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ABSTRACT

We explore the growth of lower-continen-
tal crust by examining the root of the South-
ern California Batholith, an ~500-km-long,
paleo-arc segment of the Mesozoic Califor-
nia arc that lies between the southern Sierra
Nevada Batholith and northern Peninsu-
lar Ranges Batholith. We focus on the Cu-
camonga and San Antonio terranes located
in the eastern San Gabriel Mountains where
the deep root of the Mesozoic arc is exhumed
by the Quaternary Cucamonga thrust fault.
This lower- to mid-crustal cross section of
the arc allows us to investigate (1) the timing
and rates of Mesozoic arc construction, (2)
mechanisms of sediment incorporation into
the lower crust, and (3) the interplay between
mantle input and crustal recycling during
arc magmatic surges. We use U-Pb detri-
tal zircon geochronology of four quartzites
and one metatexite migmatite to investigate
the origin of the lower-crustal Cucamonga
metasedimentary sequence, and U-Pb zir-
con petrochronology of 26 orthogneisses to
establish the timing of arc magmatism and
granulite-facies metamorphism. We find
that the Cucamonga metasedimentary se-
quence shares broad similarities to Sur Se-
ries metasedimentary rocks in the Salinia
terrane, suggesting that both were deposited
in a late Paleozoic to early Mesozoic forearc
or intra-arc basin marginal to the Southern
California Batholith. This basin was progres-
sively underthrust beneath the arc during
the Middle Jurassic to Late Cretaceous and
was metamorphosed during two high-grade
(>750 °C), metamorphic events at ca. 124 Ma
and 89-75 Ma. These metamorphic events
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were associated with 100 m.y. of arc mag-
matism that lasted from 175 Ma to 75 Ma
and culminated in a magmatic surge from
ca. 90 Ma to 75 Ma. Field observations and
petrochronology analyses indicate that par-
tial melting of the underthrust Cucamonga
metasedimentary rocks was triggered by the
emplacement of voluminous, mid-crustal to-
nalites and granodiorites. Partial melting of
the metasedimentary rocks played a subsid-
iary role relative to mantle input in driving
the Late Cretaceous magmatic flare-up event.

INTRODUCTION

Cordilleran arcs are widely acknowledged
as primary sites on Earth for the formation of
new continental crust (Taylor and McLennan,
1985; Rudnick, 1995; Kemp et al., 2007; Ducea
et al., 2015b; Cashman et al., 2017; Collins
et al., 2020). In convergent margins, batholiths
serve as expansive zones comprising intermedi-
ate to felsic, calc-alkalic plutons that originate
above subduction zones (Hildreth and Moorbath,
1988; Petford and Gallagher, 2001; Annen et al.,
2006). The petrological exploration of the origin
and crustal architecture of Cordilleran batholiths
has posed a longstanding problem, sparking
intense debates on the rates of arc construction,
the processes governing arc magma diversifica-
tion, the mechanisms of sediment incorpora-
tion into the crust, and the interplay between
mantle input and crustal recycling in generating
arc magmas (Coleman et al., 2004; Samperton
etal.,2017; Bucholz et al., 2017; Cashman et al.,
2017; Sauer et al., 2017a; Ratschbacher et al.,
2018; Collins et al., 2020; Hanson et al., 2022).
Whereas these inquiries are pivotal for unravel-
ing the architecture and processes underlying
continental crust construction, a significant chal-
lenge in arc petrology is that we have limited
comprehension of the processes occurring in
the roots of arcs, where elevated temperatures
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resulting from advected mantle-derived heat
foster intra-crustal melting, fractionation, and
magma diversification within lower-crustal hot
zones or MASH (melting, assimilation, storage
and homogenization) zones.

A large portion of our knowledge about arc
roots is derived indirectly from the geochemistry
and petrochronology of whole rock and miner-
als in shallow- to mid-crustal rocks (Gromet and
Silver, 1987; Petford and Atherton, 1996; Ducea,
2001, 2002; Saleeby et al., 2003; Lackey et al.,
2006; Hollister and Andronicos, 2006; Ducea
and Barton, 2007; Gehrels et al., 2009; Paterson
etal., 2011; Girardi et al., 2012), xenolith studies
(Ducea and Saleeby, 1996; Ducea, 2002; Chin
et al., 2014), and experimental studies that rep-
licate processes of deep-crustal partial melting
and fractional crystallization (Rapp and Watson,
1995; Miintener et al., 2001; Alonso-Perez et al.,
2009; Getsinger et al., 2009; Ulmer et al., 2018).
Despite the pivotal role of arc roots in the con-
struction of continental crust, our understanding
is impeded by the scarcity of direct observations
of exhumed deep-crustal exposures. Occur-
rences of arc roots are exceptionally rare in
both active and ancient Cordilleran batholiths.
For instance, in the North and South American
Cordillera, exposures of Cordilleran arc rocks
from depths exceeding 25 km are confined to
a few locations, including the North Cascades
crystalline block (Miller et al., 2009), the Salin-
ian block in the Santa Lucia Mountains of cen-
tral California (Kidder et al., 2003; Ducea et al.,
2003), the Tehachapi Mountains in the southern
Sierra Nevada Batholith (Sams and Saleeby,
1988; Saleeby, 1990; Klein and Jagoutz, 2021;
Rezeau et al., 2021), the Cucamonga terrane in
the eastern San Gabriel Mountains of South-
ern California (May and Walker, 1989; Barth
and May, 1992), and the Sierra of Valle Fértil
in Argentina (Tibaldi et al., 2013; Walker et al.,
2015; Otamendi et al., 2020; Cornet et al., 2022).
These rare instances are important to advancing
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our understanding of continental-crust construc-
tion because they offer crucial insights into the
processes that govern deep arc magma construc-
tion that are otherwise inaccessible.

The importance of the lower crust in arcs is
underscored by their role in arc flare-up events or
episodic intervals of increased magma produc-
tion (Ducea et al., 2015b, 2017; DeCelles and
Graham, 2015; Schwartz et al., 2017; Decker
et al., 2017; Klein and Jagoutz, 2021; Klein
et al., 2021). These flare-up events occur at
intervals of a few tens of millions of years to
several hundreds of millions of years and can
lead to rapid addition of magma to the crust up
to thousands of kilometers along-strike (Ducea
et al., 2015a; Paterson and Ducea, 2015; Kirsch
etal., 2016; Ringwood et al., 2021). The cause of
flare-ups is among the most fundamental ques-
tions in earth science, and there is considerable
controversy about the mechanisms that drive
them, including (1) the importance of tectonic
and non-tectonic processes in the upper plate
(contractional underthrusting, crustal thicken-
ing, extension, and arc-root delamination); (2)
the geodynamics of the lower plate (slab break-
off, slab advance, and slab retreat); and (3) the
relative contribution of mantle sources versus
existing continental crustal sources (particularly
melt fertile sediments) (Ducea, 2001; Ducea and
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Barton, 2007; Paterson and Ducea, 2015; Kirsch
et al., 2016; Cope, 2017; Decker et al., 2017;
Cecil et al., 2018; Martinez Ardila et al., 2019;
Chapman and Ducea, 2019; Yang et al., 2020;
Schwartz et al., 2021; Chapman et al., 2021b;
Ringwood et al., 2021).

In this contribution, we address the thermal
and temporal evolution of Cordilleran arc crust
construction with new field and petrochrono-
logic results from a lower- to mid-crustal expo-
sure of Cretaceous continental arc crust in the
Cucamonga terrane located in Southern Califor-
nia (Fig. 1). These exposures form the Mesozoic
root of the Southern California Batholith (SCB),
an ~500-km-wide, paleo-arc segment of the
Mesozoic California arc that lies between the
southern Sierra Nevada Batholith and northern
Peninsular Ranges Batholith (Fig. 1A). Prior
studies have demonstrated that the Southern
California Batholith experienced a flare-up
event from 90 Ma to 70 Ma, yet the processes
that triggered this flare-up are unknown (Econo-
mos et al., 2021; Schwartz et al., 2023). Our new
data highlight the interplay between contraction
and intra-arc deformation, high-grade metamor-
phism, and non-steady-state arc magmatism in
the petrogenesis of lower-continental crust in the
Southern California Batholith during this criti-
cal interval. In addition, we explore the role of
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underthrusted sediments in the arc flare-up event
and we provide a petrologic and chronological
framework for understanding important tectonic
events such as the Laramide Orogeny and the
Baja—British Columbia (Baja-BC) controversy
that is postulated to have affected Southern Cali-
fornia in the Late Cretaceous (Livaccari et al.,
1981; Henderson et al., 1984; Barth and Schnei-
derman, 1996; Maxson and Tikoff, 1996; Cowan
et al., 1997; Butler et al., 2001; Liu et al., 2010;
Tikoff et al., 2023; Schwartz et al., 2023).

GEOLOGIC BACKGROUND

Framework of the Southern California
Batholith

Mesozoic Cordilleran arc magmatism in Cali-
fornia was distributed along a once contiguous
belt that spanned >2000 km and included, from
north to south, the Sierra Nevada Batholith, the
Southern California Batholith, and the Peninsu-
lar Ranges Batholith (Fig. 1A). The Southern
California Batholith is the focus of this study and
is presently disrupted by Tertiary faulting associ-
ated with development of the San Andreas trans-
form plate boundary (Powell, 1993; Dickinson,
1996). Today, the Southern California Batholith
consists of various fault-bounded structural
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I:I Late Cretaceous granitic dikes (77-74 Ma)

. Late Cretaceous tonalite and granodiorite (89-82 Ma)

I:‘ Late Cretaceous charnockite (87-78 Ma)

I:‘ Late Cretaceous Deer Diorite (83 Ma)

I:‘ Jurassic-Cretaceous granulite (175-77 Ma)
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Figure 1. (A) Inset shows the location of the Cucamonga terrane in Southern California. The location of the Salina block is also indicated
and has been displaced from Southern California by Tertiary dextral faulting. SCB—Southern California Batholith; SNB—Sierra Nevada
Batholith; PRB—Peninsula Ranges Batholith; SAf—San Andreas fault; GfF—Garlock fault. (B) Simplified geologic map of the eastern San
Gabriel Mountains showing the Cucamonga and San Antonio terranes. Diagonal lined pattern denotes the location of the Cucamonga and
Black Belt shear zones. Boxes show the locations of two detailed studies in Cucamonga and Deer Canyons (Figs. 2A and 2B).
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blocks that include the Salinia block, the Trans-
verse Ranges, and the western Mojave province
(Fig. 1A).

The Southern California Batholith is distin-
guished from other parts of the California Cor-
dilleran arc by the presence of extensive Protero-
zoic basement gneisses that have U-Pb zircon
ages that range from 1950 Ma to 660 Ma (Barth
etal., 1997, 2001, 2008, 2009, 2016, 2017; Barth
and Wooden, 2006; Needy et al., 2009; Nourse
et al., 2020; Economos et al., 2021; Schwartz
et al., 2023). Pre-batholithic basement rocks
were intruded by calc-alkaline diorites, tonalites,
granodiorites, and granites during three phases
of arc magmatism at 260-210 Ma, 160-140 Ma,
and 90-70 Ma. These Phanerozoic magmatic
events culminated in a Late Cretaceous arc
“flare-up” event, which peaked at 85-75 Ma and
was associated with widespread, voluminous
plutonism throughout the Southern California
Batholith (Economos et al., 2021; Schwartz
et al., 2023). This event occurred slightly later
than similar magnitude flare-up events in the
Sierra Nevada Batholith at ca. 98 Ma and in
the Peninsular Ranges Batholith at ca. 93 Ma
(Ducea et al., 2015a; Paterson and Ducea, 2015;
Paterson et al., 2017).

In the Mojave region, Cretaceous magma-
tism consisted of peraluminous granitic rocks
emplaced at middle crustal conditions from ca.
90 Ma to 73 Ma (Miller and Bradfish, 1980;
Miller and Barton, 1990; Foster et al., 1992;
Miller et al., 1996; Barth et al., 2008; Chapman
et al., 2017, 2018, 2021a). Radiogenic isotopic
studies of bulk rocks and zircons from these
plutons demonstrate that they were sourced in
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part from Precambrian continental basement
with contributions from juvenile mantle sources
(Farmer and DePaolo, 1983; Miller and Barton,
1990; Patifio Douce et al., 1990; Wright and
Wooden, 1991; Patifio Douce, 1999; Kapp et al.,
2002; Barth et al., 2016; Chapman et al., 2018).
In the Transverse Ranges, Late Cretaceous
magmatism was widespread and voluminous.
U-Pb zircon dating of shallow to mid-crustal
Late Cretaceous plutons give 88—70 Ma ages,
and some were emplaced at deeper levels in the
Cucamonga terrane (Fig. 1; Barth, 1990; Barth
and May, 1992; Barth et al., 2008, 2016; Needy
et al., 2009). Geochemically, Late Cretaceous
plutons are generally magnesian, metaluminous
to weakly peraluminous, and calc-alkalic with
strong crustal affinities that reflect assimila-
tion of juvenile magmas with Proterozoic crust
(Barth et al., 2008, 2016).

The Lower Crust of the Southern
California Batholith

The lower crust of the Southern California
Batholith is preserved in two locations: the
Salinian block in the Santa Lucia Mountains
of central California coast and the eastern San
Gabriel Range Front Range of Southern Califor-
nia (Fig. 1B). These exposures offer rare insights
into the composition and structure of the deep
crust of the arc and present the opportunity to
better understand the tempo of magmatism,
melt sources, and the thermal conditions of the
arc. In the Salinian block, arc magmatic activity
occurred from 93 Ma to 81 Ma and involved the
emplacement of meta-igneous rocks, including
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tonalites, diorites, and gabbros, into a metasedi-
mentary sequence termed the Sur Series (Barth
et al., 2003; Kidder et al., 2003; Barbeau et al.,
2005). All of these rocks were deformed and
metamorphosed at upper amphibolite- to gran-
ulite-facies conditions of 7.5 kbar and 800 °C
(Kidder et al., 2003). Garnet Sm-Nd dating and
microstructural analysis indicates that metamor-
phism occurred at ca. 75 Ma and overlapped
with ductile deformation that is bracketed
between 93 Ma and 76 Ma. These rocks were
exhumed to the surface by ca. 68 Ma based on
the presence of Maastrichtian sediments uncon-
formably overlying the Salinian basement rocks
(Saul, 1986; Seiders, 1986; Sliter, 1986).

In the eastern San Gabriel Mountains, lower-
crustal rocks crop out in a belt 2-3 km wide and
20 km long (Figs. 1 and 2). Collectively, the rocks
are referred to as the “Cucamonga terrane.” They
consist of heterogeneously distributed mafic and
felsic granulite gneisses and amphibolite, inter-
layered with quartzofeldspathic gneisses and
minor marble and calc-silicate rocks (Figs. 3A—
3J; Hsu, 1955; May and Walker, 1989; Barth and
May, 1992; Barth et al., 1992). These rocks con-
tain a central core of well-preserved granulites,
which is bounded to the north and south by two
upper amphibolite-facies shear zones (Fig. 1;
Alf, 1948). Alf (1948) mapped these rocks as the
“pyroxene dioritic gneiss” unit and Hsu (1955)
termed them the “Aurela Ridge group.” In Hsu’s
(1955) detailed classification, he recognized
four rock types in the Cucamonga granulites,
including quartz-plagioclase granulites (which
also include charnockites), pyroxene-plagioclase
granulites, sillimanite-garnet granulites, and mar-

34°11'N—
Cucamonga
terrane 370 2550

,,,,,,,,,,

34°10'N

Tonalite of San Sevaine Lookout

4

E

Figure 2. Simplified geologic

Cucamonga |
Canyon

|
0 km 1.0

[—34912'N

maps of Cucamonga Canyon
(A) and Deer Canyon (B). Loca-
tions of sample sites are shown
with white circles. The Deer
Diorite is not shown because

F.\ o) 27 we interpret it as a minor sub-

O 033 phase of the Tonalite of San
59 17 Cucamonga )

O57  Cucamonga granulite > terrane Sevaine Lookout. Sample loca-

tions correspond to last digit(s)
of samples described in the text
(e.g., 21CMXX for Cucamonga
Canyon and 22DCXX for Deer
Canyon).

- 34°11'N

Geological Society of America Bulletin



Schwartz et al.

Dbiotite gneiss
1118.7 + 2.1 Ma (protolith)
 76.2+1.4Ma (met. rims)

w5 v
gnt granulite gneiss

197.9 + 1.8 Ma (protolith % 6

175.5 + 1.7 Ma (met. rims 6.6 + 0.9 Ma (met. rims): g i 77.1 + 1.9Ma-(me_t. rims) |

Figure 3. Representative field
photographs for the lower crust
in the Cucamonga terrane (A-J)
and base of the middle crust in
the San Antonio terrane (K-P).
Zircon ages and 2¢ uncertain-
ties are indicated. (A) Foliated
(S,;) metasedimentary sequence
consisting of quartzite, quartzo-
feldspathic gneiss, schist, and
marble; (B) tightly folded (F,)
S, foliation planes in mafic or-
thogneiss and paragneiss en-
veloped by an S, foliation; (C)
foliated (S,) migmatitic parag-
neiss interlayered with mafic
granulite (black) metatexite
and charnockite (leucocratic
layer); (D) stromatic metatexite
with folded granitic leucosomes;
(E) granulite-facies mafic or-
thogneiss with diffuse leuco-
somes grading into metatexite;
(F) metatexite with remnant
metasedimentary layers and
leucosomes segregation; (G)
large fold of garnet granulite
gneiss, mylonitic tonalite, and
paragneiss in Cucamonga Can-
yon; (H) coarse-grained gra-
nitic orthogneiss and strongly
foliated biotite gneiss; (I) gar-
net granulite-facies migmatitic
orthogneiss interlayered within
metasedimentary sequence; (J)
close-up view of migmatitic or-
thogneiss from part I showing
peritectic garnet associated with
leucosomes; (K) weakly foli-
ated biotite hornblende tonalite
with mafic enclaves and thin
centimeter-scale  crosscutting
veins (Cucamonga Canyon);
(L) cataclastic and mylonitic
biotite-hornblende tonalite from
the Black Belt shear zone (Cu-
camonga Canyon); (M) massive
outcrop of folded biotite horn-
blende tonalite orthogneiss in
the Black Belt shear zone (Cu-
camonga Canyon); (N) strongly
foliated and folded tonalite from
the Black Belt shear zone (Cu-
camonga Canyon); (O) strongly
foliated, biotite hornblende

tonalite orthogneiss intruded by undeformed biotite granodiorite at the southern end of the Black Belt shear zone (Deer Canyon); (P)
close-up view of biotite hornblende tonalite orthogneiss at same location as part O. Leucosome is folded into an F; M-fold. bt—biotite;

hbl—hornblende.
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° Bt hbl tonalite
82.7 + 0.2 Ma (protoliti

75.2 + 0.3 Ma (high Dy/Yb popula

bles. Lesser amounts of calc-silicate, amphibo- ~ Sevaine Lookout by Morton et al., 2001; Figs. 2
lite, and quartzite are interlayered with these and 3K—3P). Thermobarometry of lower crustal
rocks. The granulitic belt lies structurally below  rocks indicates that metamorphism occurred at
Late Cretaceous tonalites and granodiorites of the ~ 7-9 kbar and 700-835 °C (Barth and May, 1992;
San Antonio terrane (termed the Tonalite of San ~ Schwartz et al., 2023).
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Previous zircon geochronology of the
Cucamonga and San Antonio terranes is limited
to multi-grain thermal ionization mass spec-
trometry dates (TIMS; May and Walker, 1989)
and more recent ion probe and laser ablation



dates (Schwartz et al., 2023). May and Walker
(1989) reported a multi-grain U-Pb zircon
TIMS date of ca. 108 Ma for a granulite dike,
which they interpret as approximating the upper
limit of an earlier granulite-facies metamorphic
event. Schwartz et al. (2023) reported several
metamorphic titanite and zircon dates from the
Cucamonga granulites, which gave ages rang-
ing from 90 Ma to 82 Ma. These dates overlap
the timing of the emplacement of a hypersthene
tonalite orthogneiss and a granitic pluton both
of which intruded migmatitic paragneisses in
Deer Canyon at 88 Ma (May and Walker, 1989).
May and Walker (1989) also report discordant
age multi-grain TIMS date of ca. 85 Ma for
the Tonalite of San Sevaine Lookout. Schwartz
et al. (2023) report similar laser ablation—induc-
tively coupled plasma mass spectrometry (LA-
ICPMS) and sensitive high-resolution ion micro-
probe—reverse geometry (SHRIMP-RG) zircon
dates for the Tonalite of San Sevaine Lookout
ranging from 89 Ma to 85 Ma.

Late Cretaceous Shear Zones

Granulite-facies gneisses and migmatites in
the Cucamonga terrane are overprinted by the
Cucamonga Shear Zone (Figs. 1 and 2), which
forms an ~1-km-thick zone of mylonite along
the southern margin of the Cucamonga terrane in
the hanging wall of the Quaternary Cucamonga
Thrust Fault (dip = 25°-43°; McPhillips and
Scharer, 2018; Morton and Miller, 2003; Mor-
ton and Matti, 1987). At the northern margin
of the Cucamonga granulites, the Black Belt
shear zone is marked by another ~1-km-thick
zone composed of mylonitic and cataclastic fab-
rics that tectonically juxtaposes the granulites
against mid-crustal tonalites (~5-7 kbar; May
and Walker, 1989; Barth et al., 1995). This lat-
ter shear zone mainly deforms the Tonalites of
San Sevaine Lookout (San Antonio terrane; Alf,
1948). May and Walker (1989) interpreted these
features as a west-directed, synplutonic, ductile
thrust system. The timing of this deformation
is bracketed between the timing of emplace-
ment of the Tonalite of San Sevaine Lookout
at 89-85 Ma and crosscutting dikes at 74 Ma
(Schwartz et al., 2023).

METHODS
Sampling Methods

We conducted two transects through
Cucamonga Canyon and Deer Canyon to docu-
ment the crustal architecture, thermal conditions,
and temporal evolution of the arc root of the
Southern California Batholith (Fig. 2). Both tran-
sects extend from the lower crust (Cucamonga
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terrane) into the base of the middle crust (San
Antonio terrane). We collected 27 samples
to document the variety of igneous and meta-
morphic rocks in the area. Samples consisted
of four quartzites/metatexite and 23 igneous/
meta-igneous rocks. Nine orthogneiss samples
were reported in Schwartz et al. (2023) and are
discussed in detail here. Except for a few unde-
formed, late-stage tonalites and granodiorites,
most samples were variably metamorphosed at
amphibolite- to granulite-facies conditions and
are overprinted by subsolidus deformational
fabrics, including those that form part of the
Cucamonga and Black Belt shear zones. Conse-
quently, most zircons have complex growth tex-
tures, including core, interior, and rim domains.
Wherever possible we use zircon trace-element
concentrations and ratios, particularly U (ppm),
U/Th, Gd/YDb, and Dy/Yb, to distinguish meta-
morphic age populations (see “Orthogneisses in
the Cucamonga Terrane”).

Zircon and Titanite Petrochronology

Measurements were obtained at the Cali-
fornia State University, Northridge (CSUN),
Laser Lab and the University of California,
Santa Barbara (UCSB). U-Pb ratios at UCSB
were collected using a Nu Plasma multi-col-
lector (MC)-ICPMS with a Photon Machines
193 ArF excimer laser with HelEx cell. Spot
size and frequency were 35 microns and 4 Hz,
respectively. Several standards, including
91500, Temora-2, and GJ-1, were analyzed
throughout two analytical sessions to ensure the
quality of the data. The methods for U-Pb ratio
analysis closely follow the methods outlined in
Kylander-Clark et al. (2013).

The U-Pb analyses were collected at CSUN
using a ThermoScientific Element2 sector
field (SF)-ICPMS coupled with a Teledyne
Cetec Analyte G2 Excimer Laser (operating at
a wavelength of 193 nm). Before analysis, the
Element2 was tuned using the NIST-612 glass
standard to optimize signal intensity and stabil-
ity. The laser beam diameter was ~25 microns
for zircon at 10 Hz and 75%-100% power. Abla-
tion was performed in a HelEx II Active 2-Vol-
ume Cell™ and sample aerosol was transported
with He carrier gas through Teflon-lined tubing,
where it was mixed with Ar gas before introduc-
tion to the plasma torch. Flow rates for Ar and
He gases were as follows: Ar cooling gas (16.0
NL/min); Ar auxiliary gas (1.0 NL/min); He car-
rier gas (~0.3-0.5 NL/min); and Ar sample gas
(1.1-1.3 NL/min). Isotope data were collected
in E-scan mode with magnet set at mass 202,
and RF Power at 1245 W. Isotopes measured
include 2?Hg, 24(Pb + Hg), 2%Pb, 207Pb, 298Pb,
232Th, and 238U. All isotopes were collected in
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counting mode, except >*?Th and 23%U, which
were collected in analogue mode. Analyses were
conducted in an ~40 min time-resolved analysis
mode. Each zircon and titanite analysis consisted
of a 20-second integration with the laser firing
on the sample, and a 20-second delay to purge
the previous sample and move to the next sam-
ple. The approximate depth of ablation pit was
~20-30 microns.

For analyses in both laboratories, the pri-
mary standard 91500, was analyzed every 10
analyses to correct for in-run fractionation of
Pb/U and Pb isotopes. The secondary zircon
standard (Temora-2) was also analyzed every
~10 analyses to assess the reproducibility of
the data. In the CSUN laboratory, U-Pb analy-
sis of Temora-2 during all analytical sessions
yielded concordant results and error-weighted
average ages of 411 £ 0.4 Ma (n = 280),
which is within ~1%-2% uncertainty of
the accepted ages of 416.78 = 0.33 Ma and
418.37 + 0.14 Ma (Black et al., 2004; Mat-
tinson, 2010). The quoted uncertainties in the
text, figures, and Tables S1-S4! are reported as
2SE internal calculated from Iolite and IsoplotR
(Paton et al., 2010; Vermeesch, 2018); however,
when compared to data from other laborato-
ries, we assign a 2% uncertainty to all dates to
account for reproducibility of standards during
analyses.

Zircon dates are reported using the 2°°Pb/23¥U
date for analyses younger than 1100 Ma,
and the 207Pb/2Pb date for those older than
1100 Ma. For zircons younger than 1100 Ma,
the 207Pb/?0%Pb date is an unreliable indicator
of discordance due to low abundances of mea-
sured 207Pb. For these zircons, discordance is
calculated as the percent difference between the
207pb/235U date and the 2°°Pb/?38U date. Analyses
with greater than 10% uncertainty in 2’Pb/?%Pb
date (1-sigma) or 5% uncertainty in 2°Pb/?3U
date (1-sigma), 20% discordance, and/or 5%
reverse discordance are excluded.

Corrections for minor amounts of common Pb
in zircon were made on 2°Pb/2*8U dates follow-
ing the methods of Tera and Wasserburg (1972)
using measured 20’Pb/2%Pb and 2*¥U/2%Pb ratios
and an age-appropriate Pb isotopic composition
of Stacey and Kramers (1975). Zircons with
large common Pb corrections (e.g., analyses
interpreted as having ~20% or greater contri-
bution from common Pb) were discarded from
further consideration. No corrections were made

ISupplemental Material. The supplemental
material contains U-Pb isotope data for zircons from
the Cucamonga and San Antonio terranes. Please
visit https://doi.org/10.1130/GSAB.S.26218589 to
access the supplemental material; contact editing@
geosociety.org with any questions.
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on 207Pb/2%Pb dates due to large uncertainties in
measured 204Pb.

Cathodoluminescence (CL) images were
obtained using an FEI Quanta scanning elec-
tron microscope before and after ablation to
correlate the locations of analyzed domains

[A] 21cm28b

121.5£2.4 1175403

121.7+£3.2

Construction of the Southern California Batholith

with growth textures (Fig. 4). Wherever pos-
sible, we targeted all growth domains and
report 207Pb/2%Pb-corrected 2°Pb/?3U ages
of texturally homogeneous populations in the
results below. In some cases, post-ablation CL
imaging showed that laser spot analyses over-

lapped multiple domains. We report these data
in tables; however, they are not considered in
weighted mean calculations. Concordia plots
and error-weighted average ages are shown
in Figures 5-8, and data are summarized
in Table 1.
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Figure 4. Cathodoluminescence images of representative zircons from the Cucamonga (A, D-I) and San Antonio terranes (B, C). Solid blue
circles indicate location of laser ablation spots where U-Pb isotopes and trace-element concentrations were collected simultaneously. Quoted

uncertainties are 1o. Scale bars are 250 pm.
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Zircon LA-SF-ICPMS Trace-Element
Geochemistry

Trace elements were measured simultane-
ously with U-Pb isotopes by LA-SF-ICPMS
as described above using Zr as the internal
standard. For zircon, we use nominal values of
43.14% Zr. Trace-element data were reduced
using lolite (Paton et al., 2010, 2011) and con-
centrations were calculated relative to NIST-612
as a primary standard. BHVO-2G was analyzed
as a secondary standard to assess reproducibility
of the data. For zircon, model Ti-in-zircon tem-
peratures were calculated using the Ferry and
Watson (2007) calibration. All samples contain
quartz fixing the aSiO, at unity. Samples from
the Cucamonga granulites are associated with
granulite-facies mineral assemblages containing
rutile. For these samples, we estimate the activ-
ity of TiO, at unity. For samples with ilmenite,
aTiO, likely ranges between 0.8 and 0.5 based
on studies of igneous plutons (Schiller and Fin-
ger, 2019). For these samples, we assume an
intermediate value of 0.6.

In the Cucamonga granulites, zircons com-
monly display rounded shapes and complex
zonation patterns, commonly consisting of thin
luminescent overgrowths (e.g., Figs. 4D—4I).
These overgrowths are similar to those observed
in other high-grade metamorphic terranes (e.g.,
Corfu et al., 2003; Schwartz et al., 2016). In

granulite terranes, Gd/Yb and Dy/Yb values are
particularly useful in distinguishing metamor-
phic populations because zircons that grow in
equilibrium with garnet display elevated ratios
associated with flattened chondrite-normalized
middle to heavy rare earth element patterns due
to the competition between garnet and zircon
for the heavy rare earth elements during co-
crystallization. In detrital samples, we also used
changes in U (ppm) and U/Th values to identify
possible metamorphic effects and to distinguish
metamorphic zircons from detrital populations.

RESULTS
Field and Petrological Observations

Lower-crustal rocks in the Cucamonga terrane
consist of heterogeneous, granulite-facies para-
gneisses, orthogneisses, and migmatites with
subordinate marble and felsic dikes (Figs. 3A—
3J). Paragneisses in Cucamonga and Deer Can-
yons occur as thick sequences of thinly lay-
ered quartzite, amphibolite, quartzofeldspathic
gneiss (quartz + plagioclase + biotite + potas-
sium feldspar + garnet), and occasional lenses
of boudinaged marble and calc-silicate rock
(Fig. 3A). In many outcrops, an early gneissic
foliation (S,), which is folded into tight, north-
verging recumbent F, folds is observed. Where
paragneisses are biotite-rich, stromatic migma-
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tites are common and display centimeter- to
meter-scale folds (Figs. 3C and 3D). Mela-
nosomes in the metatexite consist of plagio-
clase + quartz + orthopyroxene + clinopyrox-
ene + biotite £ garnet; whereas, leucosomes
contain biotite + quartz + plagioclase + potas-
sium feldspar + orthopyroxene. Zircon and
rutile are ubiquitous accessory phases in nearly
all rock types.

Mafic gneisses in both Deer and Cucamonga
Canyons are characterized by mineral assem-
blages containing plagioclase + orthopyrox-
ene + clinopyroxene + biotite 4+ garnet (Hsu,
1955; Figs. 3E and 3F). Given the degree of
metamorphism and deformation, it is unclear
whether their protoliths were mafic volcanic
rocks, volcanogenic sediments, or fine-grained
mafic intrusive rocks. Felsic granulites are
less common and occur as medium- to coarse-
grained orthopyroxene-bearing gneissic gran-
ites (charnockites) and mylonitic tonalites often
with conspicuous metamorphic garnet associ-
ated with diffuse leucosomes (Figs. 3G-3J). In
high-grade gneisses of all compositions, intense
metamorphism resulted in local development of
leucosomes and stromatitic migmatites. The lat-
ter often grade into irregular bodies of metatex-
ite where gneissic layering is progressively
replaced by coarse leucosomes containing bio-
tite + quartz + plagioclase £ garnet £ orthopy-
roxene (Figs. 3C, 3E, and 3F).
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Late-stage biotite granodiorites and biotite  granodiorite and granites exhibit protomylonitic ~ dikes generally lack granulite-facies mineral
granites cut paragneisses and orthogneisses fabrics, with quartz and plagioclase accommo-  assemblages but have amphibolite-facies assem-
and are weakly to moderately deformed. The dating crystal-plastic deformation. Late-stage  blages, suggesting that they formed during the
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final stages of metamorphism and ductile shear-
ing in the lower crust.

Structurally above the lower-crustal granu-
lites in the Cucamonga terrane is a sequence
of mylonitic to gneissic tonalites and grano-
diorites that comprise the Tonalite of San
Sevaine Lookout in the San Antonio terrane

Dimension 1

(Figs. 3K-3P; Morton et al., 2001). Outside
the Black Belt shear zone, these rocks are pre-
dominantly medium- to coarse-grained, gener-
ally equigranular, hornblende-biotite tonalites
with lesser hornblende biotite granodiorite and
quartz diorite (Fig. 3K). Locally, large septa
of marble, gneiss, and schist are present and
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likely assimilated from structurally overlying
schists and paragneiss. Within the Black Belt
shear zone, gneissic and mylonitic foliations
are defined by oriented hornblende, biotite,
and flattened mafic enclaves (Fig. 3L). Cata-
clastic fabrics alternate with mylonites and
layer-parallel pseudotachylytes, all of which
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Figure 8. Tera-Wasserburg concordia diagrams and weighted average age plots for zircons from meta-igneous rocks from Cucamonga and
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error ellipses and error bars indicate igneous population whereas those in red are interpreted to be metamorphic based on texture and/or
geochemistry. Error ellipses show 2¢ total uncertainty for individual spot analyses. MSWD—mean square of weighted deviates.

are mylonitically deformed at amphibolite-
facies conditions (Fig. 3L). Within the Black
Belt shear zone, gneissic and mylonitic folia-
tions generally strike to the NW-SE and dip
moderately to the northeast. Mineral lineations
composed of biotite, hornblende, plagioclase,
and quartz plunge variably to the northeast on
foliation planes. The foliations are folded into
tight, recumbent folds (e.g., Figs. 3M and 3N).

At the top of Deer Canyon, gneissic tonalites
contain diffuse plagioclase-rich leucosomes
with peritectic garnet up to 1 cm in diameter.
Locally, leucosomes coalesce into diatexitic
migmatites, which form channels through the
tonalitic orthogneiss (Figs. 30 and 3P). Leuco-
somes are sometimes folded (Fig. 3P) and are
cut by late-stage, unstrained, and unmetamor-
phosed granodiorites (Fig. 30).
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Structural Observations

Foliations within the Cucamonga granulites
generally strike NW-SE and dip moderately
to the northeast. The oldest gneissic fabrics (a
composite S,/S, foliation) in these rocks record
top-to-the-S and top-to-the-SE (present-day ref-
erence frame) reverse-sense motion. These struc-
tures define an early D,/D, thrust system that
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only occurs in the Cucamonga granulites and is
absent in the tonalites (Baskin et al., 2023; Kle-
peis et al., 2023). Superimposed on this thrust
system is a penetrative, N- and NW-dipping,
S, foliation and shallowly plunging lineations,
which record sinistral-reverse displacements.
This transpressional fabric occurs throughout
the Cucamonga and San Antonio terranes and
defines the Black Belt and Cucamonga shear
zones (e.g., May and Walker, 1989; Baskin et al.,
2023; Klepeis et al., 2023). The S, fabrics are
folded into a series of south-vergent, overturned
folds (F,), some of which are syn-kinematic
with granodioritic dikes suggesting that they
formed during the latest stages of D, transpres-

sion and magmatism. Superimposed on all these
structures are a series of ductile-to-brittle thrust
faults and folds, some of which are related to
the formation of the late Quaternary Cucamonga
thrust fault system (Baskin et al., 2023; Klepeis
etal., 2023).

Zircon Petrochronology

Detrital Zircons in the Cucamonga Terrane
We collected two quartzites from Deer Can-
yon and one metatexite and one quartzite from
Cucamonga Canyon to establish sediment prov-
enance and maximum depositional age (MDA)
of the high-grade metasedimentary sequence in
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the Cucamonga terrane. A complicating factor in
this approach is that all samples were metamor-
phosed at upper-amphibolite to granulite-facies
conditions, and consequently zircons show
textural, chemical, and age evidence for meta-
morphic growth. While we primarily targeted
zircon cores, results from all samples show the
presence of ubiquitous Cretaceous metamorphic
populations (Fig. 5). For example, the metatex-
ite (sample 21CM28b) yielded evidence for an
Early Cretaceous, M; metamorphic event and
gave a weighted average of the youngest sta-
tistical population at 124.2 £ 3.8 Ma (Figs. 3C
and 5A). Zircon CL imaging shows that this
population includes both luminescent rims
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Figure 8. (Continued)

and dark cores, which formed during a previ-
ously unrecognized, Early Cretaceous meta-
morphic event (Fig. 4). In contrast, the three
quartzites yielded Late Cretaceous, M, meta-
morphic populations at 85.1 & 1.6 Ma (sample
21CM27), 87.5 &+ 1.1 Ma (sample 22DC71),
and 88.0 & 1.1 Ma (sample 22DC70; Fig. 5).
These zircon populations are generally charac-
terized by high U and U/Th values (Figs. 6A
and 6B), and they overlap in age with metamor-
phic overgrowth in zircons from granulite-facies
orthogneisses discussed below.

To discriminate between detrital and meta-
morphic zircon grains, we apply a cut-off for
zircon populations with pronounced increases

Number of zircon

in U (ppm) and U/Th, both of which are useful
indicators in identifying metamorphic zircons
(Figs. 6A and 6B). In the Cucamonga zircons,
we observe that many zircons younger than ca.
180 Ma display high U (ppm) and U/Th, sug-
gesting that they are metamorphic in origin.
We note that not all zircons in this age group
have elevated U (ppm) and U/Th values; how-
ever, we view all grains younger than 180 Ma
as potentially suspect due to the possibility
that they may have experienced new metamor-
phic growth, recrystallization, and/or Pb loss.
After removing these grains from our dataset,
93 non-metamorphic, detrital cores remain
out of 394 total analyses. They are character-
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ized by a mixture of Precambrian and Meso-
zoic modes (Figs. 5, 7A, and 7B). Zircons in
the quartzite sample (21CM27) in Cucamonga
Canyon include Precambrian modes with ages
at 1170-1000 Ma and 1698-1600 Ma, and a
Mesozoic mode at 223—180 Ma. The metatexite
in Cucamonga Canyon (21CM28b) yielded pre-
dominantly Phanerozoic zircons with Mesozoic
modes at 230-180 Ma and Paleozoic modes at
477-250 Ma. Lesser abundant Mesoprotero-
zoic ages range from 1034 Ma to 943 Ma. The
quartzite sample (22DC70) in Deer Canyon also
yielded predominantly Precambrian zircon ages
with modes at 1187-851 Ma, 1449-1260 Ma,
and 1739-1709 Ma.
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TABLE 1. SUMMARY OF ZIRCON GEOCHRONOLOGY IN THE CUCMAONGA AND SAN ANTONIO TERRANES

Sample Unit Location Rock type Latitude Longitude Chronometer Age Date Error Error MSWD  Number Analytical Laboratory Interpretation
(°N) (°W) cal. (Ma) (2SE) (2SE) analyzed* instrument
Internal  Total
San Antonio terrane
SGM12-19t  Granodiorite Road 1N34  Post-D2 aplite 34.19770 117.47066 Zircon WM  74.0 0.7 15 0.8 4 SHRIMP-RG USGS- Igneous
dike dikelette Stanford
060722-4¢ Tonalite of San Deer Canyon Garnet diatexite 34.20453 117.58684 Zircon WM 748 0.2 1.5 0.9 34 LA-SF-ICPMS  UCSB M, metamorphism
(rims/ Sevaine
interiors) Lookout
060722-4b Tonalite of San Deer Canyon Garnet orthogneiss  34.20453 11758684 Zircon WM 752 0.3 1.5 1.8 12 LA-SF-ICPMS  UCSB M, metamorphism
(high Dy/Yb Sevaine
pop) Lookout
060722-4d Tonalite of San Deer Canyon Post-D2 34.20453 117.58684 Zircon WM 752 0.4 1.5 2.6 12 LA-SF-ICPMS  UCSB Igneous
Sevaine granodiorite
Lookout
SGM12-13 Tonalite of San Road 1N34  Biotite hornblende =~ 34.20023 11748246 Zircon WM 755 5.3 15 4.3 9 SHRIMP-RG USGS- M, metamorphism
(rims)* Sevaine tonalite Stanford
Lookout
SGM12-12f  Granodiorite Road 1N34  Granite dike 34.19799 11748012 Zircon WM  76.2 0.5 15 1.1 6 SHRIMP-RG USGS- Igneous
dike Stanford
21CM47a Tonalite of San Cucamonga  Mylonitic tonalite 34.18464 117.62659 Zircon WM 787 2.5 1.6 0 2 LA-SF-ICPMS  CSUN M, metamorphism
(rims)* Sevaine Canyon
Lookout
060822-7¢ Deer Diorite Deer Canyon Diorite 34.19931 11758429 Zircon WM 788 0.9 1.6 17 7 LA-SF-ICPMS  UCSB M, metamorphism
low U po
(17SGM818pT) Tonalite of San Road 1N34  Mylonitic tonalite 34.1955 117.471 Zircon WM 798 0.6 1.6 2.2 60 LA-SF-ICPMS CSUN Igneous
Sevaine
Lookout
17SGM47t Tonalite of San Road 1N34  Mylonitic tonalite 34.1962 11747084 Zircon WM 80.4 0.8 1.6 3.1 34 LA-SF-ICPMS  CSUN Igneous
Sevaine
Lookout
060722-4c Tonalite of San Deer Canyon Garnet diatexite 34.20453 117.58684 Zircon WM 822 0.3 1.6 1.8 16 LA-SF-ICPMS  UCSB Igneous
(dark cores) Sevaine
Lookout
060722-4a Tonalite of San Deer Canyon Orthogneiss (no 34.20453 117.58684 Zircon WM 824 0.1 1.6 2 67 LA-SF-ICPMS  UCSB Igneous
Sevaine garnet)
Lookout
060722-4b Tonalite of San Deer Canyon Garnet orthogneiss  34.20453 117.58684 Zircon WM 827 0.2 17 1.6 26 LA-SF-ICPMS  UCSB Igneous
(low Dy/Yb Sevaine
pop) Lookout
060822-7¢c Deer Diorite Deer Canyon Diorite 34.19931 117.58429 Zircon WM 827 0.2 17 14 48 LA-SF-ICPMS  UCSB Igneous
high U po|
(SGgM12—913p) Tonalite of San Road 1N34  Biotite hornblende ~ 34.20023 117.48246 Zircon WM 858 0.6 17 1.5 4 SHRIMP-RG USGS- Igneous
(cores)t Sevaine tonalite Stanford
Lookout
21CM47a Tonalite of San Cucamonga Mylonitic tonalite 34.18464 117.62659 Zircon WM 876 15 1.8 14 5 LA-SF-ICPMS CSUN Igneous
(cores)t Sevaine Canyon
Lookout
SGM12-27t  Tonalite of San Road 1N34  Biotite hornblende = 34.21267 11752972 Zircon WM 877 0.6 1.8 15 31 LA-SF-ICPMS CSUN Igneous
Sevaine tonalite
Lookout
21CM44a Tonalite of San Cucamonga Biotite hornblende ~ 34.18227 117.62837 Zircon WM 88.0 0.9 1.8 12 13 LA-SF-ICPMS CSUN Igneous
(rims)* Sevaine Canyon tonalite
Lookout
SGM12-25t  Tonalite of San Road 1N34  Biotite hornblende ~ 34.21410 11750070 Zircon WM 894 0.5 1.8 2.6 57 LA-SF-ICPMS  CSUN Igneous
Sevaine tonalite
Lookout
21CM44a Tonalite of San Cucamonga Biotite hornblende ~ 34.18227 117.62837 Zircon WM 96.4 11 1.9 1.5 1 LA-SF-ICPMS  CSUN Xenocrystic cores
(cores)t Sevaine Canyon tonalite
Lookout

(Continued)
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TABLE 1. (Continued)

Sample Unit Location Rock type Latitude Longitude Chronometer Age Date Error Error MSWD  Number Analytical Laboratory Interpretation
(°N) (°W) cal. (Ma) (2SE) (2SE) analyzed*® instrument
Internal  Total
Cucamonga terrane
13EC17t Cucamonga Etiwanda Mafic orthogneiss 34.179 117.52039 Zircon WM  72.0 1.3 14 71 5 LA-SF-ICPMS  CSUN M, metamorphism
ranulite Canyon
21CM49b Cu%amonga Cucam}:)nga Garnet orthogneiss  34.17185 117.63259 Zircon WM 755 17 15 3.7 4 LA-SF-ICPMS  CSUN M, metamorphism
(rims)* granulite Canyon
21CM50a Cucamonga Cucamonga Megacrystic granite  34.17178 117.63268 Zircon WM 76.2 1.4 1.5 0.6 5 LA-SF-ICPMS  CSUN M, metamorphism
(rims)* granulite Canyon
21CM49a Cucamonga Cucamonga Mylonitic tonalite 34.17185 117.63259 Zircon WM 76.6 0.9 15 17 14 LA-SF-ICPMS  CSUN M, metamorphism
(rims)* granulite Canyon
21CM50b Cucamonga Cucamonga Banded gneiss 34.17178 117.63268 Zircon WM 771 1.9 15 17 6 LA-SF-ICPMS  CSUN M, metamorphism
(rims)* granulite Canyon
060822-13c  Cucamonga Deer Canyon Tonalite sill 34.19353 117.58152 Zircon WM 772 0.3 1.5 2.6 21 LA-SF-ICPMS  UCSB Igneous
ranulite
17SGM51t Cu%amonga Road 1N34  Lineated 34.19355 117.46256 Zircon WM 777 12 1.6 2.4 19 LA-SF-ICPMS CSUN Igneous
granulite orthogneiss
13SGM38t Charnockite Day Canyon Charnockite 34.18444 11754724 Zircon WM 778 1.2 1.6 1.1 25 LA-SF-ICPMS  CSUN Igneous
luton
13SGM34t CuF():amonga Day Canyon Migmatitic garnet 34.18282 11754411 Zircon WM 779 0.6 1.6 3.1 26 LA-SF-ICPMS  CSUN M, metamorphism
ranulite ranulite
21CM37 Cu%amonga Cucamonga Sygdeformational 34.18107 117.62919 Zircon WM 782 2.4 2.4 23 3 LA-SF-ICPMS  CSUN M, metamorphism
(rims)* granulite Canyon dike
LCVIAT Cucamonga Cucamonga Skarn 34.21285 117.45696 Titanite LI 78.8 0.6 1.6 3.5 29 LA-SF-ICPMS  CSUN M, metamorphism
ranulite Canyon
22DC62a Cu%amonga Deer C);myon Garnet orthogneiss  34.19263 117.58138 Zircon WM 811 0.4 1.6 3.6 1 LA-SF-ICPMS  UCSB M, metamorphism
(high Dy/Yb granulite
0|
§)7g)G1M50’r Cucamonga Road 1N34  Biotite orthogneiss ~ 34.19308 117.46279 Zircon WM 822 1.0 1.6 2.6 25 LA-SF-ICPMS CSUN Igneous
ranulite
22DC62b Cu%amonga Deer Canyon Garnet orthogneiss 34.19263 11758138 Zircon WM 822 0.3 1.6 2.6 13 LA-SF-ICPMS  UCSB M, metamorphism
(high Dy/Yb granulite
0]
g7g)GM49T Cucamonga Road 1N34  Garnet orthogneiss 34.19300 117.46288 Zircon WM 825 0.6 17 1.5 46 LA-SF-ICPMS CSUN Igneous
ranulite
LCvIt Cu%amonga Cucamonga Skarn 34.21285 117.45696 Titanite LI 82,5 0.8 17 3.1 57 LA-SF-ICPMS CSUN M, metamorphism
granulite Canyon
SGM12-20 Cucamonga Road 1N34  Garnet orthogneiss 34.1958  117.46338 Zircon WM 83.8 15 17 1.2 7 SHRIMP-RG USGS- M, metamorphism
(rims)* granulite Stanford
12EC8t Cucamonga Etiwanda Quartzofeldspathic  34.1862  117.52305 Zircon WM  84.0 12 17 2.4 1 LA-SF-ICPMS  CSUN M, metamorphism
granulite Canyon gneiss
21CM32 Cucamonga Cucamonga Boudinaged 34.17879 117.62931 Zircon WM 843 2.6 2.6 6.7 3 LA-SF-ICPMS  CSUN M, metamorphism
(rims)* granulite Canyon charnockite dike
21CM49a Cucamonga Cucamonga  Mylonitic tonalite 34.17185 117.63259 Zircon WM 84.6 0.9 17 2.3 13 LA-SF-ICPMS CSUN Igneous
(cores)t granulite Canyon
21CMm27 Cucamonga Cucamonga Quartzofeldspathic =~ 34.179 117.6271 Zircon WM  85.1 16 17 4.5 4 LA-SF-ICPMS  CSUN M, metamorphism
granulite Canyon paragneiss
12EC2At Cucamonga Etiwanda Garnet orthogneiss  34.1852  117.53036 Zircon WM 85.6 13 17 1.8 1 LA-SF-ICPMS CSUN Igneous
ranulite Canyon
21CM215 Cu%amonga Cucamlgnga Post-kinematic dike  34.17895 117.62736 Zircon WM 85.6 0.7 17 2 35 LA-SF-ICPMS  CSUN Igneous
ranulite Canyon
12ECT7t Cu%amonga Etiwan}clia Quartzofeldspathic  34.1862  117.52305 Zircon WM 859 1.6 17 1.9 8 LA-SF-ICPMS  CSUN M, metamorphism
granulite Canyon gneiss
12EC6t Cucamonga Etiwanda Calc-silicate 34.1782 11752237 Zircon WM  86.1 25 25 1.6 5 SHRIMP-RG USGS- M, metamorphism
granulite Canyon Stanford
SGM12-20 Cucamonga Road 1N34  Garnet orthogneiss 34.1958  117.46338 Zircon WM  86.1 0.7 17 1.8 7 SHRIMP-RG USGS- M, metamorphism
(cores)t granulite Stanford
22DC62a Cucamonga Deer Canyon Garnet orthogneiss 34.19263 117.58138 Zircon WM  86.8 0.2 17 3.7 56 LA-SF-ICPMS CSB Igneous
(low Dy/Yb granulite
pop)

(Continued)
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TABLE 1. (Continued)

Sample Unit Location Rock type Latitude Longitude Chronometer Age Date Error Error MSWD Number Analytical Laboratory Interpretation
(°N) (°W) cal. (Ma) (2SE) (2SE) analyzed* instrument
Internal  Total

22DC62b Cucamonga Deer Canyon Garnet orthogneiss 34.19263 11758138 Zircon WM 86.8 0.2 17 2.7 35 LA-SF-ICPMS  UCSB Igneous

(low Dy/Yb granulite

0]

?SE)GMWT Charnockite Day Canyon Charnockite 34.1831  117.54479 Zircon WM 871 0.6 17 3.5 40 LA-SF-ICPMS  CSUN Igneous
luton

061022-25¢ Cu%amonga Deer Canyon Migmatitic 34.18036 117.57105 Zircon WM 874 0.4 17 4.7 24 LA-SF-ICPMS  UCSB M, metamorphism

(high Dy/Yb granulite orthogneiss

0|

22pD)071 Cucamonga Deer Canyon Quartzofeldspathic ~ 34.19353 11758152 Zircon WM 875 1.0 1.8 3.3 30 LA-SF-ICPMS  CSUN M, metamorphism
granulite paragneiss

GREG-6" Cucamonga Etiwanda Charnockite dike 34.1782 11752237 Zircon WM 875 2.7 2.7 5.8 5 SHRIMP-RG USGS- Igneous
granulite Canyon Stanford

061022-25b  Cucamonga Deer Canyon Garnet orthogneiss 34.18036 117.57105 Zircon WM 876 0.3 1.8 1.9 23 LA-SF-ICPMS  UCSB M, metamorphism

(high Dy/Yb granulite

0|

21?3)M500 Cucamonga Cucamonga Quartzofeldspathic ~ 34.17178 117.63268 Zircon WM  88.0 2.4 2.4 2.4 6 LA-SF-ICPMS CSUN M, metamorphism

(rims) granulite Canyon gneiss

22DC70 Cucamonga Deer Canyon Quartzofeldspathic =~ 34.19353 117.58146 Zircon WM 88.0 1.1 1.8 4.3 6 LA-SF-ICPMS CSUN M, metamorphism
granulite paragneiss

21CM37 Cucamonga Cucamonga Syndeformational 34.18107 117.62919 Zircon WM 88.6 17 1.8 3.1 5 LA-SF-ICPMS  CSUN Igneous

(interiors)t granulite Canyon dike

061022-25a  Cucamonga Deer Canyon Orthogneiss with 34.18036 117.57105 Zircon WM 893 0.5 1.8 23 12 LA-SF-ICPMS  UCSB M, metamorphism

(high Dy/Yb granulite minor garnet

0]

21%)M33‘f Cucamonga Cucamonga Skarn 34.17727 11762473 Titanite LI 90.0 2.3 2.3 18 86 LA-SF-ICPMS  CSUN M, metamorphism
ranulite Canyon

21CM52 Cu%amonga Cucam{mga Lineated granitic 34.16738 117.63572 Zircon WM  90.6 1.1 1.8 2 5 LA-SF-ICPMS  UCSB M, metamorphism

(rims) granulite Canyon tectonite

12EC6T Cucamonga Etiwanda Calc-silicate 34.1782  117.52237 Zircon WM  90.6 0.9 18 1 21 LA-SF-ICPMS CSUN M, metamorphism
granulite Canyon

061022-25d  Cucamonga Deer Canyon Leucogranite 34.18036 117.57105 Zircon WM 935 0.2 1.9 2.4 20 LA-SF-ICPMS  UCSB Igneous
ranulite

21CM49b Cu%amonga Cucamonga Garnet orthogneiss  34.17185 117.63259 Zircon WM 979 17 2.0 2.8 5 LA-SF-ICPMS  CSUN Igneous

(cores/ granulite Canyon

interiors)t

21CM50c Cucamonga Cucamonga Quartzofeldspathic  34.17178 117.63268 Zircon WM 1155 3.5 3.5 22 9 LA-SF-ICPMS CSUN Igneous

(cores) granulite Canyon gneiss

21CM50a Cucamonga Cucamonga Megacrystic granite  34.17178 117.63268 Zircon WM 118.7 2.1 2.4 2.9 7 LA-SF-ICPMS CSUN Igneous

(cores)t granulite Canyon

061022-25a  Cucamonga Deer Canyon Orthogneiss with 34.18036 117.57105 Zircon WM 120.4 2.8 2.8 21 4 LA-SF-ICPMS  UCSB Igneous

(cores) granulite minor garnet

21CM50b Cucamonga Cucamonga Banded gneiss 34.17178 117.63268 Zircon WM 1211 14 2.4 4.5 10 LA-SF-ICPMS CSUN Igneous

(cores)t granulite Canyon

21CM28b Cucamonga Cucamonga Quartzofeldspathic  34.1812 11762984 Zircon WM 124.2 3.8 3.8 2.8 19 LA-SF-ICPMS CSUN M, metamorphism
granulite Canyon paragneiss

21CM52 Cucamonga Cucamonga Lineated granitic 34.16738 117.63572 Zircon WM 140.4 18 2.8 14 4 LA-SF-ICPMS  UCSB Igneous

(cores) granulite Canyon tectonite

21CM32 Cucamonga Cucamonga Boudinaged 34.17879 117.62931 Zircon WM 174.8 17 3.5 7 10 LA-SF-ICPMS CSUN Igneous

(cores/ granulite Canyon charnockite dike

interiors)t

Note: Primary standard for zircon and titanite is 91500 and MKED, respectively; pop—population(s); cal.—calculation; WM-weighted mean age; LI-lower intercept age; MSWD—mean square of weighted
deviates; SHRIMP-RG—sensitive high-resolution ion microprobe—reverse geometry; LA-SF-ICPMS—Iaser ablation—sector field—inductively coupled plasma mass spectrometry; UCSB—University of California at

Santa Barbara; CSUN—California State University, Northridge; USGS-U.S. Geological Survey.

*Zircons used in age calculations.
tData from Schwartz et al. (2023).
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A significant portion of detrital grains have
Triassic to Early Jurassic ages, which is sugges-
tive of an early Mesozoic MDA (Fig. 7A). To
calculate the MDA for these rocks, we pool all
samples and treat them as a single unit due to
the low number of non-discordant and non-met-
amorphic zircons in our dataset. This approach
will obscure temporal variations within the
Cucamonga sequence. However, the approach
is justified based on the high degree of meta-
morphism, folding, and presence of small-scale
thrust faults that disrupts the original stratigraphy
of the unit. We use two conservative calculations
for computing the MDA for these rocks because
of the likelihood of potential Pb-loss in the zir-
cons (youngest grain cluster [YGC] 10 and YGC
20; Dickinson and Gehrels, 2009). Using the
weighted average of the youngest two or more
dates that overlap within the 1o level (YGC 1o),
we calculate an MDA of 191.6 + 6.3 Ma (n = 4;
not shown). Alternatively, the youngest grain
cluster of 3 or more dates that overlap at the 20
level (YGC 20) yields a weighted average age
of 195.3 £ 5.4 Ma (n = 4; Fig. 6C). While we
prefer the latter because it is a more conserva-
tive interpretation for these high-grade rocks, we
note that both MDA calculations indicate that at
least some portions of the Cucamonga sequence
were deposited in the Early Jurassic.

Orthogneisses in the Cucamonga Terrane

Sample 32 is a boudinaged charnock-
ite dike that intruded high-grade migmatitic
paragneisses in Cucamonga Canyon. Ten
magmatic cores yielded an average age of
174.8 = 1.7 Ma, which we interpret as the pro-
tolith crystallization age of the rock (Figs. 4D
and 8A). This sample also places a lower limit
on the depositional age of the Cucamonga
paragneisses described above. Three lumines-
cent metamorphic rims yielded an average age
of 84.3 + 2.6 Ma.

Sample 37 is a metamorphosed charnockite
dikelette that intruded the boundary between
the Cucamonga granulites and the San Antonio
tonalites in Cucamonga Canyon synchronously
with the D; transpressional deformation that
accompanied the intrusion of the tonalites. Five
luminescent interior domains yielded an average
age of 88.6 = 1.7 Ma with an average tempera-
ture condition of 775 °C (Fig. 8B). Three thick
luminescent metamorphic rims gave an average
age of 78.2 + 2.4 Ma and an average tempera-
ture of 742 °C.

Sample 49a is a mylonitic biotite tonalite sim-
ilar in composition to the Tonalite of San Sevaine
Lookout in the San Antonio terrane (Figs. 3G
and 8C). Fourteen interior analyses yielded an
average age of 84.6 = 0.9 Ma with an average
temperature condition of 743 °C. We interpret

Construction of the Southern California Batholith

this age as the protolith age of the rock. Fourteen
metamorphic luminescent rim analyses yielded
an average age of 76.6 = 0.9 Ma with average
temperature conditions of 713 °C. Sample 49a
contained three xenocrystic cores that yielded
an average age of 255.9 + 6.8 Ma. Sample 49b
is a garnet-bearing mafic gneiss from the same
location (Figs. 3G and 8D). Five core analyses
yielded an average age of 97.9 4 1.7 Ma, while
four metamorphic luminescent rims yielded an
average age of 75.5 &= 1.7 Ma with an average
temperature of 800 °C.

Sample 50a is a garnet-bearing metatonal-
ite in Cucamonga Canyon (Fig. 3H). Seven
dark interior dates yielded an average age of
118.7 & 2.1 Ma, which we interpret as the
protolith age of the rock (Fig. 8E). Five meta-
morphic luminescent rim analyses yielded an
average age of 76.2 + 1.4 Ma with average
temperature conditions of 788 °C. Sample 50b
is a folded biotite gneiss in the same location.
Ten dark interior analyses yielded an average
age of 121.1 = 1.4 Ma, which we interpret
as the protolith age of the rock (Fig. 8F). Six
analyses from the metamorphic luminescent
rims yielded an average age of 77.1 £ 1.9 Ma
and an average temperature of 782 °C. Sample
50c is a deformed quartzofeldspathic gneiss.
One hundred zircon interior analyses gave
dates ranging from 121.9 Ma to 83.0 Ma. The
oldest population of nine spots yielded an aver-
age age of 115.5 &= 3.5 Ma, which we interpret
as the most likely protolith age of the rock
(Fig. 8G). Six young spots gave an average age
of 88.0 & 2.4 Ma, which we interpret as the tim-
ing of metamorphism.

Sample 52 is a lineated granitic orthogneiss
from Cucamonga Canyon. Four core ages
yielded an average age of 140.4 & 1.8 Ma with
an average temperature of 757 °C (Fig. 8H).
Five spots gave an average age of 90.6 = 1.1 Ma
and an average temperature of 765 °C, which
likely records the timing and conditions of
metamorphism.

Samples 25A-25D were collected near the
base of Deer Canyon and represent a suite of
high-grade orthogneisses, migmatites, and
charnockite. Sample 25A is a garnet-bearing
mafic orthogneiss (Figs. 3E and 8I). It contains
an older protolith population with an average
age of 120.4 £ 2.8 Ma and a younger, higher
Dy/Yb (>0.2) and low U (<100 ppm) meta-
morphic population at 8§9.3 + 0.5 Ma. The
Ti-in-zircon temperature of the younger, high
Dy/Yb population is 776 °C. Sample 25B is a
higher-grade, garnet-bearing orthogneiss. It also
contains a range of dates and two Dy/Yb popu-
lations (Fig. 8J). The older protolith population
of low Dy/Yb grains shows a scattering of ages,
the oldest of which gives dates at 122—-120 Ma.
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The high Dy/Yb metamorphic population typi-
cally has values >0.5 and consists of 23 grains
that give an average age of 87.6 £ 0.3 Ma and
a Ti-in-zircon temperature of 767 °C. Sample
25C is a garnet-bearing metatexite (Figs. 3F
and 8K) with two populations. The older popu-
lation has low average Dy/YDb values (typically
<1.0) and higher average Y values (typically
<100 ppm). This population contains a range
of dates from 129 Ma to 91 Ma with no statisti-
cally meaningful age population. The younger
population is defined by low U, light gray rims,
and light gray interiors domains. These domains
typically have higher average Dy/Yb values
(>1.0) and lower Y (<100 ppm). These zir-
cons yielded an average age of 87.4 + 0.4 Ma
and a temperature of 747 °C, which we inter-
pret to be the timing and conditions of meta-
morphism in this sample. Finally, a late-stage,
foliated charnockite (25D) yielded zircon spots
ranging in age from 95.2 Ma to 81.5 Ma. The
zircon ages define a population with an aver-
age age of 93.5 4+ 0.2 Ma and a temperature of
749 °C (Fig. 8L), which we interpret to be the
timing and conditions of magmatism. Younger
zircons in this sample are likely affected by
Late Cretaceous Pb loss and/or recrystallization
with the youngest two grains yielding dates of
82.3-81.5 Ma, respectively. While these dates
are somewhat younger than the metamorphic
dates at this sample location, they overlap with
other metamorphic dates nearby (e.g., see site
62 in the following paragraph).

We sampled two dioritic to tonalitic ortho-
gneisses in Deer Canyon interlayered within a
deformed paragneiss sequence close to the con-
tact with the San Antonio terrane (62A-B). The
orthogneisses display strong migmatitic/garnet-
granulite facies metamorphic overprints with
local development of garnet-bearing leucosomes
(Figs. 31 and 3J). Sample 62A is a garnet-bearing
orthogneiss from this sequence. The oldest pop-
ulation in this rock contains slow Dy/Yb zircons
and yielded an average age for the protolith pop-
ulation of 86.8 £ 0.2 Ma (Fig. 8M). The younger
population consists of higher Dy/Yb and low U
metamorphic rims, which gave an average age
of 81.1 £+ 0.4 Ma and a temperature of 734 °C.
Sample 62B was collected from the same loca-
tion and is also a garnet-bearing orthogneiss. It
also contains two Dy/Yb populations. The older,
low Dy/Yb population gave an average age of
86.8 £ 0.2 Ma, while the younger, high Dy/Yb,
metamorphic population gave an average age of
82.2 + 0.3 Ma (Fig. 8N). The temperature of
this population is 741 °C.

Sample 13C is a metatonalite sill that was col-
lected north of site 62, also in the transition zone
between the Cucamonga granulite and the San
Antonio terrane tonalites/granodiorites. It has



an S, foliation that is concordant with the folia-
tion in host metasedimentary rocks (Fig. 3B).
Zircons in this sample do not have metamorphic
rims, and they give a dominant Late Cretaceous
age population with some scattered xenocrystic,
Permo-Triassic and Early Proterozoic core ages.
The average age of the Late Cretaceous group is
77.2 + 0.3 Ma with a Ti-in-zircon temperature
of 723 °C (Fig. 80). We consider this to be the
crystallization age.

Tonalites and Granodiorites in the San
Antonio Terrane

Sample 44A is a weakly foliated, coarse-
grained biotite-hornblende tonalite from the
Tonalite of San Sevaine Lookout immediately
north of the Cucamonga terrane in Cucamonga
Canyon (Fig. 3K). Eleven xenocrystic cores
from this sample yielded an average age of
96.4 £+ 1.1 Ma (Fig. 8P). Thirteen magmatic
rims yielded an average age of 88.0 £ 0.9 Ma
with an average temperature of 790 °C (Fig. 4B).

Sample 47A is a coarse-grained biotite-horn-
blende tonalite also from the Tonalite of San
Sevaine Lookout within the Black Belt shear
zone in Cucamonga Canyon. Locally, the sam-
ple displays alternating cataclastic and mylonitic
fabrics (Fig. 3L). Seven luminescent interiors
yield an average age of 87.6 = 1.5 Ma and two
luminescent metamorphic rims yielded an aver-
age age of 78.7 £ 2.5 Ma (Figs. 4C and 8Q).

Samples 4A—-4D were collected at the north-
ernmost end of the Black Belt shear zone in
the Tonalite of San Sevaine Lookout. These
rocks record various phases of metamorphism
within the unit. We sampled a gneissic host
(sample 4A), a garnet-bearing gneissic host
(sample 4B), a diatexite migmatite (sample
4C), and post-kinematic granodiorite (sample
4D). Sample 4A represents a hornblende-bear-
ing tonalite gneiss. We analyzed 87 zircons in
this sample and dates range from 86.5 Ma to
76.2 Ma (Fig. 8R). The weighted average age
of the majority of zircons is 82.4 &+ 0.1 Ma
(MWSD = 2.0) with an average temperature
of 727 °C. Several zircons younger than 80 Ma
were excluded in this calculation and likely
represent Pb-loss or metamorphic growth at
80-76 Ma as documented in samples 4B and
4C. Sample 4B is a garnet-bearing gneissic
tonalite from the same outcrop. It contains two
populations defined by a chemically distinct,
older population defined by oscillatory zoned
grains with low average Dy/Yb values (<0.3)
and a weighted average age of 82.7 £ 0.2 Ma.
The younger population is primarily defined
by low U, metamorphic rims that display an
uptick in Dy/Yb (>0.3) at 75.2 £ 0.3 Ma
(Fig. 8S). We note that there is overlap in Dy/
Yb between these two groups, which likely
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reflects a combination of new metamorphic
growth producing high Dy/Yb domains and
intracrystalline Pb diffusion within older, low
Dy/Yb domains. Therefore, we interpret the
82.7 Ma populations as reflecting the timing
of igneous intrusion and the 75.2 Ma popula-
tions as the timing of metamorphism and gar-
net growth. The temperatures of the older and
younger populations are 737 °C and 723 °C,
respectively. Sample 4C is a diatexitic migma-
tite layer from the same outcrop. Cathodolu-
minescence imaging shows that zircons in this
sample contain dark cores that are truncated
by light gray, oscillatory zone interiors and
rims. The weighted average age of the rim and
interior population is 74.8 = 0.2 Ma and the
average temperature is 758 °C (Fig. 8T). We
interpret this to record the timing of migma-
tization in the rock. The dark gray cores give
a weighted average age of 82.2 £ 0.3 Ma,
which statistically overlaps with the weighted
average age of the two host samples (samples
4A and 4B). We interpret these to be xeno-
crysts derived from the gneissic host. Finally,
we dated a post-deformational, granodiorite
(sample 4D), which cuts all other rocks. Zir-
cons from this sample range from 1809 Ma to
74 Ma (Fig. 8U). The weighted average age of
the youngest population is 75.2 & 0.4 Ma and
the average temperature is 742 °C. We interpret
these features to record the timing of magmatic
emplacement. The older analyses represent
dark core domains, and they are interpreted as
xenocrysts. We note that magmatic emplace-
ment of the granodiorite occurred simultane-
ously with migmatization as documented in the
diatexite, sample 4C.

In Deer Canyon, we collected a tonalite from
the unit mapped by Alf (1948) as the Deer Dio-
rite (sample 7C). This sample is located north
of the Cucamonga terrane and within the Black
Belt shear zone. It is a relatively undeformed
example of the Deer Diorite, and based on simi-
larities with nearby tonalites, we interpret it as
a minor subunit of the Tonalite of San Sevaine
Lookout. Locally, these rocks are cut by alter-
nating cataclasite, mylonite and pseudotachy-
lyte similar to fabrics observed in the Black
Belt shear zone in Cucamonga Canyon. Some
zircons in this sample contain bright luminescent
rims likely of metamorphic origin. Rims typi-
cally have low U concentrations (23—58 ppm)
whereas interiors and core domains have mod-
erate U concentrations (40-647 ppm). The cores
and interior domains with higher U concentra-
tions yielded an average age of 82.7 + 0.2 Ma,
which we interpret as the protolith age of the
rock (Fig. 8V). The younger population gave
an age of 78.8 &= 0.9 Ma, which we interpret as
reflecting the timing of metamorphism.
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DISCUSSION

The Origin of the Cucamonga
Paragneisses: A Mesozoic Forearc Basin

The high-grade metasedimentary rocks of
the Cucamonga terrane are an enigma in South-
ern California. Their high-grade metamorphic
overprint is unlike other metasedimentary rocks
in the area except for the Morongo migma-
tites (Paterson et al., 2017) and the high-grade
paragneisses in the Sur Series in central Cali-
fornia (Barth et al., 2003; Kidder et al., 2003;
Barbeau et al., 2005). In addition, they are com-
positionally characterized by lesser volumes of
quartzite compared to nearby metasedimentary
rocks in the San Antonio terrane and in the
San Bernardino Mountains, both of which are
interpreted to be passive sedimentary sequences
(Brown, 1991; Stewart, 2005; Barth et al., 2009;
Wooden et al., 2013; Nourse and Thompson,
2022). A complicating factor in interpreting the
Cucamonga metasedimentary rocks is that their
depositional age is unknown, which precludes
understanding their depositional setting and
their possible correlations with other sedimen-
tary sequences.

Our detrital zircon petrochronology data bear
on this problem. Our MDA calculations from the
four integrated samples indicate the Cucamonga
sequence was deposited in the Early Jurassic
at ca. 195-191 Ma and prior to the intrusion of
the oldest charnockite dike at 175 Ma (sample
32; Fig. 8A). Analysis of inherited zircons in
Cucamonga orthogneisses that intruded the
paragneisses also provides support for an early
Mesozoic MDA. We compiled all xenocrystic
zircons from this study and those reported in
Schwartz et al. (2023) and found that a sizable
portion of grains (n = 27) range from 273 Ma
to 190 Ma. The youngest population of seven
grains from this population gives a weighted
average age of 222.8 + 2.6 Ma (MWSD = 1.4;
Fig. 6D). Two grains not included in this calcula-
tion have younger ages at 190 Ma and 206 Ma,
respectively, the youngest of which overlaps the
MDA calculated from the Cucamonga metased-
imentary rocks. While there are assumptions
associated with interpreting inherited grains
as an MDA, we note that both the detrital and
inherited plutonic datasets give similar results
and are both consistent with the deposition of
zircon-bearing siliciclastic rocks in a Late Trias-
sic to Early Jurassic basin.

Detrital zircon cores also provide information
about potential sources of detritus during deposi-
tion. Zircon cores have ages in the Phanerozoic
(ca. 465-188 Ma), Mesoproterozoic (1.5-0.8 Ga)
and late Paleoproterozoic (1.7-1.6 Ga), and
peak modes that occur at ca. 246 Ma, 1002 Ma,



1373 Ma, and 1666 Ma (Fig. 7A). While some
Archean grains are present in our dataset, they are
few and are strongly discordant. Consequently,
they are not shown in Figure 7. In general, all
samples contain abundant Mesoproterozoic
to Neoproterozoic sources (Figs. 7A and 7B),
whereas other populations are more variable
between samples, which likely reflects the low
number of non-metamorphic zircons analyzed in
the samples.

Sources for the observed age populations in
our dataset can be found in nearby basement
rocks of the Southern California Batholith, the
Mojave province, and sandstones in the south-
western United States. For example, Permo-Tri-
assic plutons ranging from 298 Ma to 211 Ma
are recognized in the eastern San Gabriel
Mountains, throughout the Southern California
Batholith, and in the northern Mojave Desert and
northern Sonora Mexico (Barth and Wooden,
2006; Riggs et al., 2013; Cecil et al., 2019;
Nourse and Thompson, 2022; Schwartz et al.,
2023). These rocks record the establishment of
a Permo-Triassic arc along the truncated west-
ern coast of Laurentia. Older Paleozoic zircons
were likely sourced from accreted terranes along
the western US Cordillera and in associated out-
board terranes (Dickinson, 2000; Dickinson and
Lawton, 2001; DeCelles, 2004).

Mesoproterozoic zircons in the Cucamonga
terrane were potentially sourced from local
plutons in the San Gabriel Mountains, which
have ages ranging from 1.21 Ga to 1.11 Ga
(anorthosite-mangerite-charnockite-granite
suite), 1.43—1.40 Ga (syenites and granites), and
1.94-1.63 Ga (basement gneisses; Barth et al.,
2001; Wooden et al., 2013; Nourse et al., 2020;
Schwartz et al., 2023). Zircons of this age are
also common in sandstones and quartzites from
southern North America and eolian quartzaren-
ites from the Colorado Plateau (Gehrels, 2000;
Dickinson and Gehrels, 2009). Thus, the major-
ity of Phanerozoic to Mesoproterozoic zircons
in the Cucamonga siliciclastic rocks were likely
sourced from a combination of proximal plutons
in the Southern California Batholith and from
recycling of older Proterozoic to Paleozoic strata
present across the southwestern United States
and northern Mexican Cordillera.

In contrast to the proximal sources described
above, the source(s) of the minor Early Jurassic
zircon population in our dataset are more enig-
matic, as they are not well represented in the
Southern California or the Mojave province. In
the adjacent Sierra Nevada Batholith, preserved
Early Jurassic igneous rocks are restricted to
minor volcanic layers in the Mount Morrison and
Mineral King pendants as well as intrusive and
volcanic rocks in the central belt of the Western
Metamorphic Belt (Saleeby, 1982, 2011; Edel-
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man and Sharp, 1989; Bateman, 1992; Klemetti
et al., 2014; Barth et al., 2018). Despite the lack
of exposed sources, Early Jurassic zircons are
abundant in Jurassic age intra-arc strata in the
Sierra Nevada (Attia et al., 2021) and in the
Mojave Desert (Barth et al., 2004; Stone et al.,
2013; Riggs et al., 2013). These sediments were
deposited during an Early Jurassic magmatic lull
in the Sierra Nevada Batholith, which coincided
with the establishment of shallow- and deep-
marine basins across the northern and southern
Sierran Nevada (Behrman and Parkison, 1978;
Saleeby and Busby, 1993; Attia et al., 2018,
2020, 2021). The Early Jurassic is proposed to
be a time of significant regional extension across
the southwestern Cordilleran margin (Busby-
Spera, 1988; Saleeby and Busby, 1993; Saleeby
and Dunne, 2015), which may have resulted in
the development of extensional sedimentary
basins in the Cucamonga sector of the Southern
California Batholith.

Common Sedimentary Basins for Cucamonga
and Salinia Metasedimentary Rocks

The Sur Series located in the Salinia block
bears strong similarities to the Cucamonga
metasedimentary rocks and was once part of the
northern Southern California Batholith prior to
northward translation along sinistral and dextral
strike-slip faults in the Late Cretaceous and Ter-
tiary, respectively (see reconstruction in Fig. 9;
Singleton and Cloos, 2013; Chapman et al.,
2016; Johnston et al., 2018, 2019). The Sur
Series consists of heterolithic gneisses, schists,
marbles, and quartzites, which were metamor-
phosed at upper amphibolite- to granulite-facies
conditions ca. 81-76 Ma (Kidder et al., 2003).
Based on detrital zircon analysis, Barbeau et al.
(2005) proposed a late Paleozoic (360-280 Ma)
MDA for the Sur Series, although they note
that the presence of early Mesozoic peaks
might indicate an early Mesozoic depositional
age. They proposed that Sur Series rocks were

Southern Sierra
marine basin
(Attia et al., 2021)

Cucamonga-Sur
basin (this study)

‘ Farallon Plate

- Upper Jurassic to Paleogene sedimentary rocks - Early Cretaceous arc rocks (135-100 Ma)

Cretaceous sedimentary rocks
- Cretaceous underplated schists
Late Cretaceous arc rocks (85-65 Ma)

- Late Cretaceous arc rocks (100-85 Ma)

- Jurassic arc rocks (200-145 Ma)
- Permian to Triassic arc rocks (260-200 Ma)
B Pre-batholithic wall rocks (mostly Proterozoic)

Figure 9. Tectonic reconstruction of the Cordilleran arc in Southern California in the early
Mesozoic (Triassic to Early Jurassic after Sharman et al., 2015). The Cucamonga-Sur basin
is proposed to have been the Mesozoic forearc to the Southern California Batholith (SCB).
SAF—San Andreas fault; SGF—San Gabriel fault.
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sourced from proximal rocks in the Mojave Des-
ert region (El Paso Mountains) and recycling of
passive margin sediments during Phanerozoic
orogenic events.

To test possible linkages between the Sur
Series and Cucamonga metasedimentary rocks,
we plotted cumulative distributions and modes
of non-metamorphic detrital zircon ages in
four samples from the Sur Series (n = 280)
and three samples from the Cucamonga terrane
(n = 93; Figs. 7A and 7B). The plots show that
both sequences are dominated by Paleozoic,
Mesoproterozoic, and late Paleoproterozoic
age populations. The Sur Series differs in that
it also contains Archean and Neoproterozoic
populations that are absent in the Cucamonga
samples (Fig. 7B). Barbeau et al. (2005) inter-
preted these age populations to reflect contribu-
tions from recycled passive margin rocks for the
Neoproterozoic samples and erosion of Archean
rocks from the Mojave province. Given the low
number of zircons in our study, it is unclear if
the differences between our datasets reflect dif-
ferent sources, variations in sediment dispersal,
and/or sampling artifacts due to low numbers of
non-metamorphic zircons. Both the Cucamonga
and Sur Series rocks also bear strong similarities
to detrital zircons from intra-arc sediments in the
Sierra Nevada Batholith and Triassic to Juras-
sic conglomerates in the Nacimiento forearc
(Figs. 7A and 7C; Johnston et al., 2018; Attia
et al., 2021).

We use multidimensional scaling (MDS) to
further assess the similarity and/or dissimilarity
between Cucamonga and Sur Series metasedi-
mentary samples. In MDS space, samples are
plotted as distance in Cartesian coordinates
based on the maximum separation between
cumulative distribution functions (Kolgomorov—
Smirnov D) following methods in Vermeesch
(2013) and Saylor and Sundell (2016). Samples
that have similar age distributions plot closer
together, whereas those that are more dissimilar
plot farther apart. For the Cucamonga and Sur
Series rocks, the seven samples from both ter-
ranes plot closely together, and in some cases,
they overlap in MDS space (Fig. 7C). Both
the Cucamonga and Sur Series rocks also plot
close to intra-arc sediments in the Sierra Nevada
Batholith. Given these similarities, we propose
that the Sur Series and Cucamonga metasedi-
mentary rocks were formerly adjacent parts of a
late Paleozoic to early Mesozoic, intra-arc basin
or forearc basin that extended along the western
North American margin from the northern Sierra
Nevada to Southern California (Fig. 9). This
basin was subsequently buried during Jurassic
to Early Cretaceous D,/D, thrusting and meta-
morphosed at least twice during the Early and
Late Cretaceous, respectively (see next section).
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Early Mesozoic Arc Magmatism and
Metamorphism

Our zircon dates and trace-element data from
the Cucamonga terrane allow us to establish the
timing of igneous and metamorphic activity in
the lower crust of the Southern California Batho-
lith. Existing studies have shown that Mesozoic
magmatism in the Southern California Batholith
was expressed as three flare-ups of increased
magma addition rates at ca. 260-210 Ma, 160—
140 Ma, and 90-70 Ma, which were separated
by magmatic lulls (Schwartz et al., 2023). In the
Cucamonga terrane, the initiation of magmatism
in the lower crust occurred at 175 Ma and is rep-
resented by the intrusion of charnockitic dikes
into the paragneiss sequence. Emplacement of
these dikes occurred during the beginning of the
second Mesozoic flare-up event in the Jurassic
and signals the termination of sedimentation in
the Cucamonga basin.

Similar age Jurassic plutonic rocks are widely
exposed in the eastern Mojave Desert and Trans-
verse Ranges of the Southern California Batho-
lith and record a pulse of magmatism lasting
~35-40 m.y. in duration from ca. 180-140 Ma
(e.g., Fox and Miller, 1990; Barth et al., 2017).
In the eastern Mojave, this phase of magma-
tism is associated with explosive silicic volca-
nism and the emplacement of shallow plutons
at 181-175 Ma (Barth et al., 2017). The pres-
ence of abundant caldera structures associated
with eolian quartz-rich sand from the continen-
tal interior suggest that the Jurassic arc was a
low-elevation feature, which may have persisted
until early Middle Jurassic time (Busby-Spera,
1988; Barth et al., 2017). The low-standing arc
was associated with a phase of regional exten-
sion; however, by the Middle to Late Jurassic,
contractional structures were active in the region
(Dunne and Walker, 2004).

In the Cucamonga terrane, magmatism
renewed at ca. 140 Ma and from 120 Ma to
98 Ma. Zircons in plutons in this interval have
moderate U/YDb values (0.5-10), and low Th/U
and Dy/Yb values (Figs. 10A—10C). The latter
values indicate that zircons in Early Cretaceous
plutons did not crystallize with igneous or meta-
morphic garnet, and we see no evidence that they
were yet buried to lower-crustal depths. While
Late Jurassic to Early Cretaceous plutons are
widely recognized in the Southern California
Batholith, the middle Cretaceous pulse repre-
sents a previously unrecognized phase of mag-
matism in the Southern California Batholith.
Although Early Cretaceous rocks are common in
the Sierra Nevada and Peninsular Ranges Batho-
liths (e.g., Saleeby and Sharp, 1980; Stern et al.,
1981; Lackey et al., 2012; Premo et al., 2014;
Paterson and Ducea, 2015), they are scarce in
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this sector of the Mesozoic California arc sys-
tem. This observation was noted by Jacobson
et al. (2011), who proposed that their absence in
Southern California may have been caused by
Late Cretaceous to Early Cenozoic truncation of
the arc by sinistral strike-slip movement along
the Nacimiento fault. In their model, Early Cre-
taceous rocks that once were part of the Southern
California Batholith were displaced northward
and are now located in the displaced Salinia
block. The small remnants of Early Cretaceous
arc rocks in the Cucamonga terrane may repre-
sent a sliver of the truncated arc, which corre-
lates with similar lithologies in the Salinia block.

Early Cretaceous arc magmatism in the
Cucamonga terrane is also associated with a
cryptic M, migmatization event at ca. 124 Ma
(sample 28b), which resulted in development of
stromatic migmatites throughout the paragneiss
sequence. The Early Cretaceous migmatites are
considered cryptic because they are overprinted
by a second generation of Late Cretaceous, high-
grade metamorphism and partial melting (M,
event; see next section) at granulite-facies condi-
tions. The Early Cretaceous migmatites are also
strongly deformed by Late Cretaceous D;, sinis-
tral transpressional deformation, which makes it
difficult to distinguish them from M, migmatites
in the field. Because of these factors, the extent
of M, melting and the pressure conditions for the
event are currently unclear. Nonetheless, our data
indicate that the paragneiss sequence reached
high-grade thermal conditions (>650 °C) in the
Early Cretaceous during a period of regional
contraction, arc magmatism, and underthrusting
of the Cucamonga basin into the middle crust.
Plutons emplaced during this interval record Ti-
in-zircon temperatures ranging from ~700 °C to
850 °C, which may have provided heat to par-
tially melt the Cucamonga paragneisses during
their emplacement (Fig. 10D).

Late Cretaceous Flare-Up Magmatism and
Metamorphism

Late Cretaceous magmatism and metamor-
phism occurred in both the Cucamonga and
San Antonio terranes during a period of wide-
spread arc magmatism throughout the Southern
California Batholith (Schwartz et al., 2023).
Figure 11 shows a compilation of metamorphic
and igneous dates from this study and Schwartz
et al. (2023) for the lower and middle crust. The
data show that in the lower crust, Late Creta-
ceous meta-igneous rocks were emplaced over
~16 m.y. from 93 Ma to 77 Ma. They consist of
strongly deformed and metamorphosed tonal-
ites, granodiorites, charnockites and late-stage
dikes/veins that are volumetrically minor com-
pared to Early Cretaceous orthogneisses and the
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Figure 10. Zircon trace-element plots for igneous and meta-igneous zircons in the Cucamonga and San Antonio terranes. (A) U/Yb versus
zircon age. (B) Dy/Yb versus zircon age. (C) U/Th versus zircon age. (D) Ti-in-zircon temperature versus zircon age. Red trend line is for
the Cucamonga terrane, and blue trend line is for the San Antonio terrane. Results show that Late Cretaceous partial melting and granu-
lite-facies metamorphism in the lower crust of the Cucamonga terrane generated high U/Yb and Dy/Yb melts (red symbols) primarily at
90-80 Ma. Zircons from the mid-crustal San Antonio terrane do not show the influence of these garnet-granulite melts implying that they
were not directly sourced from partial melting of the Cucamonga terrane granulites. Instead, they most likely reflect mantle melting during
the Late Cretaceous arc flare-up event in the Southern California Batholith.

host metasedimentary sequence. In contrast, the
structurally overlying Tonalite of San Sevaine
Lookout occupies 90 km? and was emplaced
during the same interval from 89 Ma to 74 Ma.
The emplacement of the large tonalite body (the
Tonalite of San Sevaine Lookout) into the base
of the middle crust introduced significant mass
and heat to the arc and functioned to load the
lower crust and heat it from above.

The emplacement of arc plutons into the
lower and middle crust occurred simul-
taneously with M, metamorphism. In the
Cucamonga terrane, granulite-facies meta-
morphism is recorded in metamorphic zircons
from 91 Ma to 72 Ma, and at the base of the
middle crust, it is expressed in migmatitic
and mylonitic gneisses that give metamorphic
ages of 83-74 Ma (Schwartz et al., 2023; this
study). During this interval, the metasedimen-
tary sequence experienced widespread partial
melting at 7-9 kbar and temperatures of 730-
800 °C based on Ti-in-zircon thermometry in
this study. These temperatures agree with exist-

ing garnet-quartz oxygen isotope thermometry
(777-835 °C; Schwartz et al., 2023) and gar-
net + orthopyroxene -+ plagioclase + quartz
thermometry (700-800 °C; Barth et al., 1992).
At the base of the middle crust and near the
Black Belt shear zone, gneissic tonalites were
migmatized at 723-758 °C. Although the cause
of the high-temperature heating event in the
lower and middle crust is not well understood,
we speculate that magma emplacement and
loading was a likely cause and explains the
distribution of migmatites and granulites near
the intrusive contact with the Tonalite of San
Sevaine Lookout. We explore this possibility
below in terms of triggering mechanisms for
the Late Cretaceous arc flare-up event.

Triggering the Late Cretaceous Arc Flare-
Up in the Southern California Batholith

Studies of long-lived continental arcs have
shown that episodic magmatic surges of
10-30 m.y. duration are a common feature
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in Cordilleran arcs (Ducea and Barton, 2007,
DeCelles et al., 2009; Kirsch et al., 2016;
Ratschbacher et al., 2018; Chapman et al.,
2021b; Ringwood et al., 2021). These episodic
and relatively short-lived, high magma addition
rate (MAR) events are significant because they
contribute to the overall budget of new crust
added to the Cordilleran batholiths, and they
can lead to widespread thermal and mass trans-
fer from the mantle to the crust, vertical uplift
and exhumation, and erosion at the surface
(e.g., Armstrong, 1988; Kimbrough et al., 2001;
Ducea, 2002; Ducea and Barton, 2007; DeCelles
et al., 2009; de Silva et al., 2015; DeCelles and
Graham, 2015). A key problem in understand-
ing high-MAR events in Cordilleran arcs is that
there is no consensus about the cause of these
events, including whether they represent partial
melting of fertile continental crust underthrust
beneath the arc (Ducea, 2001; DeCelles et al.,
2009), elevated geothermal gradients resulting
from increasing mantle melt influx to the base
of the crust (de Silva et al., 2015; Schwartz et al.,
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2017; Decker et al., 2017; Ardill et al., 2018;
Cecil et al., 2018; Ringwood et al., 2021), and/
or migration of the arc into melt-fertile, metaso-
matized, subcontinental lithosphere (Chapman
and Ducea, 2019).

In the case of the Late Cretaceous high-MAR
events in California, prior studies in adjacent
sectors of the arc have documented magmatic
surges in the central and southern Sierra Nevada
Batholith at 110-87 Ma and in the northern Pen-
insular Ranges Batholith at 99-91 Ma (Ducea,
2001; Ducea and Barton, 2007; Grove et al.,
2008; Paterson et al., 2011; Paterson and Ducea,
2015; Chapman and Ducea, 2019). In both adja-
cent sectors, there is strong disagreement about
the cause of the Cretaceous flare-up events. For
example, Grove et al. (2008) and Chapman et al.
(2013) suggested that the Late Cretaceous high-
MAR events resulted from shallowing of the
Farallon plate and widespread devolatilization
of schistose rocks. In contrast, Martinez-Ardila
etal. (2019) postulated that the high-MAR event
in the western Peninsular Ranges Batholith was
driven by mantle-melting processes. Klein and
Jagoutz (2021) and Klein et al. (2021) arrived
at a similar conclusion based on analysis of the
root of the southern Sierra Nevada Batholith. In
the central Sierra Nevada Batholith, Attia et al.
(2020) examined zircon trace elements and iso-
tope compositions in metavolcanic rocks and
concluded that the temporal record of arc flare-
ups also represents periods of increased mantle
magma input generating significant volumes of
new continental crust. Finally, Chapman and
Ducea (2019) argued that continentward arc
migration into metasomatized, subcontinental
lithospheric melt source regions could have
sparked the high-flux event in the Sierra Nevada
Batholith.

The unique lower-crustal exposures in the
Cucamonga terrane bear on this controversy and
allow us to investigate the tectonic and petrologic
processes associated with the Late Cretaceous
high-MAR event in the root of the Southern
California Batholith. A key finding in this study
is that the emplacement of voluminous interme-
diate magmas into the base of the middle crust
was temporally and spatially associated with
widespread partial melting of the Cucamonga
paragneiss sequence. Biotite-rich paragneisses
commonly display significant development of
in situ partial-melting textures manifested by the
development of layer-parallel, stromatic migma-
tites and diffuse leucosomes that coalesce into
diatexites (Figs. 3A-3H). The close temporal
association of anatexis in the lower crust and
voluminous emplacement of intermediate mag-
mas without any discernable lag time strongly
suggests that advection of magmas triggered
partial melting of the metasedimentary sequence



beginning at ca. 90 Ma. An outstanding question
is what role partial melting of this sequence had
on triggering the arc flare-up and its duration.

Zircon trace-element data provide insights to
this question and show a pronounced increase in
Dy/Yb values in the lower-crustal orthogneisses
in the Cucamonga terrane starting at ca. 90 Ma.
The increase in Dy/Yb also correlates with
increasing U/Yb values and a subtle increase
in Ti-in-zircon temperatures in lower-crustal
orthogneisses reflecting the increasing anatexis
of the Cucamonga metasedimentary rocks in
the production of lower-crust melts (Figs. 10A—
10D). We interpret these increases to record the
generation of lower-crustal melts in equilibrium
with metamorphic or peritectic garnet at 750—
850 °C. Zircon trace-element data also show
that crustal anatexis and granulite-facies meta-
morphism primarily peaked at 90-80 Ma, dur-
ing emplacement of the Tonalite of San Sevaine
Lookout, whereas from 80 Ma to 70 Ma, there is
marked decrease in zircon growth in equilibrium
with garnet (e.g., Fig. 10B). This pattern likely
reflects heating of the lower crust from 90 Ma to
80 Ma due to advection of heat from the over-
lying mid-crustal tonalites, followed by cooling
and lower temperature metamorphism at upper
amphibolite-facies conditions from 80 Ma to
70 Ma (Figs. 10A-10C).

In contrast to the lower crustal rocks, middle
crustal tonalites and granodiorites do not show
the same magnitude of increase in U/Yb or Dy/
Yb (Figs. 10A and 10B). Instead, they display
modest U/YDb values and have Dy/Yb values that
plot within the Cordilleran arc field as defined by
Mesozoic and Cenozoic arc zircons in western
North America (Grimes et al., 2015). A likely
explanation for the difference in zircon chemis-
try is that the intermediate magmas in the middle
crust are dominantly mixtures of mantle-derived
melts with a limited component of partial melts
derived from the Cucamonga metasedimentary
rocks. Although limited in scope, existing bulk-
rock radiogenic isotope data from mid-crustal
tonalites indicates that they can be modeled as
binary mixtures of a mantle-derived source and
a limited component of radiogenic aluminous
gneisses (e.g., Barth et al., 1992).

The close temporal and spatial association of
tonalitic to granodioritic magmatism and partial
melting of the Cucamonga granulites implies
that lower-crustal anatexis was driven by the
advection of heat to the base of the middle crust
and possibly below it as well, though deeper
parts of the arc are not currently exposed. High-
grade metamorphism also lasted 15 m.y. and
overlapped entirely with the surge of magma-
tism in the San Antonio terrane and the greater
Southern California Batholith. These results
indicate that heating was not likely driven by the
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relaxation of geothermal gradients due to crustal
thickening, but instead, our results point to an
external, mantle trigger for the arc flare-up and
lower-crustal partial melting event in the Late
Cretaceous. Our interpretations are supported
by modeling results of the Cretaceous Sierra
Nevada Batholith by Yang et al. (2020) who con-
cluded that partial melting of underthrust lower
crust plays a partial or subsidiary role in driving
magmatic flare-up events. They determined that
advection of mantle-derived heat was required to
achieve sustained magmatic output during flare-
up events. These results agree with our observa-
tions, and we conclude that partial melting of
the Cucamonga granulites was a response to the
Late Cretaceous arc flare-up event and not a trig-
ger for it.

Tectonic Evolution of the Southern
California Batholith Root

Our geochronologic results allow us to con-
struct a new model for the magmatic and tectonic
development of the lower crust of the Southern
California Batholith. Based on detrital zircon
analysis in this study and Barbeau et al. (2005),
we propose that the high-grade metasedimentary
rocks in the Cucamonga terrane and Salina block
were once part of a contiguous late Paleozoic to
early Mesozoic forearc basin along the margin
of the Southern California Batholith (Figs. 9 and
12A). This interpretation for the Cucamonga-Sur
basin is based on similarities between the two
metasedimentary sequences and the presence of
detrital zircon age distributions, which point to
proximal detrital sources from the Transverse
Ranges and Mojave province along with more
distal sources from the southern Sierra Nevada
Batholith and the southwestern United States.
This basin likely formed adjacent to a low-
standing arc during a phase of regional exten-
sion documented in the Mojave province (Barth
et al., 2017). We note that the substrate upon
which the Cucamonga-Sur basin was deposited
is not currently exposed, and Proterozoic base-
ment gneisses are notably absent in both deep-
crustal arc sections in the Salinia block and the
Cucamonga terrane. This observation is consis-
tent with the hypothesis that the Cucamonga-Sur
basin was originally located trenchward of its
current position relative to the cratonic margin,
possibly in a paleo-forearc depositional set-
ting (see hypothesized location in Fig. 9). Our
hypothesis also explains the apparent absence of
the Triassic to Jurassic forearc in this sector of
Southern California.

Sedimentation in the Cucamonga-Sur basin
ceased by 175 Ma as indicated by the intrusion of
the oldest charnockitic dikes in the Cucamonga
terrane (Fig. 12A). By the Middle Jurassic to
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Early Cretaceous, the Cucamonga-Sur basin was
progressively underthrust beneath the Southern
California Batholith during a phase of regional
contraction (Fig. 12B). This period of intra-arc
deformation coincides with east-dipping subduc-
tion beneath the Sierra Nevada—Southern Cali-
fornia—Peninsular Ranges Batholiths (Dunne
et al., 1998; Paterson and Ducea, 2015; Barth
etal., 2017; Attia et al., 2020). In the Cucamonga
terrane, deformation is recorded by early S,/S,
foliations with down-dip lineations that indicate
a predominantly thrust sense of shear (Baskin
et al., 2023; Klepeis et al., 2023). Restoration of
Miocene and younger rotation of the San Gabriel
block along the San Andreas fault indicates that
Mesozoic thrusting was directed toward the
paleo trench. Early Cretaceous M; migmatiza-
tion also occurred during this interval (sample
28b) and is temporally associated with intrusion
of bimodal mafic and felsic plutons (Fig. 12B).

The Late Cretaceous surge of magmatism in
the lower and middle crust triggered widespread
granulite-facies metamorphism and partial melt-
ing of the lower crust (Fig. 12C). This event is
observed in the Cucamonga region and in the
Salinian block where lower-crustal rocks were
metamorphosed at upper amphibolite- to granu-
lite-facies conditions (7.5 kbar and 800 °C) at ca.
75 Ma (Kidder et al., 2003). In the Cucamonga
region, arc magmatism and metamorphism were
synchronous with sinistral-oblique, intra-arc
shearing in the Black Belt and Cucamonga shear
zones (Alf, 1948; May and Walker, 1989; May,
1989; Baskin et al., 2023; Klepeis et al., 2023).
Following the arc flare-up, the Cucamonga block
was rapidly exhumed to upper crustal levels by
60 Ma, and both blocks were exhumed to the
surface or near it by ca. 70-60 Ma likely due
to underthrusting of an oceanic plateau (e.g.,
Schwartz et al., 2023).

Implications for the Incorporation of
Sediments into the Deep Crust of the
Southern California Batholith

The incorporation of sediments into the deep
crust of continental arcs plays an important role
in modifying the architecture, composition, and
rheology of continental crust (Rudnick, 1995;
Miller and Paterson, 2001; Miller and Snoke,
2009; Hacker et al., 2011; Chin et al., 2014;
Hanson et al., 2022). Metasedimentary rocks are
found in continental arcs worldwide, including
the North Cascades (Gordon et al., 2017; Sauer
et al., 2017a, 2017b, 2018, 2019), the Central
Gneiss Complex, the Coast Mountains batholith
(Pearson et al., 2017), the Sierra Nevada Batholith
(Grove et al., 2003; Chin et al., 2013; Cao et al.,
2015), the Famatinian arc, Argentina (Otamendi
et al., 2020), and the Median Batholith, New Zea-
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Figure 12. Schematic cartoon cross sections and insets showing our preferred model for the tectonic and magmatic development of the
Mesozoic Southern California Batholith. (A) We postulate that the Cucamonga and Sur Series metasedimentary rocks once formed a
contiguous Mesozoic forearc basin the Late Triassic to Early Jurassic. (B) The Cucamonga-Sur basin was underthrust beneath the arc by
thrusting in the forearc resulting in burial, intrusion by Early Cretaceous plutons, and M; metamorphism at 124 Ma. (C) By the Late Cre-
taceous, the Cucamonga basin was buried to 7-9 kbar and metamorphosed at 700-800 °C during M, metamorphism. This metamorphic
event corresponded with an arc magmatic flare-up from 90 Ma to 70 Ma in the Southern California Batholith. Magma loading at the base
of the lower crust by arc tonalites and granodiorites resulted in widespread anatexis and granulite-facies metamorphism of the Cucamonga

(and Sur Series) metasedimentary rocks.

land (Irel and Gibson, 1998; Hollis et al., 2004;
Daczko et al., 2009; Jongens et al., 2023). Prior
studies have demonstrated that sediments can be
introduced into the deep-crust of arcs by multiple
mechanisms, including underthrusting of forearc,
accretionary complex, and/or backarc basins and/
or relamination from the subducting slab (Haxel
et al., 2002; Matzel et al., 2004; Currie et al.,
2007; Ducea and Barton, 2007; DeCelles et al.,
2009; Behn et al., 2011; Gordon et al., 2017;
Strickland et al., 2018; Hanson et al., 2022). The
deep burial of sediments into arcs is an important
process because it introduces rheological hetero-
geneities, which can form weak layers into which
strain is preferentially partitioned particularly if
melt and fluids are present (Miller and Paterson,
2001; Klepeis et al., 2022).

In the root of the Southern California Batho-
lith, we postulate that sediment incorporation

occurred via trench-direct underthrusting of the
Cucamonga-Sur forearc basin beneath the arc
(i.e., the D,/D, thrust system in the Cucamonga
terrane). Reconstruction of Miocene and younger
faults related to the San Andreas plate boundary
shows that the Cucamonga-Sur basin would have
extended over 500 km from the northern end of
the Southern California Batholith (Salina) to the
southern end (Fig. 9; Jacobson et al., 2011; Shar-
man et al., 2015; Schwartz et al., 2023). Given
this distribution, these underthrust metasedi-
mentary rocks constitute a significant volume
of metasedimentary material incorporated in the
lower crust of the Southern California Batholith
in the Mesozoic.

We postulate that the incorporation of sedi-
ments into the deep crust of the Southern Califor-
nia Batholith occurred over a protracted period
from the Middle Jurassic to Late Cretaceous.
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This period of time overlapped with two Meso-
zoic flare-up events involving both magmatic
and tectonic thickening of the crust in Southern
California (Figs. 12B and 12C). During the Late
Cretaceous, heat from the 90-70 Ma magmatic
flux event occurred at all structural levels in the
Southern California Batholith. Heating func-
tioned to weaken the crust and facilitated burial
along intra-arc, transpressional shear zones,
including the Black Belt and Cucamonga shear
zones. In the lower crust of the Cucamonga ter-
rane, strain was in part localized near the lower
boundary between the granulites and the par-
tially molten tonalites and granodiorites (Klepeis
etal., 2023). In this region, rheological contrasts
and the presence of partial melts functioned to
localize strain during repeated magmatic injec-
tion and crystallization. The presence of pseu-
dotachylytes and cataclasites in this region also



record evidence for high strain rates and possi-
bly repeated seismogenic events that occurred
synchronously with high rates of magma addi-
tion within the arc. Collectively, these features
demonstrate that sediment incorporation into the
lower crust of the Southern California Batholith
was associated with major structural and rheo-
logical changes in the architecture of the arc.

CONCLUSIONS

U-Pb zircon petrochronology results from the
Cucamonga and San Antonio terranes document
the tempo of lower continental arc construction
in the Southern California Batholith. The lower
crust consisted of granulite-facies paragneisses
that were deposited in a forearc or intra-arc basin.
These paragneisses bear strong similarities to
high-grade metasedimentary rocks in the base-
ment of the Salinia block, and they were likely
deposited together in adjacent basins receiving
detritus from similar sources. The rocks in the
Cucamonga terrane were metamorphosed dur-
ing two high-temperature events: ca. 124 Ma
and 89-75 Ma. The latter event resulted in wide-
spread granulite-facies metamorphism and ana-
texis of metasedimentary rocks in the lower crust
during a 15- to 20-m.y.-long magmatic surge
event that affected the entire Southern Califor-
nia Batholith. The arc magmatic surge marked
the termination of a prolonged period of mag-
matism (~100 m.y.) in the Cucamonga terrane
that lasted from ca. 175 Ma to 75 Ma. The Late
Cretaceous arc magmatic surge was also associ-
ated with major changes within the arc and was
linked to (1) sinistral transpression, accommo-
dated by the Black Belt and Cucamonga shear
zones; (2) crustal thickening via underthrusting
of metasedimentary rocks from the forearc; (3)
intrusion of voluminous arc-related tonalites and
granodiorites into the middle and upper crust
resulting in magma loading; and (4) widespread
granulite-facies metamorphism of first genera-
tion metasedimentary rocks. We conclude that
partial melting of these rocks was limited in its
contribution to the budget of the flare-up mag-
mas with melts remaining relatively localized. In
contrast, substantial mantle input was essential
to trigger and sustain the Late Cretaceous mag-
matic flare-up.
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