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ABSTRACT

The well-characterized Sierra Nevada magmatic arc offers an unparalleled opportunity to improve our understanding of continental arc 
magmatism, but present bedrock exposure provides an incomplete record that is dominated by Cretaceous plutons, making it challeng-
ing to decipher details of older magmatism and the dynamic interplay between plutonism and volcanism. Moreover, the forearc detrital 
record includes abundant zircon formed during apparent magmatic lulls, suggesting that understanding the long-term history of arc 
magmatism requires integrating plutonic, volcanic, and detrital records. We present trace-element geochemistry of detrital zircon grains 
from the Great Valley forearc basin to survey Sierra Nevadan arc magmatism through Mesozoic time. We analyzed 257 previously dated 
detrital zircon grains from seven sandstone samples of volcanogenic, arkosic, and mixed compositions deposited ca. 145–80 Ma along 
the length of the forearc basin. Detrital zircon trace-element geochemistry is largely consistent with continental arc derivation and shows 
similar geochemical ranges between samples, regardless of location along strike of the forearc basin, depositional age, or sandstone com-
position. Comparison of zircon trace-element data from the forearc, arc, and retroarc regions revealed geochemical asymmetry across the 
arc that was persistent through time and demonstrated that forearc and retroarc basins sampled different parts of the arc and therefore 
recorded different magmatic histories. In addition, we identified a minor group of Jurassic detrital zircon grains with oceanic geochemical 
signatures that may have provenance in the Coast Range ophiolite. Taken together, these results suggest that the forearc detrital zircon 
data set reveals information different from that gleaned from the arc itself and that zircon compositions can help to identify and differen-
tiate geochemically distinct parts of continental arc systems. Our results highlight the importance of integrating multiple proxies to fully 
document arc magmatism, demonstrating that detrital zircon geochemical data can enhance understanding of a well-characterized arc, 
and these data may prove an effective means by which to survey an arc that is inaccessible and therefore poorly characterized.

INTRODUCTION

The well-exposed and intensely studied Sierra Nevada magmatic arc 
of California offers an unparalleled opportunity to understand continental 
arc magmatism. More than 100,000 km2 of granitoid rocks now exposed in 
California form a composite batholith that represents the roots of eroded 
latest Permian through Cretaceous stratovolcanoes and arc-related edifices. 
Igneous rocks and associated cumulates formed a vertical lithospheric 
column >100 km thick in the Sierra Nevada (Saleeby et al., 2003), of 
which current exposure provides only partial windows.

Extensive geochemical, structural, and isotopic study has documented 
the evolution of Permian–Triassic through Cretaceous Sierran magmatism 
(e.g., Schweickert and Cowan, 1975; DePaolo, 1981; Chen and Moore, 
1982; Dodge et al., 1982; Kistler et al., 1986; Saleeby et al., 1987; Chen 
and Tilton, 1991; Bateman, 1992; Ducea, 2001; Barth et al., 2011; Lackey 
et al., 2012; Cecil et al., 2012; Chapman et al., 2015; Saleeby and Dunne, 
2015). Bedrock zircon and intra-arc detrital zircon studies have indicated 

three episodes of high-flux magmatism in the Sierra Nevada, with mag-
matic pulses in Triassic, Middle and Late Jurassic, and mid-Cretaceous 
time, separated by two periods of low magmatic flux in Early Jurassic 
and Early Cretaceous time (Fig. 1; e.g., Paterson and Ducea, 2015). This 
chronologic record of Sierran magmatism preserved in modern exposures 
is necessarily partial, given that much of the associated volcanic cover 
has been eroded, while the deeper, unexhumed portions of the arc remain 
inaccessible; in fact, more than 80% of the surface area of batholithic rock 
is Cretaceous in age (Saleeby and Dunne, 2015). Thus, modern surface 
exposure of the Sierra Nevada magmatic arc is not representative of the 
full magmatic history of the arc, making it challenging to decipher details 
of older magmatism as well as the dynamic interplay between plutonism 
and volcanism.

Zircon has long been used for U-Th-Pb geochronology, and zircon 
age distributions are the primary means used to determine the timing and 
duration of magmatic flare-ups or relative quiescence in arcs. With the 
advent and expansion of secondary ion mass spectrometry (SIMS) and 
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laser-ablation techniques for single-grain and single-domain analyses of 
zircon, increasing attention to the geochemical composition of zircon, 
particularly with respect to concentrations of U, Th, Hf, Y, Nb, Sc, and 
rare earth elements (REEs), has helped researchers better interpret in situ 
isotopic ages, understand petrogenetic processes (e.g., Hoskin and Ireland, 
2000; Hoskin and Schaltegger, 2003; Grimes et al., 2007; Claiborne et 
al., 2010; Grimes et al., 2015; Kirkland et al., 2015; Barth et al., 2017), 
and estimate parent-rock or parent-melt trace-element concentrations 
(e.g., Hoskin and Ireland, 2000; Sano et al., 2002; Chapman et al., 2016). 
Grimes et al. (2007) developed geochemical discriminant diagrams for 
zircon that differentiate continental and ocean crust zircon based on U/
Yb and Yb, Hf, and Y concentrations. Grimes et al. (2015) refined these 
diagrams with an additional focus on Nb and Sc to discriminate mid-
ocean ridge, plume-influenced ocean island, and subduction-related arc 
environments. Barth et al. (2013) demonstrated that the average retroarc 
detrital zircon composition is in agreement with the average in situ zir-
con suites for the three magmatic flare-ups of the Sierran arc, and that 
trace-element geochemistry in zircon records systematic changes in melt 
compositions through time.

Studies of Sierran arc magmatism have focused largely on the plutonic 
record (e.g., Stern et al., 1981; Chen and Moore, 1982; Bateman, 1992; 
Coleman and Glazner, 1997), but most studies of modern arcs focus on 
the volcanic portion as representative of magmatism (e.g., Ducea et al., 
2015); only a few studies of arc magmatism focus on the detrital record 
(e.g., Gill et al., 1994; Arculus et al., 1995; Draut and Clift, 2013). Here, 
we present trace-element geochemistry of detrital zircon from the Great 
Valley forearc basin to survey Sierra Nevadan arc magmatism through 
Mesozoic time, and to compare forearc and retroarc detrital zircon records 
of Sierran arc magmatism. We analyzed 257 previously dated detrital 
zircon grains from seven sandstone samples deposited ca. 145–80 Ma 
along the length of the forearc basin and compared the detrital zircon 
trace-element geochemistry with published zircon geochemistry from the 
retroarc region (Barth et al., 2013) and the plutonic arc (Barth et al., 2012, 
2018), supplemented with new plutonic zircon data (this study). Detrital 
zircon grains were separated from sandstone samples with volcanogenic, 
arkosic (i.e., having plutonic provenance), and mixed compositions; thus, 
our data set provides a detrital zircon geochemical record of Sierran vol-
canic and plutonic arc magmatism.

A comparison of our detrital zircon data set with zircon trace-element 
data from the Sierra Nevada and the retroarc region revealed geochemical 
asymmetry across the arc that persisted through time. We documented 
two zircon geochemical populations that demand two different kinds of 
provenance in close proximity throughout much of Mesozoic time and 
that demonstrate the forearc and retroarc basins sampled different parts of 
the arc and therefore may record different magmatic histories. In addition, 
we identified a minor group of Jurassic detrital zircon grains with oceanic 
geochemical signatures that may have provenance in the Coast Range 
ophiolite and/or ophiolitic rocks of the western Sierra Nevada metamor-
phic belt. Taken together, these results suggest that the forearc detrital 
zircon data set reveals information different from the record within the arc 
itself, which can help to identify different parts of a continental arc system. 
Our results highlight the importance of integrating multiple proxies to 
fully document arc magmatism, and they demonstrate that detrital zircon 
geochemical data can enhance understanding of a well-characterized arc.

FOREARC DETRITAL ZIRCON AS AVERAGED ARC PROXY

Because zircon is highly refractory and very common in silicic igneous 
rocks, which dominate continental arc magmatic flare-ups, the detrital 
zircon record of forearc systems permits broad assessment of magmatic 

arc activity through time (e.g., de Silva et al., 2015). Although detrital 
zircon cannot serve as a proxy for isolated parts of a magmatic arc, the 
detrital zircon record represents a long-term, integrated average record 
of arc magmatism (e.g., Barth et al., 2013; de Silva et al., 2015) and 
thus provides a valuable complement to studies of magmatic rocks (e.g., 
Ducea et al., 2015). Because dated detrital zircon grains can provide a 
proxy of averaged erosion rates of both upper-crustal arc segments and 
ancient, eroded arc segments, detrital zircon age populations can be used 
to assess arc duration, pulses and lulls in magmatic activity (e.g., Barth 
et al., 2013), and possibly magma addition rates (e.g., Ducea et al., 2015; 
Paterson and Ducea, 2015). In this study, we extend the utility of detrital 
zircon beyond U-Pb ages to consider trace-element concentrations as 
additional proxies with which to better understand Sierran magmatic arc 
conditions through time.

Numerous studies have linked the Great Valley forearc to the Sierran 
magmatic arc using sandstone composition and petrofacies (e.g., Ojakan-
gas, 1968; Dickinson and Rich, 1972; Mansfield, 1979; Ingersoll, 1983; 

0

100

200

300

400

500

600

75 100 125 150 175 200 225 250
Age (Ma)

N
um

be
r o

f G
ra

in
s

R
elative Probability

This study (n=257)

Great Valley Group
Detrital Zircon (n=3557)

Arc Bedrock
Pendant Detritaln 

= 
44

19

Sierra Nevada Zircon

Triassic and Early Jurassic Middle
and Late
Jurassic

latest
Jurassic

and earliest
Cretaceous

Early and
mid-Cretaceous

Figure 1. Detrital zircon record from the Great Valley Group (n = 3557, shown 
as probability density function) and zircon record from the Sierra Nevada (n 
= 4419). Sierra Nevada zircon data are shown as histogram of arc bedrock 
zircon (dark gray) and detrital zircon from metamorphic pendants within 
the arc (light gray), such that the height of each bin equals the sum of arc 
bedrock zircon and intra-arc detrital zircon (histogram modified from Pat-
erson and Ducea, 2015). Sierra Nevada data are from Paterson and Ducea 
(2015). Great Valley Group data are from DeGraaff-Surpless et al. (2002), 
Surpless et al. (2006), Wright and Wyld (2007), Surpless and Augsburger 
(2009), Surpless (2014), Sharman et al. (2015), Martin and Clemens-Knott 
(2015), and Greene and Surpless (2017). Probability density function of 
detrital zircon ages used in this study (n = 257) is shown as thick black line. 
Background colors indicate four age bins used in this study.
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Short and Ingersoll, 1990), conglomerate clast compositions (e.g., Rose 
and Colburn, 1963; Bertucci, 1983; Seiders, 1983), detrital zircon age 
distributions (e.g., DeGraaff-Surpless et al., 2002; Surpless et al., 2006; 
Cassel et al., 2012; Martin and Clemens-Knott, 2015; Sharman et al., 
2015), isotopic analysis (Linn et al., 1991), geochemical analysis (e.g., 
van de Kamp and Leake, 1985; Surpless, 2014), paleocurrent analysis 
(e.g., Ojakangas, 1968; Ingersoll, 1979; Suchecki, 1984), paleobathym-
etry (e.g., Ingersoll, 1979; Haggart, 1986; Williams, 1997), and seismic 
stratigraphy and stratigraphic architecture (e.g., Moxon, 1990; Williams, 
1997; Constenius et al., 2000; Mitchell et al., 2010; Williams and Graham, 
2013). Wright and Wyld (2007) proposed an alternative model that places 
the basal Great Valley strata (Stony Creek Formation) south of the Sierra 
Nevada, with postulated northward translation complete by ca. 120 Ma.

The Sacramento and San Joaquin Basins form the northern and south-
ern subbasins of the Great Valley forearc basin, respectively, and are sepa-
rated by the Cenozoic Stockton arch. Great Valley Group strata in the Sac-
ramento Valley outcrop belt were deposited in more distal environments 
than strata in the San Joaquin Valley outcrop belt, with basin plain, outer 
fan, midfan, and slope environments typical of the Sacramento Valley, 
and midfan, inner fan, and slope environments typical of the San Joaquin 
Valley (Ingersoll, 1979). These differences resulted from the more eastern 
location of San Joaquin Valley outcrops, which were closer to inferred 
paleoshorelines, resulting in more proximal deposits (Ingersoll, 1979).

SAMPLES AND METHODS

We selected seven previously dated detrital zircon samples from 
throughout the Great Valley Group to broadly capture magmatic arc con-
ditions through time and space. The seven samples span the length of the 
Great Valley forearc, with three samples from the northern Sacramento 
Valley (Stony Creek Formation and Ten Mile Member of the Chico For-
mation), one sample from the southern Sacramento Valley outcrop belt 
(Venado Formation), and three samples from the northern (Panoche For-
mation) and southern (Gravelly Flat Formation) San Joaquin outcrop 
belt (Fig. 2A). These seven samples also encompass the depositional 
age range of Great Valley Group strata, with two Stony Creek Forma-
tion samples collected from the basal Great Valley Group (Tithonian[?] 
to Berriasian age), two Gravelly Flat Formation samples, the Panoche 
Formation sample, and the Venado Formation sample collected from 
Albian to Cenomanian strata spanning the middle of Great Valley Group 
sedimentation, and the Chico Formation sample collected from Campan-
ian strata in the upper Great Valley Group (Fig. 2B). These seven samples 
also include a range of sandstone compositions and contain a wide range 
in the relative abundance of volcanic and metamorphic lithic grain types 
(Fig. 3; Data Repository Table DR11). Because detrital zircon grains were 
separated from sandstone samples with volcanogenic (24% of analyzed 
zircon grains), arkosic (44% of grains), and mixed compositions (32% of 
analyzed zircon grains), these detrital zircons likely provide a geochemi-
cal record of both volcanic and plutonic arc magmatism.

Trace-element concentrations in the selected detrital zircon grains 
(Data Repository Table DR2) were measured by sensitive high-resolution 
ion microprobe–reverse geometry (SHRIMP-RG), following Mazdab and 
Wooden (2006). We used cathodoluminescence or backscattered electron 
images to guide analysis of previously dated grains, placing trace-element 
pits as close to filled U-Pb pits as the clastic grain morphology permitted. 
We verified prior age determinations with low-precision U-Pb ages col-
lected simultaneously with trace-element data and calibrated to the R33 

1 GSA Data Repository Item 2019264, sandstone compositional data, zircon trace element data, supplementary data plots, is available at http://www​.geosociety.org​​
/datarepository/2019, or on request from editing@geosociety.org.

standard zircon. Trace-element concentrations were standardized against 
Madagascar green (MAD) zircon (Barth and Wooden, 2010). Additional 
trace-element concentrations of zircon from Early Cretaceous plutons of 
the southern Sierra Nevada and latest Jurassic to earliest Cretaceous zircon 
of the Kern Plateau were measured via SIMS on a CAMECA IMS 1270 
using an oxygen primary ion source with 20 μA beam intensity, follow-
ing Monteleone et al. (2007; see Data Repository Table DR3). Low mass 
resolving power was used to measure trace-element peaks and accompany-
ing REE oxide interferences; REE/REE-oxide ratios were characterized 
using doped glasses, and trace-element concentrations were calculated by 
peak-stripping and calibrated to 91500 standard zircon. In order to directly 
compare SHRIMP-RG and CAMECA data, we calculated a simple con-
version factor for CAMECA data by calibrating CAMECA 91500 values 
to SHRIMP-RG 91500 values that were standardized to MAD zircon.

RESULTS

All Great Valley Group detrital zircon plot within the field of conti-
nental zircon defined by Grimes et al. (2007) for U/Yb and Hf (ppm), 
although several grains plot on or close to the upper limit of U/Yb defined 
for unambiguously oceanic zircon (Fig. 4). Additional proxies of Sc/Yb 
and Nd/Yb, used to distinguish continental-arc, ocean-island, and oceanic 
zircon, provide greater confidence in provenance discrimination, given 
the range in values and potential for overlap (Grimes et al., 2015). On 
these discrimination diagrams, most Great Valley Group detrital zircon 
grains plot within the continental arc field, but 11 grains plot in the oce-
anic zircon field, and seven grains plot with the ocean-island–type zircon 
(Fig. 5). We therefore excluded these 18 detrital grains in our comparisons 
of Great Valley Group detrital zircon trace-element geochemistry with 
Sierran arc zircon geochemistry.

To ensure that the remaining 239 detrital zircon grains from our seven 
samples fully represent magmatic activity in the arc through time, we 
searched for potential differences in zircon geochemistry based on sample 
location, depositional age, and composition. Samples from the Sacramento 
and San Joaquin subbasins show near-complete overlap in bivariate plots 
of selected geochemical ratios (Fig. 6A), suggesting that detrital zircon 
deposited in the northern basin are not geochemically distinct from detrital 
zircon in the southern basin. Similarly, geochemical overlap in detrital 
zircon from samples of different depositional age (Fig. 6B) and from 
samples of different sandstone compositions (Fig. 6C) indicates that the 
detrital zircon geochemical signature represents an effective average of 
arc conditions through time. Significantly, the two Stony Creek samples 
from the basal Great Valley Group (depositional age of ca. 145 Ma) and 
the other five Great Valley Group samples (depositional ages of ca. 100 
Ma and 80 Ma) show complete overlap of detrital zircon geochemical sig-
natures (Fig. 6B), consistent with provenance in the Sierran arc through-
out deposition of the Great Valley Group. These results do not support 
the translational Great Valley Group model of Wright and Wyld (2007).

To document overall changes in the Sierran arc through Mesozoic time, 
we divided the Great Valley Group detrital zircon data into four age bins 
based on their crystallization ages (Fig. 1). These age bins were guided 
by the detrital zircon age distribution, but they also account for key pulses 
in the magmatic arc. The Triassic and Early Jurassic (250–180 Ma) bin 
corresponds in age to the Triassic magmatic pulse and Early Jurassic lull 
(Barth et al., 2013); the Middle to Late Jurassic (180–156 Ma) bin encom-
passes the peak of the Middle-to-Late Jurassic pulse implied by Sierra 
Nevada zircon (Paterson and Ducea, 2015), as well as ages of ophiolites 

Downloaded from https://pubs.geoscienceworld.org/gsa/lithosphere/article-pdf/11/5/603/4830170/603.pdf
by guest
on 21 July 2020

http://www.geosociety.org
https://pubs.geoscienceworld.org/lithosphere
http://www.gsapubs.org
http://www.geosociety.org/datarepository/2019/


Geological Society of America  |  LITHOSPHERE  |  Volume 11  |  Number 5  |  www.gsapubs.org� 606

SURPLESS ET AL.  |  View from the forearc	 RESEARCH

105

75

70

100

95

90

85

80

115

110

140

135

130

125

120

PL
AT

IN
A

 

 

Panoche Fm

C

B

A

MAASTRICHTIAN

CAMPANIAN

SANTONIAN

CONIACIAN

ALBIAN

TURONIAN

CENOMANIAN

APTIAN

BARREMIAN

HAUTERIVIAN

VALANGINIAN

BERRIASIAN

Joaquin
Ridge Fm

Upper Los
Gatos

Creek Fm

Lower Los
Gatos

Creek Fm

Studhorse Fm

Grabast Fm

NO
EXPOSURE

TIME (Ma) STAGES PETROFACIES SACRAMENTO VALLEY SAN JOAQUIN VALLEY

C
R
E
T
A
C
E
O
U
S

U
P
P
E
R

L
O
W
E
R

Cache Creek
Area

Chico Area San Luis
Reservoir

Area

Center
Peak Fm

Gravelly
Flat Fm
? ?

NO
EXPOSURE

Coalinga/
Temblor Range

Area

Sacramento/San
Joaquin Valleys

RUMSEY

CORTINA/
LOS GATOS

BOXER/
GRABAST

LODOGA

STONY
CREEK

Sacramento Shale

Forbes Shale

Dobbins Shale
Guinda Fm

Funks Shale
Sites Sandstone

Yolo Fm

Venado Fm

Fiske Creek Fm

Salt Creek Cgl

Lodoga Fm

Stony
Creek Fm

Ten Mile
Member

Kingsley
Cave

Member
Musty Buck

Member
Ponderosa Way

Member

SIERRAN
BASEMENT

NONMARINE

6

1 2

3

5

7

4

SAN FRANCISCO

MONTEREY

NEEDLES

UKIAH

EUREKA

REDDING

EL CENTRO

SAN DIEGO

LOS ANGELES

BAKERSFIELD

SANTA
BARBARA

SAN LUIS OBISPO

FRESNO

BISHOP

INDEPENDENCE

SAN BERNARDINO

SUSANVILLE

ALTURAS

NEVADA CITY

SACRAMENTO

PLACERVILLE

CUYAMA

FAULT

NACIMIENTO

FAULT

SAN

ANDREAS

FAULT

CEDAR

CANYON

FAULT

IVANPAH
FAULT

SAN
JACINTO

FAULT

ELSINORE

FAULT

SAN
ANDREAS

FAULT

IMPERIAL  FAULT

PINTO MTN FAULT

SAN

GABRIEL
FAULTOAKRIDGE

FAULT

SANTA YNEZ
FAULT

BIG PINE FAULT

N
EVAD

A
FA

U
LT   ZO

N
E

SIER
R

A

NEW
PORT-INGLEWOOD

FAULT

W
H

ITE M
TN

FA
U

LT

PANAM
INT

VA
LLE

Y
FAU

LT

K
E

R
N

C
A

N
Y

O
N

FA
U

LT

GARLOCK
FAULT

BLACKW
ATER

FAULT

HELENDALE

FAULT

LENW
OOD

FAULT
CALICO

FAULT

MISSION CREEK
FAULT

BANNING FAULT

HAYW
ARD     FAULT

C
ALAVER

AS                    FAU
LT

SU
R

PR
IS

E
VA

LLEY
FA

U
LT

HONEY  LAKE  FAULT

S
O

U
TH

FO
R

K
M

TN
FA

U
LT

SAN

ANDREAS                                    FAULT

WHITTIER FAULT

CHINO  FAULT

RODGERS CREEK FAULT

MAACAMA FAULT

CAMP ROCK FAULT

MANIX FAULT

DEATH
VALLEY

FAU
LT

SYSTE
M

BARTLETT SPRINGS FAULT

FAU
LT

O
W

EN
S VALLEY

Shasta
Lake

Searles
Lake

Owens Lake

Lake
Tahoe

Mono
Lake

Eagle Lake

Honey Lake
Lake

Almanor

Clear Lake Res.

Goose
Lake

Clear
Lake

Salton Sea

TRANSVERSE RANGES

MT
WHITNEY

x

CO
AST

RANGES

K
LA

M
ATH

M
O

U
N

TA
IN

S

C
A

SC
A

D
E

M
O

U
N

TA
IN

S

LASSEN
PEAK

x

PENINSULAR

RANGES

SIE
R

R
A

N
EVA

D
A

MODOC

PLATEAU

G
R

EAT
VA

LLEY

GREAT

BASIN

SALTON

TROUGH

MOJAVE
DESERT

M
OTHER LODE BELT

San Clemente Island

Santa Catalina Island

Santa Barbara Island

San Nicolas Island

Santa Rosa Island

Santa Cruz Island

San Miguel Island

Point Conception

Point Loma

SAN PEDRO
CHANNEL

SANTA BARBARA CHANNEL

Monterey
Bay

Point Reyes

Cape Mendocino

San
Francisco

Bay

100 km

N

Precambrian crystalline rocks 
Misc pre-Cenozoic metamorphic rocks 
Paleozoic rocks, locally metamorphosed 
Early Mesozoic arc sequences 

Ophiolite, chiefly Mesozoic 
McCoy Mountains Formation 

Late Mesozoic forearc basin units 
Late Mz-early Cz Franciscan Complex
Sierra-Peninsular Ranges magmatic arc 
Pelona-Orocopia-Rand schists
Cenozoic marine sedimentary rocks 
Cenozoic volcanic rocks 
Cenozoic nonmarine

Great Valley Group sample
Eastern Sierran samples
Western Sierran samples

Sacramento sub-basin

San Joaquin sub-basin

1
2

3

5

7

1

6

4

B

A

Figure 2. (A) Geologic map of Cali-
fornia showing the locations of the 
seven Great Valley Group (GVG) sam-
ples (white stars with numbers), as 
well as eastern Sierran arc samples 
(white squares) from the eastern 
high Sierra (north) and Kern Plateau 
(south) regions, and western Sierran 
arc samples (white circle) from the 
Stokes Mountain region. Map is modi-
fied from California Geological Survey 
(2010). Mz—Mesozoic; Cz—Cenozoic; 
Misc—miscellaneous. (B) Schematic 
stratigraphy and petrofacies of the 
Great Valley Group showing seven 
sample locations (white stars with 
numbers). Wavy lines indicate uncon-
formities in each section; petrofacies 
are from Ingersoll (1979, 1983); Cache 
Creek section stratigraphy is from 
Williams and Graham (2013); Chico 
stratigraphy is from Russel et al. (1986); 
San Luis Reservoir stratigraphy is from 
Schilling (1962) and Moxon (1990); and 
Coalinga/Temblor Range stratigraphy 
is from Mansfield (1979). Fm—Forma-
tion; Cgl—Conglomerate.

Downloaded from https://pubs.geoscienceworld.org/gsa/lithosphere/article-pdf/11/5/603/4830170/603.pdf
by guest
on 21 July 2020

http://www.geosociety.org
https://pubs.geoscienceworld.org/lithosphere
http://www.gsapubs.org


Geological Society of America  |  LITHOSPHERE  |  Volume 11  |  Number 5  |  www.gsapubs.org� 607

SURPLESS ET AL.  |  View from the forearc	 RESEARCH

in the Klamath–Sierran–Coast Ranges region; the latest Jurassic to ear-
liest Cretaceous (156–140 Ma) bin postdates ophiolite formation and 
centers on the Late Jurassic peak recorded by Great Valley Group detrital 
zircon; and the Early to mid-Cretaceous (140–95 Ma) bin includes the 
Early Cretaceous arc and much of the mid-Cretaceous magmatic pulse.

COMPARATIVE ZIRCON TRACE-ELEMENT GEOCHEMISTRY

Sierran Arc

Arc zircon geochemistry is primarily controlled by the extent of melt 
fractionation during zircon growth and magma source variations that 
result in variable melt compositions at zircon saturation (Walker et al., 

2010; Claiborne et al., 2010; Barth et al., 2013; Coombs and Vazquez, 
2014). Arc zircons are characterized by enrichment in U and Th, reflect-
ing the slab contribution to arc magmas, and depletion in Nb and heavy 
rare earth elements (HREEs), which are conserved in the slab (Barth et 
al., 2017; Schmitt et al., 2018). Hf concentration serves as a proxy for the 
extent of magma fractionation; Hf is typically inversely correlated with 
Ti, reflecting evolving melt composition with decreasing temperature, 
and positively correlated with increasing Th, U, and REEs (Barth et al., 
2013). Using Yb as representative of HREEs, Grimes et al. (2015) hypoth-
esized that arc zircon would show enrichment in Sc/Yb due to elevated 
water content and lack of extensive basalt fractionation in arc parent 
melts prior to zircon saturation, i.e., with increasing U/Yb, Sc/Yb tends 
to decrease. Arc suites may be differentiated based on U/Yb enrichment, 
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Figure 4. All Great Valley Group detrital zircon data (white circles) plotted on discrimination fields of Grimes et al. (2007).
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with ocean arcs showing the lowest U/Yb values and potassic continental 
arcs having the highest values (Barth et al., 2017; Schmitt et al., 2018). 
Ce/Yb and Gd/Yb provide measures of light and middle REE enrichment, 
respectively, relative to HREE, and they can help to monitor fractional 
crystallization processes that influence trace-element concentrations in 
zircon (Grimes et al., 2015). Zircons show large ranges in trace-element 
abundances within suites and even within single grains, but they also 
record systematic variation in the ratios of trace elements (Grimes et al., 
2007, 2015; Barth et al., 2013). Following Grimes et al. (2007, 2015) and 
Barth et al. (2013, 2018), we used U/Yb, Nd/Yb, and Sc/Yb to distinguish 
continental arc–type zircon, and U/Yb, Ce/Yb, Gd/Yb, Th/U, and Hf 
concentrations to document trends in zircon trace-element geochemistry 
and highlight differences in zircon populations.

Zircon trace-element data from in situ volcanic and plutonic rocks 
of the eastern Sierra Nevada include Triassic and Jurassic ignimbrites 
sampled from intrabatholithic pendants in the eastern high Sierra and 
coeval granodioritic to granitic components of the underlying batholith 
(Barth et al., 2012, 2018), as well as latest Jurassic to earliest Cretaceous 
granite and gabbro from the Kern Plateau. Zircon trace-element data from 
the western Sierra Nevada include Early Cretaceous gabbro and granitoid 
samples from the western Stokes Mountain region. We acknowledge that 
these published and new zircon trace-element data from Sierran volcanic 
and plutonic rocks provide only a limited record of arc magmatism, but 
they serve here as a basis for comparison with the detrital zircon record 
preserved in forearc and retroarc systems. A wider sampling of the arc 
and forearc to develop a more comprehensive zircon trace-element data 
set will permit further testing of ideas we present here.

Middle and Late Jurassic zircon (180–156 Ma age group) are generally 
distinct from older (Triassic and Early Jurassic, 250–180 Ma) and younger 
(latest Jurassic to Cretaceous zircon, 156–140 Ma and 140–95 Ma) groups 
and are slightly more diverse in character than Triassic and Early Juras-
sic zircon (250–180 Ma group; Fig. 7; Data Repository Fig. DR1). The 
range of Hf concentrations in Sierran zircon remained relatively con-
sistent throughout Mesozoic magmatism (Fig. 7C), suggesting minimal 
differences in the extent of fractionation across the four age groups; thus, 
the compositional differences documented here occurred in comparably 
fractionated intermediate to silicic melts. Based on zircon trace-element 
geochemistry of eastern Sierran ignimbrites and associated plutonic rocks, 
Barth et al. (2018) concluded that either silicic magma sources and/or 
fractionation processes changed systematically from Triassic and Early 
Jurassic time to Middle and Late Jurassic time in the eastern Sierra. These 
changes resulted in relatively high U/Yb values in Triassic and Early 
Jurassic zircon (250–180 Ma), lower U/Yb values in Middle and Late 
Jurassic (180–156 Ma) zircon, a return to higher U/Yb values in latest 
Jurassic to earliest Cretaceous (156–140 Ma) zircon, and significantly 
higher U/Yb values in Cretaceous (140–95 Ma) zircon from the western 
Sierra (Fig. 7A). Triassic and Early Jurassic (250–180 Ma) zircon grains 
have distinctly lower Ce/Yb and Th/U values than Middle and Late Juras-
sic (180–156 Ma) zircon (Figs. 7A–7B). Ce/Yb and Th/U values remained 
high in latest Jurassic to earliest Cretaceous (156–140 Ma) zircon from 
the eastern Sierra, but these proxies record lower values in Cretaceous 
(140–95 Ma) zircon from the western Sierra. Marginally higher Gd/Yb 
values were found in Middle Jurassic to earliest Cretaceous zircon (180–
156 Ma and 156–140 Ma) than in Triassic and Early Jurassic or Cretaceous 
zircon (250–180 Ma and 140–95 Ma; Fig. 7B).

Great Valley Group

Overall, the 239 Great Valley Group continental-arc detrital zircon 
grains display remarkably similar values and variability in Th/U and Hf 
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concentration across all four age bins (Fig. 8; Data Repository Fig. DR2). 
Great Valley Group zircon Ce/Yb values were found to be marginally 
higher in Triassic and Early Jurassic (250–180 Ma) zircon than in younger 
zircon and showed much greater variability in Middle and Late Jurassic 
(180–156 Ma) and latest Jurassic and earliest Cretaceous (156–140 Ma) 
zircon. Middle and Late Jurassic zircon included a distinct subpopula-
tion (10 of 61 grains) of low Ce/Yb and U/Yb zircon (Fig. 8A). Gd/Yb 
remained relatively consistent through all four age groups of Great Valley 
Group zircon, with Triassic and Middle Jurassic zircon (250–180 Ma) 
showing marginally lower values than younger grains, and Middle and 
Late Jurassic and Cretaceous grains displaying the highest values of Gd/
Yb (Fig. 8B). Triassic and Jurassic zircon (250–180 Ma and 180–156 Ma) 
in the Great Valley Group showed slightly higher U/Yb values than latest 
Jurassic to Cretaceous (156–140 Ma and 140–95 Ma) zircon (Fig. 8A).

Comparison of Sierran Arc and Great Valley Group Zircon

Comparison of Great Valley Group and Sierran zircon trace-element 
bivariate plots through the four age bins revealed significant differences 
between the geochemical signatures of arc zircon and coeval forearc zir-
con (Fig. 9). Triassic and Early Jurassic zircon (250–180 Ma) displayed 
the most similarity between arc and forearc zircons, with nearly complete 
overlap of Th/U, Gd/Yb, and Hf concentration. U/Yb and Ce/Yb ratios 
showed significant overlap, with marginally higher U/Yb values and lower 
Ce/Yb values in arc zircon than in forearc zircon.

Middle and Late Jurassic arc and forearc zircon (180–156 Ma) showed 
similar Gd/Yb and U/Yb values and Hf concentrations, but arc zircons had 
marginally higher Th/U and distinctly higher Ce/Yb values than forearc 
zircon (Fig. 9). Ce/Yb and Gd/Yb values, as well as Hf concentrations, 
remained similar between arc and forearc zircon from latest Jurassic to 
earliest Cretaceous time (156–140 Ma), but values of U/Yb were distinctly 
higher in arc than forearc zircon during this period (Fig. 9). Cretaceous 
zircon (140–95 Ma) from the western arc showed lower Ce/Yb, Gd/Yb, 
and Th/U values and higher U/Yb values than coeval forearc zircon.

Non–Continental Arc–Type Zircon

On discrimination diagrams of Grimes et al. (2015), 11 Great Valley 
Group detrital zircon grains plot in the oceanic field, and seven plot with 
ocean-island zircon (Fig. 5). Typical continental arc grains are character-
ized by higher U/Yb and Nb/Yb values than oceanic grains and higher 
Sc/Yb values than ocean-island grains (Grimes et al., 2015). All 11 “oce-
anic” grains are from only two of the seven samples: Nine “oceanic” 
grains are from the Gravelly Flat Formation, our southernmost sample 
in the San Joaquin subbasin, and the other two grains are from the Chico 
Formation in the northeastern Sacramento subbasin (Fig. 1). Seven Great 
Valley Group detrital zircon grains plot with the ocean-island–type zir-
con on discrimination diagrams of Grimes et al. (2015) and in Figure 
5 herein. These seven “ocean-island” grains are the focus of continued 
study to better understand their provenance, and they will not be consid-
ered further here.

DISCUSSION

Integrating Arc and Detrital Zircon Data Sets

The geochemical signature of magmatism recorded by forearc detrital 
zircon was remarkably consistent through time (Fig. 8), even as arc zircon 
geochemistry varied (Fig. 7) and arc magmatism apparently waxed and 
waned through magmatic pulses and relative lulls (Fig. 1). In contrast, 
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Figure 7. Density distribution plots of geochemical ratios (expressed 
in log10) in Sierran zircon for all ages. Colors represent age bins 
shown in Figure 1; shaded fields are 80%, 65%, and 50% contours 
of a three-dimensional kernel density distribution surface calculated 
from the data points, and they represent the proportion of data 
points that plot within the shading. Density plots were created with 
MATLAB using the kde2d function (a two-dimensional, bivariate 
kernel density estimator with diagonal bandwidth matrix, evaluated 
on a square grid; Botev et al., 2010). (A) Plot of log (U/Yb) vs. log 
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and Late Jurassic zircon plots within the latest Jurassic and earliest 
Cretaceous field. (C) Plot of log (Th/U) vs. Hf (ppm).

Downloaded from https://pubs.geoscienceworld.org/gsa/lithosphere/article-pdf/11/5/603/4830170/603.pdf
by guest
on 21 July 2020

http://www.geosociety.org
https://pubs.geoscienceworld.org/lithosphere
http://www.gsapubs.org


Geological Society of America  |  LITHOSPHERE  |  Volume 11  |  Number 5  |  www.gsapubs.org� 611

SURPLESS ET AL.  |  View from the forearc	 RESEARCH

temporal geochemical changes documented in detrital zircon from the 
retroarc region (McCoy Mountains Formation; Barth et al., 2013) do 
track with geochemical variations recorded by Triassic through Jurassic 
zircon from the eastern Sierran arc (Fig. 10). Differences between arc and 
retroarc Cretaceous zircon are likely attributable to the western position 
of most of our Cretaceous arc zircon. The relatively restricted McCoy 
Mountains Formation may track only the eastern arc, but the much larger 
forearc basin may contain a spatially averaged, and therefore more consis-
tent, record of arc magmatism. Thus, forearc detrital zircon geochemistry 
reveals information different from that gleaned from the arc itself. Taken 
together, these results suggest spatial differences across the arc through 
time, and they highlight the importance of integrating multiple proxies 
to fully document arc magmatism.

The Great Valley Group and Sierran arc zircon trace-element signatures 
are most similar in the Triassic and Early Jurassic age group (250–180 
Ma), even though all arc zircon within this age group are from the eastern 
side of the arc; both data sets record similar Hf concentrations and Th/U, 
although Ce/Yb ranges higher and U/Yb ranges lower in Great Valley 
Group zircon (Fig. 9). The Triassic and Early Jurassic arc zircon also show 
the tightest clustering of zircon trace-element compositions across all 
five parameters, suggesting a compositionally uniform magmatic source. 
Klemetti et al. (2014) concluded that similarly restricted zircon trace-
element compositions, coupled with lower Th concentrations and δ18O 
values, measured in Early Jurassic rhyolite in the Mineral King pendant 
indicated little involvement of continental crust or magmatic precursors. 
The retroarc data overlap with the Great Valley Group data in all three 
geochemical plots, including Ce/Yb and U/Yb values, but extend to higher 
Th/U values (Fig. 10). Greater zircon compositional variability and higher 
Th/U values in retroarc detrital zircon suggest greater influence of conti-
nentally derived melt than indicated by the arc zircon. Thus, differences 
between arc and detrital zircon geochemistry in early Mesozoic time may 
largely reflect variability in the involvement of North American cratonal 
crust and/or enriched lithospheric mantle within a developing continent-
fringing magmatic arc (e.g., Barth et al., 2011). These results are consis-
tent with the locus of the initial arc plutonism in a relatively narrow belt 
extending from the southern Sierra Nevada batholith northwest through 
the Mojave plateau region (Barth and Wooden, 2006). The similarity in 
forearc and retroarc zircon geochemistry during this time period suggests 
that the forearc and retroarc detrital zircon grains form a well-integrated 
geochemical record of Triassic and Early Jurassic magmatism, which is 
broadly consistent with zircon results from the eastern Sierran arc.

In contrast to the Triassic and Early Jurassic record, Middle and Late 
Jurassic (180–156 Ma) magmatism is characterized by two distinct geo-
chemical suites of zircon: Retroarc detrital zircon was derived from a high 
Ce/Yb and Th/U eastern arc like that characterized by eastern Sierran arc 
zircon, and forearc detrital zircon was derived from a western arc with 
lower Ce/Yb and Th/U values (Fig. 10). The eastern Sierran arc zircon and 
the retroarc detrital zircon overlap in all three bivariate plots for Middle 
and Late Jurassic zircon (180–156 Ma); in contrast, the Middle and Late 
Jurassic forearc record reflects greater variability in zircon composition, 
and it is similar to the Triassic and Early Jurassic forearc record, with the 
exception of a subpopulation of 10 low Ce/Yb and U/Yb detrital zircon 
grains (Figs. 8 and 10). Although these 10 grains plot with “continental 
arc” zircon on discrimination diagrams of Grimes et al. (2015), shown 
in Figure 5, they share low U/Yb, Ce/Yb, Sc/Yb, and Nb/Yb values with 
the 11 detrital zircon grains that plot in the “oceanic” field (Figs. 11A 
and 11B), suggesting that this subpopulation may share ophiolitic sources 
with the 11 grains interpreted as “oceanic” in origin. Even excluding this 
Middle Jurassic subpopulation, the remaining “continental arc” detrital 
zircon data suggest development of clear differences in Middle and Late 

log (U/Yb)

lo
g 

(C
e/

Y
b)

log (Gd/Yb)

lo
g 

(T
h/

U
)

log (Th/U)

H
f p

pm
 (x

 1
00

0)

-1 -0.5 0 0.5

6

18

14

10

-2.5 -2 -1.5 -1 -0.5
-1

-0.5

0

0.5

-2.5

-2

-1.5

-1

-0.5

0

-1.5 -1 -0.5 1.50.5 10

Early and mid-Cretaceous ( 140-95 Ma; n = 59)

latest Jurassic and earliest Cretaceous (156-140 Ma; n = 92)

Middle and Late Jurassic (180-156 Ma; n = 61)

Triassic and Early Jurassic (150-180 Ma; n = 27)

B

C

A

Figure 8. Density distribution plots of key geochemical ratios 
(expressed in log10) in Great Valley Group zircon for all ages. Colors 
represent age bins shown in Figure 1; shaded fields are 80%, 65%, 
and 50% contours of a three-dimensional kernel density distribu-
tion surface calculated from the data points, and they represent 
the proportion of data points that plot within the shading. Den-
sity plots were created with MATLAB using the kde2d function (a 
two-dimensional, bivariate kernel density estimator with diagonal 
bandwidth matrix, evaluated on a square grid; Botev et al., 2010). 
(A) Plot of log (U/Yb) vs. log (Ce/Yb). (B) Plot of log (Gd/Yb) vs. log 
(Th/U). (C) Plot of log (Th/U) vs. Hf (ppm).

Downloaded from https://pubs.geoscienceworld.org/gsa/lithosphere/article-pdf/11/5/603/4830170/603.pdf
by guest
on 21 July 2020

http://www.geosociety.org
https://pubs.geoscienceworld.org/lithosphere
http://www.gsapubs.org


Geological Society of America  |  LITHOSPHERE  |  Volume 11  |  Number 5  |  www.gsapubs.org� 612

SURPLESS ET AL.  |  View from the forearc	 RESEARCH

Triassic and Early Jurassic (250-180 Ma)

Middle and Late Jurassic (180-156 Ma)

Latest Jurassic and earliest Cretaceous (156-140 Ma)

Cretaceous (140-95 Ma)

-2.5

-2

-1.5

-1

-0.5

0

log (U/Yb)

lo
g 

(C
e/

Y
b)

-2.5 -2 -1.5 -1 -0.5

log (Gd/Yb)

lo
g 

(T
h/

U
)

log (Th/U)

H
f p

pm
 (x

 1
00

0)

6

18

14

10

-1.5 -1 -0.5 1.50.5 10
-1

-0.5

0

0.5

-1 -0.5 0 0.5

-2.5

-2

-1.5

-1

-0.5

0

log (U/Yb)

lo
g 

(C
e/

Y
b)

-2.5 -2 -1.5 -1 -0.5

log (Gd/Yb)

lo
g 

(T
h/

U
)

log (Th/U)

H
f p

pm
 (x

 1
00

0)

6

18

14

10

-1.5 -1 -0.5 1.50.5 10
-1

-0.5

0

0.5

-1 -0.5 0 0.5

-2.5

-2

-1.5

-1

-0.5

0

log (U/Yb)

lo
g 

(C
e/

Y
b)

-2.5 -2 -1.5 -1 -0.5

log (Gd/Yb)

lo
g 

(T
h/

U
)

log (Th/U)

H
f p

pm
 (x

 1
00

0)

6

18

14

10

-1.5 -1 -0.5 1.50.5 10
-1

-0.5

0

0.5

-1 -0.5 0 0.5

-2.5

-2

-1.5

-1

-0.5

0

log (U/Yb)

lo
g 

(C
e/

Y
b)

-2.5 -2 -1.5 -1 -0.5

log (Gd/Yb)

lo
g 

(T
h/

U
)

log (Th/U)

H
f p

pm
 (x

 1
00

0)

6

18

14

10

-1.5 -1 -0.5 1.50.5 10
-1

-0.5

0

0.5

-1 -0.5 0 0.5

Sierran zircon GVG detrital zircon

Figure 9. Comparison of Sierran arc (red) and Great Valley Group (GVG; blue) density distributions by age bin. Shading represents 80% 
(lightest), 65%, and 50% (darkest) of the data that fall within the contours.

Downloaded from https://pubs.geoscienceworld.org/gsa/lithosphere/article-pdf/11/5/603/4830170/603.pdf
by guest
on 21 July 2020

http://www.geosociety.org
https://pubs.geoscienceworld.org/lithosphere
http://www.gsapubs.org


Geological Society of America  |  LITHOSPHERE  |  Volume 11  |  Number 5  |  www.gsapubs.org� 613

SURPLESS ET AL.  |  View from the forearc	 RESEARCH

Triassic and Early Jurassic (250-180 Ma)

Middle and Late Jurassic (180-156 Ma)

Latest Jurassic and earliest Cretaceous (156-140 Ma)

Cretaceous (140-95 Ma)

-2.5

-2

-1.5

-1

-0.5

0

log (U/Yb)

lo
g 

(C
e/

Y
b)

-2.5 -2 -1.5 -1 -0.5

log (Gd/Yb)

lo
g 

(T
h/

U
)

log (Th/U)

H
f p

pm
 (x

 1
00

0)

6

18

14

10

-1.5 -1 -0.5 1.50.5 10
-1

-0.5

0

0.5

-1 -0.5 0 0.5

-2.5

-2

-1.5

-1

-0.5

0

log (U/Yb)

lo
g 

(C
e/

Y
b)

-2.5 -2 -1.5 -1 -0.5

log (Gd/Yb)

lo
g 

(T
h/

U
)

log (Th/U)

H
f p

pm
 (x

 1
00

0)

6

18

14

10

-1.5 -1 -0.5 1.50.5 10
-1

-0.5

0

0.5

-1 -0.5 0 0.5

-2.5

-2

-1.5

-1

-0.5

0

log (U/Yb)

lo
g 

(C
e/

Y
b)

-2.5 -2 -1.5 -1 -0.5

log (Gd/Yb)

lo
g 

(T
h/

U
)

log (Th/U)

H
f p

pm
 (x

 1
00

0)

6

18

14

10

-1.5 -1 -0.5 1.50.5 10
-1

-0.5

0

0.5

-1 -0.5 0 0.5

-2.5

-2

-1.5

-1

-0.5

0

log (U/Yb)

lo
g 

(C
e/

Y
b)

-2.5 -2 -1.5 -1 -0.5

log (Gd/Yb)

lo
g 

(T
h/

U
)

log (Th/U)

H
f p

pm
 (x

 1
00

0)

6

18

14

10

-1.5 -1 -0.5 1.50.5 10
-1

-0.5

0

0.5

-1 -0.5 0 0.5

Sierran zircon GVG detrital zircon McCoy Mountains Formation
detrital zircon
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age bin. Shading represents 80% (lightest), 65%, and 50% (darkest) of the data that fall within the contours.
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Jurassic magmatism across the Sierran arc. These differences in arc zircon 
geochemistry likely resulted from arc magmatism spanning a fundamental 
lithospheric boundary that resulted in greater involvement in magmatism 
of continental lithosphere in the eastern arc than in the western arc.

The detrital zircon record may be a more robust indicator of overall 
arc character than the available arc zircon record for latest Jurassic to 
earliest Cretaceous time (156–140 Ma), given the much greater propor-
tion of the detrital record than the arc record (Fig. 1); latest Jurassic to 
earliest Cretaceous zircon grains are abundant in both the forearc (92 
of 250 grains; 37%) and retroarc (46 of 167 grains; 28%) data sets, but 
they are not well represented in the eastern arc data set (29 of 449 grains; 
6%). In addition to the forearc detrital record of earliest Cretaceous arc 
magmatism, 140–130 Ma plutons documented in the northwestern Sierra 
Foothills (Saleeby et al., 1989; Day and Bickford, 2004), eastern Great 
Valley subsurface (May and Hewitt, 1948; Saleeby, 2007), and the San 
Emigdio–Tehachapi Ranges (Chapman et al., 2012) suggest that Middle–
Late Jurassic high-flux magmatism continued into Early Cretaceous time. 
The latest Jurassic to earliest Cretaceous Great Valley Group detrital zir-
cons crystallized from a less-fractionated melt and lack the elevated Ce/
Yb values that characterize the eastern arc zircon (Fig. 10). The eastern 
arc and retroarc zircon grains record higher Th/U and Ce/Yb values than 
the forearc zircon grains, but the eastern arc zircon grains also have higher 

U/Yb values than the retroarc and forearc detrital zircon grains, recording 
U/Yb values similar to the Triassic eastern arc zircon (Fig. 10). The dif-
ferences between forearc and retroarc detrital zircon geochemistry that 
persisted into earliest Cretaceous time likely indicate continued spatial 
differences across the arc. Elevated U/Yb values in the limited eastern 
arc data set may not be representative of the full eastern arc.

The abundance of Cretaceous detrital zircon (140–95 Ma) in the 
forearc chronicles a period of Early Cretaceous arc magmatism (ca. 
120 Ma) that is not well represented in the exposed Sierran arc (Fig. 1). 
Unlike the Triassic through earliest Cretaceous eastern Sierran arc data, 
our Cretaceous Sierran arc data set comes from the western margin of 
the exposed arc (Stokes Mountain region; Fig. 2A). These western Sier-
ran arc zircon grains are characterized by lower Th/U and Gd/Yb values 
and wide ranging, higher U/Yb values as compared to the forearc detrital 
zircon from the same age group (Fig. 9). Clearly, arc zircon grains from 
the relatively mafic Stokes Mountain region, which may comprise the 
southernmost Early Cretaceous arc (Clemens-Knott and Saleeby, 2013), 
do not fully characterize the western Early Cretaceous arc. Early Creta-
ceous retroarc data show some overlap with coeval forearc data, but they 
have the highest Th/U and Ce/Yb values of the three regions for this age 
group (Fig. 10). These data suggest that spatial differences in the arc per-
sisted through at least mid-Cretaceous time, and that the forearc detrital 
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zircon characterizes western arc magmatism, whereas retroarc arc detrital 
zircon characterizes eastern arc magmatism.

The comparison of arc, forearc, and retroarc zircon geochemistry 
revealed the presence of geochemically distinct arc magmatism in close 
proximity through much of Jurassic and Cretaceous time (Fig. 10). Forearc 
and retroarc detrital zircon grains had different provenance beginning 
in Middle Jurassic time, with retroarc detrital zircon provenance in the 
eastern Sierran arc, and forearc detrital zircon provenance in the western 
arc. These differences in zircon geochemistry persisted through mid-Cre-
taceous time, suggesting the strong influence of an intra-arc lithospheric 
boundary on arc magmatism (e.g., Kistler and Peterman, 1973; DePaolo, 
1981). The Jurassic arc has been characterized as a low-relief, extensional 
system (e.g., Saleeby and Busby-Spera, 1992; Busby, 2012; Memeti et al., 
2010), with Late Jurassic–earliest Cretaceous intra-arc shortening (Dunne 
and Walker, 1993, 2004; Barth et al., 2017, 2018) possibly resulting in 
regional topography within the arc. Our zircon data suggest that there 
was enough breadth and topography within the Middle Jurassic to Early 
Cretaceous arc to form a drainage divide, similar to that postulated for the 
Late Cretaceous arc (DeGraaff-Surpless et al., 2002; Sharman et al., 2015), 
such that the forearc basin received detritus derived from the western arc, 
while the retroarc basin received eastern arc detritus.

Interpretation of Non–Continental Arc Zircon in the Great Valley 
Group

Eleven Great Valley Group detrital zircon grains plot in the “oceanic” 
field on all three discrimination diagrams of Grimes et al. (2015), and 
therefore they were not considered further in comparisons of forearc and 
arc zircon (Fig. 5). Nine of these “oceanic” detrital zircon grains were 
from the Gravelly Flat Formation, our southernmost sample in the San 
Joaquin subbasin, and eight of these nine grains formed a coherent age 
of 163 ± 2 Ma (Fig. 11C). The remaining two “oceanic” grains were 
from the Chico Formation sample, and their ages were found to be 159 
± 3 and 162 ± 5 Ma. All of these detrital zircon ages overlap with ages of 
ophiolites mapped in the Klamath Mountains (e.g., Josephine ophiolite, ca. 
164–162 Ma; Wright and Wyld, 1986; Harper et al., 1994), the northern 
Coast Ranges (e.g., the 168–161 Ma Elder Creek and Stonyford Coast 
Range ophiolite remnants; Shervais et al., 2005; Hopson et al., 2008), the 
western metamorphic belt of the Sierra Nevada (e.g., Smartville com-
plex, ca. 162–155 Ma; Edelman et al., 1989; Edelman and Sharp, 1989; 
Saleeby et al., 1989; Day and Bickford, 2004), and southern remnants of 
the Coast Range ophiolite (Del Puerto Coast Range ophiolite remnant, 
161 ± 0.4 Ma, and Llanada remnant, 162 ± 0.4 Ma; Hopson et al., 2008).

In addition to these “oceanic” grains, we identified a subpopulation of 
10 Middle to Late Jurassic detrital zircon grains in the Great Valley Group 
that have low U/Yb, Ce/Yb, Sc/Yb, and Nb/Yb values relative to the rest 
of the Great Valley Group detrital zircon (Figs. 11A–11B). These grains 
do not consistently plot within the “oceanic” zircon fields of Grimes et 
al. (2015) due to marginally higher U/Yb values, and therefore we plot-
ted these grains with the “continental arc”–derived Great Valley Group 
detrital zircon data (Fig. 8). However, a comparison of average values for 
the four key ratios that discriminate continental-arc, ocean-island, and 
oceanic-type zircon revealed that these 10 grains form a subpopulation 
distinct from the continental-arc detrital zircon and very similar to the 
detrital zircon identified as “oceanic.” Moreover, the 9 “oceanic” detrital 
zircon grains and the subpopulation of 10 detrital zircon grains identified 
in the Middle and Late Jurassic age bin are similar to published zircon 
geochemical values from zircon derived from the Coast Range ophiolite 
presently exposed in the Piedras Blancas block on sea cliffs north of San 
Luis Obispo (Colgan and Stanley, 2016; Figs. 11A–11B). As with the 

nine “oceanic” grains, these 10 detrital zircon grains were from the Chico 
Formation sample (4 grains) and the Gravelly Flat Formation samples 
(6 grains). Moreover, the ages of these grains overlap with the ages of 
the 11 identified “oceanic” grains. Taken together, 14 of the 15 grains 
from the Gravelly Flat Formation form a coherent age of 162.9 ± 2.6 Ma 
(Fig. 11D), and the six detrital zircon grains from the Chico Formation 
form a coherent age of 158.4 ± 3.1 Ma (Fig. 11E).

Based on their geochemistry and age, we suggest that the Middle and 
Late Jurassic subpopulation of detrital zircon does not represent continen-
tal arc zircon but instead was derived from an intra-oceanic terrane (e.g., 
island arc, intra-arc ophiolite, or suprasubduction zone ophiolite). The 
Chico Formation sample was collected in the northeastern Sacramento 
Valley, proximal to early Mesozoic island-arc terranes in the western meta-
morphic belt of the Sierra Nevada (Fig. 2A). In particular, the similarity in 
ages between the six non–continental arc Chico Formation detrital zircon 
(158.4 ± 3 Ma) and the Smartville Complex rifted oceanic arc (159 ± 3 Ma; 
Day and Bickford, 2004) is consistent with sources of Chico Formation 
detrital zircon within the western metamorphic belt of the Sierra Nevada.

Significantly, we did not find any “oceanic” detrital zircon in the 
western Sacramento Valley subbasin, although those samples would have 
been most proximal to the Klamath and northern Coast Ranges ophiolites. 
Instead, the majority of “oceanic” detrital zircon grains (15 of 21, includ-
ing the Middle Jurassic subpopulation of detrital zircon) come from our 
southernmost San Joaquin subbasin sample of the Gravelly Flat Formation. 
Although “oceanic” detrital zircon would have been diluted by much more 
abundant “continental arc” zircon in the forearc setting, we suggest that 
the absence of at least a few “oceanic” grains in the western Sacramento 
Valley samples, combined with their presence in the southern Gravelly 
Flat sample, indicates that the “oceanic” detrital zircon at Gravelly Flat 
was derived from a proximal source within the southern Coast Range 
ophiolite. Two potential proximal ophiolitic sources for Gravelly Flat 

“oceanic” zircon include the 161 ± 0.4 Ma Del Puerto Coast Range ophio-
lite remnant (Hopson et al., 2008) and the 162 ± 0.4 Ma Llanada remnant 
(Hopson et al., 2008), just north and west of Gravelly Flat, respectively.

If the local Del Puerto or Llanada ophiolite remnants were the source 
of the ca. 163 Ma “oceanic” grains in the Gravelly Flat sample, the Coast 
Range ophiolite outer ridge must have been uplifted enough by mid-
Cretaceous time to shed sediment into the ca. 100 Ma Gravelly Flat Forma
tion. Dumitru et al. (2010) documented a shift from nonaccretionary to 
accretionary regimes in the Franciscan accretionary complex at ca. 123 Ma, 
and Wakabayashi (2015) described accelerated accretion and development 
of imbricate thrust stacks in the accretionary prism that resulted in uplift 
and exhumation of basement rocks beginning ca. 120 Ma. Rapid accretion 
and underthrusting in the accretionary prism could have formed enough 
topography in an outer-arc ridge for potential submarine mass wasting 
and exposure of basement Coast Range ophiolite by mid-Cretaceous time. 
Greene and Surpless (2017) proposed a similar mechanism to explain the 
presence of outsize ophiolitic blocks in the Cenomanian Panoche Forma-
tion, north of Gravelly Flat within the San Joaquin subbasin. Additional 
data are needed to better establish the provenance of the “oceanic” detrital 
zircon grains in the Great Valley Group, but their presence requires that 
their ophiolitic source rocks formed at the same time (ca. 164–158 Ma) as 
the Middle to Late Jurassic magmatism in the eastern Sierran arc.

Implications for Understanding Arc Magmatism and Tectonics

Pulses of magmatism during Triassic, Middle Jurassic, and mid-Cre-
taceous time are well documented within the Sierra Nevada arc (Fig. 1; 
e.g., Barth et al., 2013; Paterson and Ducea, 2015). Although the detrital 
record is broadly consistent with this history of magmatic flux (Barth et 
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al., 2013), it includes important differences. For example, the Triassic 
magmatic pulse at ca. 225 ± 12 Ma is well represented in the overall arc 
record (Fig. 1; Paterson and Ducea, 2015; Saleeby and Dunne, 2015), 
the eastern Sierran arc (229 of 449 zircon [51%] in this study; Fig. 7), 
and the retroarc (Barth et al., 2013), but it is nearly absent from the 
forearc (Fig. 1; 27 of 250 zircon [11%] in this study; Fig. 8). Similarly, 
the Middle Jurassic pulse (ca. 161 ± 14 Ma; Paterson and Ducea, 2015) 
is well documented in the arc and retroarc but is relatively diminished 
in the forearc, while the forearc data extend the duration of this second 
magmatic pulse well into Early Cretaceous time, with a peak age of ca. 
146 Ma (Fig. 1). Moreover, the forearc data document an Early Creta-
ceous arc (ca. 120 Ma) that is poorly represented in the retroarc (Barth 
et al., 2013) and arc (Paterson and Ducea, 2015) records. U-Pb age data 
from the northern Sierra Nevada suggest a longer-lived Cretaceous flare-
up event in the northern reaches of the batholith, with abundant Early to 
mid-Cretaceous zircon (Cecil et al., 2012). U-Pb age data from Sierra 
Nevada lithologies found in basement cores from the eastern Great Val-
ley Group reveal extensive Early Cretaceous magmatism (140–115 Ma; 
Saleeby, 2007; Saleeby and Dunne, 2015), which also crops out within 
and south of the western metamorphic belt (Clemens-Knott and Saleeby, 
1999; Irwin and Wooden, 2001, and references therein; Saleeby, 2011; 
Lackey et al., 2012). Early Cretaceous (ca. 136–134 Ma) rhyolites within 
the Mineral King pendant in the southern Sierra Nevada suggest that 
voluminous rhyolitic volcanism occurred during this purported magmatic 
lull (Klemetti et al., 2014), and coeval basaltic to dacitic volcanic rocks 
are sandwiched within the ca. 140–135 Ma Goldstein Peak Formation 
(Clemens-Knott et al., 2013; Martin and Clemens-Knott, 2015). Together 
with the forearc data, these results are consistent with the proposal that 
the Early Cretaceous “lull” in Sierran magmatism may be an artifact of 
preservation and exposure, rather than a true reduction in magmatism to 
background flux levels (Clemens-Knott and Saleeby, 2013).

Barth et al. (2013) suggested that differences in the history of Sierran 
magmatic flux captured by the detrital record reflect asymmetric, migra-
tory arc magmatism. Indeed, well-documented Triassic magmatism in the 
eastern Sierran arc (Barth et al., 2012, 2018) may have formed near the 
locus of continental magmatism within the arc, such that its preservation 
in the detrital record is largely limited to the retroarc region. Margin-
ally higher Th/U values in retroarc detrital zircon hint at even greater 
involvement of continental crust, in contrast to lower Th/U values of Early 
Jurassic zircon in rhyolite within the Mineral King Pendant, which were 
interpreted to represent part of an extensive accreted island-arc volcanic 
system (Klemetti et al., 2014).

Westward migration of magmatism during Jurassic through Early Cre-
taceous time could have led to the differences in the abundance of Middle 
Jurassic through earliest Cretaceous zircon across the arc, with arc and 
retroarc zircon recording the Middle Jurassic magmatic pulse at ca. 161 
Ma, while forearc zircon recorded younger, more westerly magmatism 
that peaked at ca. 146 Ma. However, Middle to Late Jurassic magmatism 
documented across the full width of the arc (Saleeby and Dunne, 2015) 
and abundant Middle and Late Jurassic zircon (i.e., 180–156 Ma) in the 
eastern arc and retroarc with distinctly different geochemistry than the 
forearc zircon (Fig. 10) suggest a broad swath of magmatism active across 
the full width of the arc, rather than any systematic westward migration 
of magmatism during Jurassic time. Alternatively, magmatism may have 
developed in two separate, adjacent arcs during Early and Middle Jurassic 
time, with a continental margin arc and fringing island arcs sutured by 
latest Jurassic time (e.g., Schweickert and Cowan, 1975; Ingersoll, 2000, 
2008; Klemetti et al., 2014; Schweickert, 2015).

Our zircon geochemical data cannot distinguish between these tectonic 
models, but regardless of the exact tectonic reconstruction, the abundance 

of Middle and Late Jurassic zircon in the forearc expands the evidence 
for continued, ongoing magmatism in the Sierran arc(s) during develop-
ment of the Coast Range ophiolite from as early as 174 Ma (Shervais et 
al., 2005) to as late as 156 Ma (Hopson et al., 1981). Further expansion 
of the age and zircon trace-element character of exposed arc basement, 
coupled with well-characterized detrital zircon suites, holds the potential 
for a significantly expanded characterization of arc asymmetry and the 
tectonic evolution of the Triassic and Jurassic Sierra Nevada.

CONCLUSIONS

Great Valley Group forearc detrital zircon geochemistry, combined 
with retroarc and arc zircon geochemistry, suggests long-lived, geochemi-
cally distinct magmatism across the Sierran arc, consistent with either a 
broad arc spanning the Panthalassan–North American lithospheric suture 
or possibly two adjacent arcs active during Middle and Late Jurassic time. 
Forearc detrital zircon geochemistry remained relatively constant through 
time and distinct from retroarc and eastern arc geochemistry, implying 
provenance in the western magmatic arc and further indicating the pres-
ence of a persistent drainage divide within the Sierra Nevada throughout 
forearc deposition. The consistency in Great Valley Group detrital zircon 
geochemistry between basal and younger samples suggests that detrital 
zircon provenance remained in the western Sierran arc throughout deposi-
tion, which does not support a translational forearc model.

Furthermore, Great Valley Group detrital zircon data sets lengthen 
the duration of the Middle–Late Jurassic magmatic pulse recognized in 
arc rocks into Early Cretaceous time, and they record significant Early 
Cretaceous magmatism characteristic of the western arc that is consistent 
with the existence of an extensive Early Cretaceous arc now largely buried 
beneath eastern Great Valley Group sediments. Our detrital zircon data 
also permit recognition of nonarc zircon with “oceanic” geochemistry that 
may have been derived from ophiolitic terranes in the western Sierran 
Foothills belt as well as the Coast Range ophiolite, implying the presence 
of a significant outer arc high by mid-Cretaceous time. These “oceanic” 
detrital zircon grains form only a minor component of the total detrital 
zircon data set, and even that low relative abundance likely represents 
proximal sources; however, the presence of these grains would not be 
recognized at all on the basis of U-Pb ages alone.

Our results underscore the importance of integrating multiple proxies 
to fully document arc magmatism. The small arc database we included 
here clearly does not fully characterize the arc, just as the much larger 
zircon age database for the arc does not completely characterize the ages of 
magmatism. However, the detrital zircon results presented here represent 
an integrated average of the arc through time, and thus changes in forearc 
zircon geochemistry trends likely reflect changes within the arc that may 
in turn be related to tectonic processes. Our results suggest that the forearc 
detrital zircon data set reveals information different from that gleaned 
from the arc itself, and they demonstrate that detrital zircon geochemistry 
may help to identify and differentiate different parts of continental arc 
systems that have pronounced geochemical variation.
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