevi-
ation definitions. (B) SLR data compared to Lm/Lv 
ratios for the Lower and Upper GVG in the Sacra-
mento and San Joaquin subbasins (modified from 
Surpless, 2014; data are from Mansfield, 1979, and 
Ingersoll, 1983). See Table 1 for raw and recalculated 
data for SLR samples and Plate 1 and Figure 5 for 
location of samples. Note the overall similarity be-
tween the SLR samples and the Upper Cretaceous 
samples for the San Joaquin subbasin.
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better represent the more mafic minerals and volcanic clasts of the provenance 
record than either sandstone or conglomerate (e.g., McLennan et al., 1993). 
The four SLR samples are compared to Upper Cretaceous mudrock samples 
from the Sacramento and San Joaquin subbasins (Figs. 5 and 13; Tables 2 and 
3; data from Surpless, 2014, and this study). More juvenile or evolved sources 
may be distinguished on plots of wt% TiO2 and Al2O3/SiO2 versus Fe2O3 + MgO 
(Bhatia and Crook, 1986; Ryan and Williams, 2007; LaMaskin et al., 2008) be-
cause Ti and Al are considered immobile up to greenschist-grade conditions 

(MacLean, 1990; Jenner, 1996). The four SLR samples cluster together with the 
more evolved San Joaquin samples (Figs. 13A and 13B).

Comparing incompatible elements Th and La against the compatible ele-
ment Sc can help distinguish contributions of juvenile and evolved crust 
(Bhatia and Crook, 1986; McLennan et al., 1990, 1993; Fralick, 2003). San Luis 
Reservoir samples plot with San Joaquin sample compositions between Conti-
nental Arc and North American Shale Composite values on a La-Th-Sc ternary 
diagram (Fig. 13C). Vanadium, Ni, and Th*10 indicate the relative contributions 
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Figure 13. Mudrock geochemical plots 
displaying San Luis Reservoir (SLR) sam-
ples grouping with Upper Cretaceous 
San Joaquin samples relative to Sacra-
mento sub basin. See Plate 1 and Figure 
5 for sample locations and Tables 2 and 3 
for data. (A)  and (B) Major-element prov-
enance diagrams after Bhatia and Crook 
(1986). (C)   Ternary plot of V-Ni-Th*10 to 
represent relative contributions of mafic, 
ultramafic, and felsic sources, respectively  
(after Bracciali et al., 2007). Values of poten-
tial source rocks are from Taylor and Mc-
Lennan (1985) and  McLennan et al. (1993). 
MORB—mid- oceanic ridge basalt; NASC—
North American Shale Composite; UCC—
Upper Continental Crust. (D) Ternary plot 
of La-Th-Sc.
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of mafic, ultramafic, and felsic sources, respectively (Bracciali et al., 2007). San 
Luis Reservoir samples plot in the overlap regions between more felsic San 
Joaquin samples and more mafic Sacramento Valley samples (Fig. 13D).

Overall, our four SLR mudrock samples plot in the overlap region between 
more mafic Sacramento Valley samples and more felsic San Joaquin samples 
but tend to show greater affinity with San Joaquin samples. These San Joa-
quin sample compositions suggest a mixed provenance that includes both 
juvenile, active continental arc sources, and more evolved, passive-margin 
type sources.

Detrital-Zircon U-Pb Results

Mesozoic detrital-zircon age distributions are shown in stratigraphic order 
on Figure 14A as histograms with superimposed relative probability curves 
generated using routines in Isoplot (Ludwig, 2008). Maximum depositional 
ages and associated uncertainties are represented on each curve as a green 
bar and are calculated using the zircon age extractor routine in Isoplot. Young-
est maximum depositional ages range from 98 to 95.3 Ma, indicating Ceno-
manian or younger deposition. Because these maximum depositional ages 
are consistent with Cenomanian biostratigraphy (yellow vertical bar on Fig. 14; 
Goudkoff, 1945), we conclude that deposition was Cenomanian.

All samples display remarkably similar age distributions, with prominent 
Latest Jurassic, Early Cretaceous, and mid-Cretaceous peaks (Figs. 5 and 14). 
These results suggest that sediment sources did not change significantly 
during deposition, and thus all strata can be represented with a composite 
age distribution (Fig. 14B). Maximum depositional age for the compiled strata 
is 95.2 +0.8/–0.4 Ma, based on the youngest 14 grains. A total of 1285 (97.1%) 
analyzed grains are Mesozoic age, forming distinct peaks at 145.8 Ma (56% of 
Mesozoic grains) and 100.7 Ma (21%), with smaller peaks at 160.3 Ma (13%) 
and 119.9 Ma (9%; peak ages calculated using Unmix routine in Isoplot). Thirty- 
eight (2.9%) analyzed grains are pre-Mesozoic, ranging in age from 342 to 
2733 Ma (Fig. 14C).

DISCUSSION

Aggrading Channelized System versus Submarine Canyon 
Depositional Model

Differentiating the stratigraphic architecture of an aggrading submarine 
channel system from a submarine canyon depositional model using outcrops 
with limited exposure is problematic (Bain and Hubbard, 2016), yet the paleo-
geographic implications are significantly different. While submarine canyons 
are often linked to more allocyclic controls (eustasy, denudation, and tec-
tonics), aggrading channelized systems respond more to autocyclic, localized 
processes (Posamentier et al., 1991; Posamentier and Kolla, 2003; Mountjoy 
et al., 2009; Sylvester et al., 2011; Di Celma et al., 2014). We define sub marine 
canyons as deeply incised, long-lived sediment conduits with hundreds of 
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Figure 14. Detrital-zircon age histograms and super-
imposed probability density curves for the San Luis 
Reservoir (SLR) deposits (N = 7; see Table DR1 (see foot-
note 1) for data; see Plate 1 and Figure 5 for sample loca-
tions). (A) Mesozoic age distributions (50–250 Ma) with 
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biostratigraphic depositional age is shown as yellow bar 
(see Fig. 4) and calculated maximum depositional ages 
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 meters to a km of bathymetric relief (Bain and Hubbard, 2016). Alternatively, 
aggrading submarine channelized systems build as highly amalgamated 
low-relief channels that are confined by external levees (Sylvester et al., 2011). 
Due to the lack of lateral exposure in the SLR deposit (Plate 1), a definitive in-
terpretation is not possible because submarine canyon walls or floors as well 
as any external levee deposits cannot be identified.

However, despite these limitations, we interpret the SLR deposits as an 
aggrading submarine channel system built along the lower slope. We base this 
interpretation on: (1) middle-to-lower bathyal paleowater depth determination 
from benthic foraminifera within the SLR deposits (Fig. 3); (2) numerous ex-
amples of erosive surfaces, some with relief up to 30 m (Fig. 7); (3) the highly 
amalgamated architecture of the channel complexes within all of the channel 
complex sets (Plate 1); (4) common examples of rafted blocks of thin-bedded 
turbidites presumably derived from the confining interval levees; and (5) the 
overall proportion of the coarse-grained facies associations (e.g., FA3 and FA4) 
being uncharacteristic of other documented GVG submarine canyon fills (cf. 
Williams et al., 1998; Williams and Graham, 2013).

The forces required to roll, move, and suspend this caliber of sediment 
most likely involved steep depositional slopes or steep channel walls. As a 
slightly younger analog, Ingersoll (1979) used well-log data of Coniacian de-
posits that onlap basement to the east to calculate a steep depositional slope 
of 8° at the SLR area and determined that the SLR site was less than 30 km 
away from its time-equivalent shoreline.

The SLR study area records a nearly 1.8-km-thick submarine channelized 
deposit that extends 4 km along structural strike (Fig. 5; Plate 1). Given the 
southeastward paleocurrent directions, the SLR outcrops represent a strati-
graphic cross section roughly oriented in a depositional-dip direction. Re-
gionally, however, the SLR area is part of a much larger, coeval, deep-water 
conglomeratic outcrop that extends to the north ~20 km along strike in the 
depositional up-dip direction (Fig. 3; Schilling, 1962; Bennison et  al., 1991; 
 Dibblee, 2007a, 2007b, 2007c). Using Schilling’s (1962) stratigraphic chart, the 
SLR area is in the southernmost (distal) position relative to other time-equiva-
lent outcrops. Coeval conglomeratic units thicken to the north to 3.2 km thick 
and further thin to 850 m before pinching out into mudstone at the northern-
most (proximal) section (Fig. 3). Due to the orientation of the outcrop relative 
to the paleoflow direction, the steep dip of the beds, and the lack of continuous 
exposure outside the SLR area, we are unable to estimate overall submarine 
channel system width. However, we infer the projection of the fill meanders in 
and out of the outcrop belt and therefore could continue into the subsurface 
to the north and south. Regardless of dimensions and orientation, we infer the 
source area had a steep gradient and narrow shelf.

Submarine Channelized System Depositional Analogs

Other well-studied, forearc, deep-water conglomerate in GVG or equivalent 
outcrops include the Juniper Ridge Conglomerate, near Coalinga (Fig. 2; Hick-
son and Lowe, 2002), the various conglomerate lenses in the Stony Creek For-

mation in the Sacramento subbasin (Bertucci, 1983; Campion et al., 2000), and 
the Nanaimo Group in British Columbia, Canada (Bain and Hubbard, 2016). 
All of these examples contain similar conglomeratic facies associations and 
hierarchical elements with the SLR deposits; however, unlike the SLR deposits, 
they all feature well-exposed, out-of-channel facies, which strengthens the in-
terpretations of submarine channel complex sets or channel-levee complexes.

Although in a foreland basin setting, the Cerro Toro axial channel belt in 
the Cretaceous Magallanes Basin, Chile, also contains deep-water conglom-
erate with similar depositional elements to the SLR area (Jobe et al., 2010). 
Thickness and clast size of coarse-gained strata are comparable, although the 
Cerro Toro contains evidence for even greater, more powerful turbiditic flows 
(e.g., canoe-sized flute casts; Jobe et al. [2010]). In addition, the Cerro Toro de-
posits are well-exposed for longer lateral distances, and they display an over-
all greater architectural organization than the SLR deposits, with well-defined 
lateral facies relationships, channel forms, and regional correlation surfaces.

Possible Sources for San Luis Reservoir (SLR) Deposits

Many studies point to the Sierran arc as the dominant source for GVG de-
posits in the San Joaquin subbasin (Ingersoll, 1983; Linn et al., 1992; DeGraaff- 
Surpless et al., 2002; Surpless, 2014). However, the changes associated with 
the ca. 100  Ma time period combined with the coeval deposition of thick 
deep-water boulder conglomerate at SLR warrant a more detailed investiga-
tion into possible sources. These sources include the Sierran arc, WSNMB, 
CRO, and Franciscan Complex.

Sierran Arc

Relatively continuous subduction-related magmatism associated with the 
Sierran arc between 248 and 80 Ma (Bateman and Dodge, 1970; Evernden and 
Kistler, 1970; Stern et al., 1981; Chen and Moore, 1982; Bateman, 1983; Saleeby 
et al., 1989b; Saleeby, 1990; Coleman et al., 2004; Cecil et al., 2012; Paterson 
et al., 2014) built a nearly 600-km-long batholith along eastern California with 
up to at least 35-km-thick intermediate to felsic intrusive rocks and associated 
metamorphic pendants (Fig. 1; Pickett and Saleeby, 1993; Ducea, 2001). Peri-
ods of significant Jurassic and younger plutonism include: (1) Middle Juras-
sic to Early Cretaceous in the western arc (ca. 194–130 Ma, peaks at ca. 161 ± 
14 Ma), which we combine with the WSNMB; and (2) mid-Late Cretaceous in 
the eastern arc (ca. 124–76 Ma, peak at ca. 98 ± 8.5 Ma; Coleman and Glazner, 
1997; Paterson and Ducea, 2015). Scattered borehole penetrations indicate that 
the western extent of the former phase lies underneath the eastern Great Val-
ley forearc; both phases crosscut portions of the WSNMB (May and Hewitt, 
1948; California Division of Oil and Gas, 1964; Bateman, 1983; Harwood and 
Helley, 1987; Saleeby et  al., 1989a; Cecil et  al., 2012). Compositional trends 
across the Sierra indicate more continental signatures to the east and more 
juvenile signatures in the north (Kistler and Peterman, 1973; DePaolo, 1981; 
Bateman, 1983).
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The mid-Late Cretaceous magmatic flare-up is represented by nearly 50% 
of exposed Sierran plutons (Chen and Moore, 1982; Irwin and Wooden, 2001). 
Many of these plutons have been associated with various right-stepping, dex-
tral shear zones within the eastern Sierra that formed concurrently with shal-
low (8–10 km) pluton emplacement (e.g., Sierran Crest shear zone, proto–Kern 
Canyon shear zone, and the Mojave–Snow Lake shear zone; Glazner, 1991; 
McNulty, 1995; Tikoff and Greene, 1997; Tikoff and de Saint Blanquat, 1997; 
Tobisch et al., 2000; Tikoff et al., 2005; Hirt, 2007). In particular, the northern 
portion of the Sierran Crest shear zone contains the Gem Lake–Bench Canyon–
Quartz Mountain–Cascade Lake shear zone system adjacent to the Tuolumne 
Igneous Complex (TIC; Fig. 15A; McNulty, 1995; Greene and Schweickert, 1995; 
Coleman et al., 2004; Tikoff et al., 2005; Memeti et al., 2014). The TIC and sur-
rounding localities host various plutonic and volcanic rocks within the range 
of the SLR ca. 100 Ma zircon age population (McNulty, 1995; Tobisch et al., 
1995; Coleman et al., 2004): Sentinel Granodiorite (95 ± 1 Ma), Red Devil Lake 
pluton (95 ± 1 Ma), Jackass Lakes pluton (98.5 ± 0.3 Ma), Shellenbarger pluton 
(99 Ma), Illilouette Creek pluton (99 ± 1 Ma), and the Minarets caldera sequence 
(98–101 Ma).

Western Sierra Nevada Metamorphic Belt (WSNMB)

The highly complex WSNMB is an amalgamation of oceanic-affinity ter-
ranes consisting of Triassic and Jurassic accretionary metasedimentary units, 
metavolcanic arc rocks, ophiolite, and mélange units (Fig. 2; Saleeby, 1982; 
Sharp, 1988; Moores et al., 2003; Snow and Scherer, 2006; Ernst et al., 2008; 
Schweickert, 2015). In general, the WSNMB consists of two island arcs and re-
lated ophiolites and accretionary complexes that collided with North America 
no later than 152 Ma during the Nevadan orogeny (Schweickert and Cowan, 
1975; Saleeby et al., 1989a; Schweickert et al., 1999; Schweickert, 2015). No con-
sensus exists on how to divide the WSNMB into various tectonostratigraphic 
terranes, and it is unclear how far west the belt extends under forearc basin 
strata (Schweickert et al., 1999; Ernst et al., 2008; Schweickert, 2015). However, 
the WSNMB probably served as basement to at least the eastern Great Valley 
forearc (Bailey and Blake, 1969; Harwood and Helley, 1987) and therefore could 
be a potential source for the SLR deposits.

We also include the Late Jurassic–Early Cretaceous Sierran arc source 
as part of the WSNMB (Dickinson, 2008). Limited available outcrops, bore-
hole penetrations, and geophysical data suggest the Late Jurassic–Early 
Cretaceous phase of arc magmatism was prevalent in the western Sierra 
near the SLR area (Fig. 15A; May and Hewitt, 1948; California Division of Oil 
and Gas, 1964; Bateman, 1983; Harwood and Helley, 1987; Saleeby et  al., 
1989a; Ingersoll, 2000; Cecil et al., 2012). According to Cecil et al. (2012), the 
western boundary of the Late Jurassic–Early Cretaceous arc lies under the 
San Joaquin subbasin as close as 35 km to the SLR deposits (Figs. 2 and 
15A). In particular, the Guadalupe Igneous Complex (GIC), due east of the 
SLR area (Fig. 2), contains a full suite of intrusive rocks from gabbro through 
granite emplaced at relatively shallow depths (<15 km) ca. 151 Ma (Putirka 

et al., 2014). Other small plutons to the northwest have been dated between 
150 and 141 Ma (Saleeby et al., 1989a; Schweickert et al., 1999; Dickinson, 
2008; Putirka et al., 2014; Schweickert, 2015). In addition, Clemens-Knott and 
Saleeby (2013) suggest that the GIC was already exposed and supplying sedi-
ment to the Early Cretaceous Goldstein Peak basin between 144 and 138 Ma 
and therefore could also have been emergent during Cenomanian deposition 
of the SLR deposits.

Coast Range Ophiolite (CRO)

Stretching nearly 700  km in the Coast Ranges, the Middle and Upper 
Juras sic (168–144 Ma) CRO consists of erratic broken remnants and intact se-
quences of typical ophiolite assemblages lying structurally above the Francis-
can Complex (Fig. 2; Ernst, 1970; Dickinson, 1971; Hopson et al., 1981, 2008;  
Saleeby et al., 1982; Saleeby, 1983; Ingersoll et al., 1999; Coleman, 2000; Sher-
vais et al., 2004, 2005). CRO has island-arc geochemistry (Shervais and 
Kimbrough, 1985; Shervais, 1990; Giaramita et al., 1998; Evarts et al., 1999), 
but tectonic origin interpretations vary (see Dickinson et al. [1996] for a sum-
mary) from supra-subduction zone (Shervais and Kimbrough, 1985; Robert-
son, 1989; Shervais, 1990; Stern and Bloomer, 1992; Shervais et  al., 2004, 
2005), mid-ocean ridge (Hopson et al., 1996, 2008), and backarc oceanic crust 
( Schweickert et  al., 1984; Schweickert, 1997; Godfrey and Klemperer, 1998; 
Ingersoll, 2000). The CRO most likely served as basement for the western 
forearc basin and was periodically affected by accretionary wedge tectonism 
(Shervais et  al., 2004; Mitchell et  al., 2010; Wakabayashi, 2015). CRO out-
crops that could represent sources for SLR deposits include the Del Puerto 
(167–143 Ma; Hopson et al., 2008) and the Quinto Creek (Late Jurassic; Hop-
son et al., 1981; Robertson, 1989) ophiolites, where typical lithologies include 
hornblende gabbro, diorite, tonalite, peridotite, basalt, keratophyre, plagio-
granite, chert, and tuff (Fig. 2; Hopson et al., 1981, 2008; Evarts et al., 1999; 
Shervais et al., 2004).

Franciscan Complex

The Coast Ranges are dominated by accretionary wedge material of the 
Franciscan Complex (170–12 Ma), which records nearly 160 m.y. of east-dipping 
subduction underneath North America (Ernst, 1970; McLaughlin et  al., 1982; 
Wentworth et al., 1984; Dumitru, 1991; Wakabayashi, 1992, 1999, 2015; Unruh 
et al., 2007; Dumitru et al., 2010). Major divisions (eastern, central, and coastal 
belts) of the Franciscan typically young from east to west and are composed 
mainly of serpentinized mélange with semi-coherent blocks of metagraywacke, 
shale, basalt, greenstone, chert, blueschist, and rare allochthonous upper plate 
slide blocks (Fig. 2; Irwin, 1960; Bailey et al., 1964, 1970; McLaughlin et al., 1982; 
Wakabayashi and Rowe, 2015). Most of the mélange is interpreted to be sedi-
mentary in origin with evidence depicting upper-plate–derived (North Ameri-
can) submarine debris depositing into the trench (Jacobson, 1978; Dickinson 
et al., 1982; MacPherson et al., 1990; Jacobson et al., 2011; Wakabayashi, 2015).  
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The off-scraped and underplated sedimentary debris commonly formed 
thrust nappes. These nappes show accretionary (incorporation into subduc-
tion complex) ages that young structurally downward (Maxwell, 1974; Blake 
et al., 1984; Wakabayashi, 1992, 2015; Ernst et al., 2009; Dumitru et al., 2010, 
2015; Snow et  al., 2010; Wakabayashi and Rowe, 2015). Geochemical and 
geochronological evidence from coeval GVG and Franciscan strata indicate 
a similar North American source (Dickinson et al., 1982; DeGraaff- Surpless 
et  al., 2002; Joesten et  al., 2004; Tripathy et  al., 2005; Ernst et  al., 2009; 
 Dumitru et al., 2010, 2015; Snow et al., 2010; Jacobson et al., 2011; Sharman 
et al., 2015).

Mixed Provenance of San Luis Reservoir (SLR) Sediments

Similar to other Upper Cretaceous GVG samples from the San Joaquin 
subbasin (Ingersoll, 1983; Linn et  al., 1992; DeGraaff-Surpless et  al., 2002; 
 Surpless, 2014), SLR sandstone composition and mudrock geochemistry both 
suggest sources from metamorphic and continental arc signatures of a dis-
sected southern Sierran arc (Figs. 12 and 13). The addition of conglomerate 
clast data (Fig. 11) and detrital-zircon geochronology (Fig. 14) suggests two 
main sources contributing sediment to the Cenomanian SLR deposits: (1) mid-
Late Cretaceous Sierran arc and (2) Jurassic WSNMB and/or CRO.

Mid-Late Cretaceous Sierran Arc Sources

The small 121 Ma peak in the Cenomanian SLR detrital-zircon signature 
occurs in coeval samples to the north and south as well as the prominent 
mid-Cretaceous Sierran arc magmatism (DeGraaff-Surpless et al., 2002; Shar-
man et al., 2015). However, the ca. 100 Ma age population is unexpected, given 
the paucity of these ages in Cenomanian–Coniacian strata (<2%; Sharman 
et al., 2015). Sharman et al. (2015) explain the lack of 100–85 Ma detrital-zircon 
despite a contemporaneous magmatic flare-up period in the eastern Sierran 
arc between 125 and 76  Ma (peak 98  ± 8.5 Ma; Paterson and Ducea, 2015) 
by hypothesizing that a drainage divide blocked detritus from the eastern 
 Sierra from reaching the Cenomanian–Coniacian basin; these Late Cretaceous 
 detrital zircon became increasingly abundant in younger Cretaceous strata due 
to progressive unroofing (cf. DeGraaff-Surpless et al., 2002).

However, the post–105 Ma population (19% of Mesozoic population; 18.5% 
of total grains) in the Cenomanian SLR deposits could mean that the sub-
marine channel system was depositionally connected to a source that was not 
widely available to other Cenomanian–Coniacian deposits (Fig. 15). In addi-
tion, the overlap between the maximum depositional age (95.2 Ma) calculated 
from the youngest detrital zircon (n = 14) and the Cenomanian biostratigraphic 
age (100–94  Ma) of the SLR deposits indicates that the submarine channel 
system was linked to a fluvial system that tapped the coeval ca. 100 Ma east-
ern Sierran volcanic carapace (Fig. 15A; cf. House et al., 1998). Only later did 
other localities to the north and south of the SLR location receive abundant 
post–105 Ma zircon.

Western Sierra Nevada Metamorphic Belt (WSNMB) and /or 
the Coast Range Ophiolite (CRO)

The 145.8 Ma and 160.3 Ma detrital-zircon peaks of the SLR deposits (Fig. 
14B) fall within the “Middle Jurassic Sierran flare-up” period (Paterson and 
 Ducea, 2015) of 194–130 Ma (peak at 161 ± 14 Ma) and also overlap with WSNMB 
and CRO history (Dickinson, 2008; Hopson et al., 2008). In fact, Sharman et al. 
(2015) suggest that the WSNMB may have provided 200–135 Ma detrital zircon 
to Cenomanian–Coniacian strata (Fig. 2), and they noted a sharp decrease in 
this age population to the south between the Mount Diablo and Coalinga locali-
ties, mirroring the southern termination of the Jurassic WSNMB (Fig. 2).

The basement terranes of the WSNMB (eastern side of the forearc) and 
CRO (western side of the forearc) share similar tectonic origins and rock types, 
and it remains unresolved where and how the two entities became adjacent to 
one another prior to deposition of the GVG. Although considerable post-Ceno-
manian deformation occurred regionally, we accept that both entities were 
in their present position with respect to North America by Cenomanian time 
(Cady, 1975; Robertson, 1989; Stern and Bloomer, 1992). Therefore, we con-
sider local CRO and WSNMB outcrops as possible analogs for ophiolitic and 
island-arc sources for the SLR deposits (Fig. 2).

The SLR sandstone composition and mudrock geochemistry data do not 
show signatures of typical ocean crust or island arcs (Figs. 12 and 13). How-
ever, the large conglomerate clasts of the SLR deposits contain a variety of 
lithologies that also occur in local outcrops of the CRO and WSNMB (Fig. 11; 
Schweickert et al., 1999; Hopson et al., 2008; Schweickert, 2015). The overlap 
of rock type, age, and tectonic setting in potential source areas precludes a 
unique interpretation, and the SLR deposits could have been sourced in part 
from either the CRO or the WSNMB rocks.

Paleogeographic Models

We suggest that a combination of tectonic events during a time of reorgani-
zation (ca. 100 Ma) in the Cretaceous arc-forearc-prism history of California led 
to the unique Cenomanian SLR deposits. Furthermore, these mid-Cretaceous 
events most likely resulted from an abrupt increase in plate-motion rates par-
allel to the arc (obliquity) between the Farallon plate and North American plate 
(Page and Engebretson, 1984; Engebretson et al., 1985; Liu et al., 2008). Page 
and Engebretson (1984) report convergence normal to the margin was 5 cm/yr 
prior to 100 Ma and nearly doubled to 9 cm/yr during 100–85 Ma. In addition, 
Liu et al. (2008) display plate-motion vectors that shift counterclockwise 38° 
between 100 Ma and 90 Ma. This change from nearly head-on convergence to 
oblique transpression likely triggered large-scale effects throughout the arc-
forearc-prism system.

In the arc, eastern Sierran shear zones developed contemporaneously with 
voluminous magmatism associated with the mid-Late Cretaceous magmatic 
flare-up (peak 98.5 ± 8.5 Ma; Glazner, 1991; Tobisch et al., 1995, 2000; Tikoff and 
Greene, 1997). The overlap between SLR deposition and the youngest detrital- 
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zircon ages, as well as the lack of post–100 Ma zircons in other Cenomanian 
localities (Sharman et al., 2015), suggest that volcanic rocks associated with 
the flare-up were quickly eroded, transported along confined fluvial drainages, 
and deposited in the deep-water setting in the SLR area (Fig. 15A).

Other possibly related events in the forearc system include accelerated Late 
Cretaceous subsidence beginning in the Cenomanian (Moxon and  Graham, 
1987; Moxon, 1990) and deposition of multiple Cenomanian deep-water con-
glomerates along strike south of the SLR area, including the Panoche Hills and 
Coalinga deposits (Figs. 2 and 15A; Moxon, 1990; Hickson and Lowe, 2002) as 
well as the Rosario Group adjacent to the Peninsular Ranges in southernmost 
California and northern Baja California (Kimbrough et al., 2001). Similarly, in 
the Sacramento subbasin to the north, accelerated subsidence began in Ceno-
manian time (Moxon and Graham, 1987; Moxon, 1990; Williams and Graham, 
2013), and deformation of pre–100 Ma strata in the Sites Anticline (Chuber, 
1961) was dated to ca. 100 Ma and associated with tectonic wedging of Fran-
ciscan material (Wentworth et al., 1984; Williams et al., 1998). Finally, through-
out the entire forearc, DeGraaff-Surpless et  al. (2002) suggested a range of 
possible scenarios to explain a fundamental change in detrital-zircon age 
 spectra at the beginning of Cenomanian time: (1) broad shift in the Sierran 
drainage divide; (2) increased dissection of the magmatic arc with headward 
erosion of transverse drainage systems; and/or (3) increased sediment mixing 
on a broadening shelf during eastward shoreline migration.

Here, we present two possible paleogeographic models of the middle 
Cretaceous San Joaquin subbasin (Fig. 15). Our possible models derive from 
the interpretation of the SLR as a submarine channelized system with mixed 
provenance from the Sierran arc and WSNMB with (Model #1) or without 
(Model #2) the CRO as a source.

Model #1: Coast Range Ophiolite (CRO) as a Potential Contributing Source

We can readily account for Sierran arc and WSNMB sources, but a po-
tential CRO source requires a unique tectonic explanation. Exposure of the 
CRO adja cent to the SLR submarine channel system would require uplift of 
basement rocks concurrent with erosion of cover strata. Wakabayashi (2015) 
reports periods of accelerated accretion in the accretionary prism led to uplift 
of basement rocks within a forearc deep-water setting (Fig. 15B). Specifically, 
increased sedi menta tion to the trench would promote underplating of mate-
rial, resulting in imbricate thrust stacks separated by paleomegathrust hori-
zons (Waka bayashi, 2015). Because this stacking is commonly accommodated 
by extension and subsidence in the upper plate, accompanied by exhumation 
of accreted material (Wakabayashi, 2015), periods of accelerated accretion pro-
vide abundant opportunity to uplift, exhume, and erode previously deposited 
material. These changes would lead to unstable conditions that promote sub-
marine mass wasting and exposure of basement material (Figs. 15A and 15B).

Furthermore, the Diablo Range shows evidence of thrust stacking, coinci-
dent with a significant unconformity in the San Joaquin subbasin, followed 
by SLR deposition. Structurally adjacent to the SLR deposits are blueschist-

grade metagraywackes interpreted to be coherent imbricate thrust nappes 
(Ernst, 1970, 1993; Cloos, 1986; Ernst et al., 2009). Based on detrital- zircon ages 
and interpreted critical P-T exhumation pathways for these metagraywackes, 
clastics were deposited in the trench between 102 and 86 Ma (roughly coeval 
with SLR deposition), buried to 20–30 km depths, and then rapidly exhumed in 
Late Cretaceous time and again later in Cenozoic time (Dalla Torre et al., 1996; 
Kimura et  al., 1996; Wakabayashi, 2015). In the northern Diablo Range near 
Mount Hamilton (Fig. 2), Tagami and Dumitru (1996) inferred that ~20 km of 
exhumation between 100 and 70 Ma led to extensional thinning at shallower 
levels, triggering massive sediment influx (Fig. 15B).

Within the Diablo Range, there is a significant unconformity between vari-
able thicknesses (20–400 m) of Late Jurassic sediments (e.g., Lotta Creek Tuff) 
that overlie CRO material and nearly 7.5-km-thick Upper Cretaceous (Ceno-
manian–Campanian: 100–72 Ma) deep-water deposits. Most of the intervening 
Lower Cretaceous (Hauterivian–Albian: 132–100 Ma) strata are missing, even 
though the Sacramento subbasin contains 4.5 km of equivalent material (Fig. 
4; Bartow and Nilsen, 1990; Moxon, 1990). Approximately 50 km to the north-
west of the SLR area near Mount Hamilton (Fig. 2), a 100–70 Ma uplift event 
(Tagami and Dumitru, 1996) may have led to erosion of Lower Cretaceous 
sediment and provided the channel system with newly uplifted CRO sediment 
sources (Ernst, 1970; Hopson et al., 1981; Moxon, 1990).

The influence of the outer-arc ridge as a paleobathymetric barrier is common 
in modern examples of “ridged forearcs” (Dickinson and Seely, 1979; Ingersoll, 
1979; Moxon, 1990; Williams, 1997). For example, in the Java arc-trench system, 
a commonly cited analog to the Great Valley forearc (Ingersoll, 1979), the outer- 
arc ridge, is actually above sea level and strongly influences axial depositional 
systems in the forearc setting (Beaudry and Moore, 1985). In addition, Williams 
and Graham’s (2013) study of Cenomanian–Campanian strata in the Sacramento 
subbasin invoked modern examples in the southern Kamchatka  Basin and the 
Unalaska Basin of the Aleutian Terrace where outer-arc ridges create ponded 
forearc depocenters in some areas, while other areas contain canyons that by-
pass the ridge and allow sediment deposition in trench-slope basins.

Model #2: Western Sierra Nevada Metamorphic Belt (WSNMB) 
Source for the Ophiolitic Sediments

Alternatively, if the Western Sierra Nevada Metamorphic Belt (WSNMB) 
terranes provided the out-sized ophiolitic clasts rather than the CRO, then the 
WSNMB must have been quite proximal to reconcile the short travel distance 
indicated by the size of the extrabasinal boulders within the SLR deep-water 
deposits (Fig. 15A). Ingersoll (1981) hypothesized the time-equivalent shoreline 
for the slightly younger Coniacian deposits was only 30 km to the east of SLR 
area. Likewise, Cecil et al. (2012) reported that the western extent of the Sierran 
arc (which intruded WSNMB rocks) was ~35 km to the east of the SLR area (Fig. 
15A). Given steep depositional slopes and potentially proximal WSNMB, the 
out-sized ophiolitic clasts may have been derived from the WSNMB to the east 
instead of uplift of an outer-arc ridge.
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CONCLUSIONS

We combine facies and comprehensive provenance analyses of the SLR 
submarine channel system in the San Joaquin subbasin to document a de-
tailed sedimentary record of middle Cretaceous changes in plate motion rates 
and obliquity ca. 100 Ma along California’s convergent margin. The SLR area 
contains a Cenomanian, 1.8-km-thick, deep-water boulder conglomerate along 
a 4  km depositional-dip cross section at the SLR, the thickest and coarsest 
deep-water outcrop ever recorded in the GVG. Furthermore, the SLR outcrop 
occurs within a 20-km-long outcrop belt previously reported by other workers.

We interpret the SLR as a submarine channel system based on six litho-
facies (three lithofacies have two sublithofacies) and five facies associations. 
The two coarsest facies associations contain abundant clast-supported con-
glomerate with cobbles and boulders up to 3.5 m in axial length and significant 
evidence of turbulent flow. The overall architectural framework includes four 
channel complex sets, with southeast-directed paleoflow indicating an axially- 
oriented submarine channel system.

Within the context of other basin-wide data sets, our combined prove-
nance approach of mudrock geochemistry, sandstone composition, detrital-zir-
con geochronology, and conglomerate clast counts suggests a mixed source 
provided sediment to the SLR deposits. Sediment sources likely included the 
 Sierran arc, WSNMB, and/or CRO. We interpret the change in plate-motion rate 
and obliquity ca. 100 Ma caused deformation along the eastern Sierra shear 
zones; this deformation induced large-scale plutonism during the mid-Late Cre-
taceous magmatic flare-up. We also suggest that the anomalous ca. 100 Ma 
detrital-zircon age population in SLR strata was derived from the eastern Sier-
ran arc, reflecting erosion of the nearly contemporaneous volcanic carapace.

We offer two possible paleogeographic models for the northern San Joaquin 
subbasin dependent on the potential contribution of the CRO to SLR deposits. If 
the CRO provided detritus to the basin, we invoke uplift of an outer-arc ridge to 
provide ophiolitic out-sized boulders in SLR strata. If the WSNMB provided the 
ophiolitic detritus, this would require a nearby WSNMB source to reconcile 
the short travel distance indicated by the size of the extrabasinal boulders.

Our study emphasizes the importance of integrating multiple provenance 
indicators with detailed sedimentologic analysis within forearc basins to docu-
ment greater complexity and construct plausible paleogeographic models.
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