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ABSTRACT

The Mojave Desert region is in a critical position for assessing models
of Laramide orogenesis, which is hypothesized to have initiated as one or
more seamounts subducted beneath the Cretaceous continental margin. Geo-
chronological and geochemical characteristics of Late Cretaceous magmatic
products provide the opportunity to test the validity of Laramide orogenic
models. Laramide-aged plutons are exposed along a transect across the Cor-
dilleran Mesozoic magmatic system from Joshua Tree National Park in the
Eastern Transverse Ranges eastward into the central Mojave Desert. A transect
at latitude ~33.5°N to 34.5°N includes: (1) the large upper-crustal Late Creta-
ceous Cadiz Valley batholith, (2) a thick section of Proterozoic to Jurassic host
rocks, (3) Late Cretaceous stock to pluton-sized bodies at mesozonal depths,
and (4) a Jurassic to Late Cretaceous midcrustal sheeted complex emplaced
at ~20 km depth that transitions into a migmatite complex truncated along
the San Andreas fault. This magmatic section is structurally correlative with
the Big Bear Lake intrusive suite in the San Bernardino Mountains and similar
sheeted rocks recovered in the Cajon Pass Deep Scientific Drillhole.

Zircon U-Pb geochronology of 12 samples via secondary ionization mass
spectrometry (SIMS) (six from the Cadiz Valley batholith and six from the
Cajon Pass Deep Scientific Drillhole) indicates that all Cretaceous igneous
units investigated were intruded between 83 and 74 Ma, and Cajon Pass sam-
ples include a Jurassic age component. A compilation of new and published
SIMS geochronological data demonstrates that voluminous magmatism in
the Eastern Transverse Ranges and central Mojave Desert was continuous
throughout the period suggested for the intersection and flat-slab subduction
of the Shatsky Rise conjugate deep into the interior of western North America.

R.C. Economos @ https://orcid.org/0000-0002-8484-7190

Whole-rock major-element, trace-element, and isotope geochemistry data
from samples from a suite of 106 igneous rocks represent the breadth of Late
Cretaceous units in the transect. Geochemistry indicates an origin in a subduc-
tion environment and intrusion into a crust thick enough to generate residual
garnet. The lack of significant deflections of compositional characteristics and
isotopic ratios in igneous products through space and time argues against a
delamination event prior to 74 Ma.

We argue that Late Cretaceous plutonism from the Eastern Transverse
Ranges to the central Mojave Desert represents subduction zone arc mag-
matism that persisted until ca. 74 Ma. This interpretation is inconsistent with
the proposed timing of the docking of the Shatsky Rise conjugate with the
margin of western North America, particularly models in which the leading
edge of the Shatsky Rise was beneath Wyoming at 74 Ma. Alternatively, the
timing of cessation of plutonism precedes the timing of the passage of the
Hess Rise conjugate beneath western North America at ca. 70-65 Ma. The
presence, geochemical composition, and age of arc products in the Eastern
Transverse Ranges and central Mojave Desert region must be accounted for
in any tectonic model of the transition from Sevier to Laramide orogenesis.

H INTRODUCTION

The transition from Sevier to Laramide orogenesis in the western United
States was marked by major changes in tectonic style, faulting, and paleo-
elevation (Dickinson et al., 1978). A common feature of models for the tectonic
evolution of this period is the migration of the locus of magmatism away from
the continental margin (Coney and Reynolds, 1977; Copeland et al., 2017;
Chapman et al., 2018), in some cases calling for near-horizontal (e.g., “flat”)
slab geometry due to the docking of the conjugates of the Shatsky and Hess
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seamounts, currently located in the Pacific Ocean (Barth and Schneiderman,
1996; Saleeby, 2003; Liu et al., 2010; Heller and Liu, 2016). Although the major
Laramide tectonic footprint is east of the Sierra Nevada batholith in Wyoming,
Nevada, and Colorado (e.g., Bird, 1998), flat slab subduction cannot have
occurred beneath the Sierra Nevada batholith due to the persistence of a deep
arc keel until the Miocene (Ducea and Saleeby, 1998).

Models of the subduction of the Shatsky Rise conjugate hypothesize its pas-
sage through a relatively narrow zone of the Transverse Ranges and the Mojave
Desert in southern California beginning at ca. 88 Ma. This hypothesis posits
that the near-horizontal subduction of the Shatsky Rise conjugate propagated
beneath the continental interior as far northeastward as Wyoming by ca. 74 Ma
(Saleeby, 2003; Liu et al., 2010). Significant magmatism in the Mojave region is
proposed to have ceased at ca. 85 Ma (Liu et al., 2010), as the eastward migration
of the locus of magmatism and the subsequent cessation of magmatism are
considered to have been primary responses to this event (Copeland et al., 2017).

However, post-85 Ma Cretaceous igneous units are widely recognized in
the Eastern Transverse Ranges and central Mojave region (e.g., Powell, 1981;
Calzia et al., 1986; Barth et al., 2004; Wells and Hoisch, 2008; Needy et al., 2009).
Fitting these plutons into the hypothesis of a cessation of arc magmatism at
ca. 85 Ma requires an asthenospheric contribution of heat and material to
the magmatic system and lithospheric thinning due to delamination. Such a
scenario was proposed for plutonism in the eastern Mojave Desert by Wells
and Hoisch (2008), although for a later slab egress at ca. 75 Ma.

These tectonic hypotheses are thus testable by assessing the ages and
geochemical characteristics of plutons in the Eastern Transverse Ranges and
central Mojave region. The predictions for magmatism occurring after passage

of a middle-Late Cretaceous flat slab in this region are: (1) abundant magma-
tism ceased ca. 85 Ma, (2) asthenospheric input provided the heat source for
subsequent magmatism, and (3) plutons were generated in a crust that was
thinned by delamination. If these predictions are correct, we would expect
asthenospheric input to the magmatic system to be indicated by the presence of
isotopically primitive igneous products, and changes in the crustal thickness of
the magmatic column should have yielded shifts in characteristic trace-element
ratios of magmatic products (e.g., Profeta et al., 2015; Lieu and Stern, 2019).

Alternatively, if Mojave Desert plutons were generated in an arc envi-
ronment, similar to the Sierra Nevada batholith and the Peninsular Ranges
batholith, this would constrain the timing of possible flat slab subduction
beneath this region as postdating plutonism, leaving no viable route for the
flat slab to move into the interior of western North America at ca. 88-74 Ma.

The purpose of this study was to highlight the abundance, extent, timing,
and character of Late Cretaceous plutonic rocks in the Eastern Transverse
Ranges and central Mojave Desert region. These plutonic rocks represent a
fundamental and chronologically constrained record of a region that is critical
in understanding the evolution of the plate margin at the onset of the Lar
amide orogeny. The Late Cretaceous Cadiz Valley batholith (Fig. 1; Howard,
2002; Barth et al., 2004) was uniquely situated in time and space to have been
affected by possible passage of the Shatsky Rise conjugate. The interpretation
of the origin of this batholith is critical because it provides the evidence of
voluminous, focused input of magmas into the upper crust.

The study area of the Transverse Ranges and Mojave Desert segment of the
continental margin has been significantly disrupted and, in some cases (e.g.,
the San Gabriel Mountains and the Tehachapi Range), deeply exhumed (Barth
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Figure 1. Geologic map of the Transverse Ranges, adapted from Powell (1993), Howard (2002), Needy et al. (2009), and Powell et al. (2015), depicting regional
extent of Cretaceous magmatism and the main components of the Transverse Ranges tilted arc crustal section. The sheeted complex, shown as hachured

areas, extends from southern Joshua Tree National Park to Cajon Pass.
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and May, 1992; Pickett and Saleeby, 1993; Nadin and Saleeby, 2008). Also, the
underplating of the Pelona-Orocopia-Rand family of schists and associated
rocks attests to significant subduction-erosion in the region (Haxel and Dillon,
1978; Jacobson et al., 2000; Grove et al., 2003). Subsequent faulting dissected
the Mojave Desert segment of the Mesozoic margin to a greater extent than
the Sierra Nevada batholith to the north and the Peninsular Ranges batholith
to the south, resulting in variable depths of crustal exposure in the Mojave
Desert. This exposure allows for a more complete investigation of the crustal
evolution of the Mojave Desert segment of the Cretaceous Cordilleran belt.

B GEOLOGIC SETTING

The Transverse Ranges include the San Gabriel Mountains, San Bernardino
Mountains, and the mountain ranges that occur in Joshua Tree National Park
(Fig. 1). The San Andreas fault divides the Transverse Ranges, separating the
San Gabriel Mountains from the San Bernardino Mountains. In order to avoid
the necessity of palinspastic reconstructions, we dealt only with regions on the
eastern (North American) side of the San Andreas fault, and thus we define our
study area as the Eastern Transverse Ranges, including the San Bernardino
Mountains and Joshua Tree National Park. The study area extends east into
the central Mojave Desert to encompass the Cadiz Valley batholith, which is
truncated at its eastern margin by the major “breakaway” faults that mark the
boundary of Basin and Range extension, sensu stricto, of the Colorado River
extensional corridor (Wells et al., 2005).

Host Rocks: Proterozoic Basement and Early—-Middle Mesozoic
Intrusive Units

In contrast to the Sierra Nevada batholith, where pre-Mesozoic units are
preserved only in small and strongly deformed metasedimentary pendants,
large blocks of Proterozoic basement are preserved throughout the Eastern
Transverse Ranges area. Basement rocks record a complex Proterozoic history
as is typical of the Mojave crustal province. The oldest rocks presently exposed
in the Mojave are metaigneous rocks and continental sediments dating from
1790 to 1730 Ma, which predate a period of major tectonism, chronologically
correlative with the Ivanpah orogeny of Wooden and Miller (1990). From 1690
to 1640 Ma, igneous units were intruded contemporaneously with continued
regional metamorphism, migmatization, isoclinal folding, and west-vergent
shearing (Barth et al., 2009; Strickland et al., 2013). This Paleoproterozoic
crust was further intruded by a range of Mesoproterozoic plutons, the most
voluminous in the Mojave Desert being granitic to syenitic plutons emplaced
from 1430 to 1400 Ma throughout North America (Anderson and Bender, 1989;
Anderson and Morrison, 1992).

The heterogeneity of exposed Proterozoic rocks suggests potentially diverse
crustal sources for Mesozoic magmas (e.g., Barth et al., 1992). Early recognition

of crustal source heterogeneity in the Mojave Province stemmed from stud-
ies of bulk zircon isotopic systematics of Late Cretaceous intrusive rocks that
yielded both Paleoproterozoic and Mesoproterozoic intercept ages correlated
to major Proterozoic magmatic events (Wright et al., 1987; Miller et al., 1992).

Isotopic compositions of plutonic rocks also reflect the presence of Protero-
zoic basement in the region. Data from intrusive rocks of the Transverse Ranges
magmatic rocks are consistently more enriched in radiogenic isotopes than
rocks of similar major-element compositions in the Sierra Nevada batholith
(DePaolo, 1981; Kistler and Ross, 1990; Chen and Tilton, 1991; Paterson et al.,
2017). The most geochemically primitive rocks in the region yield #Sr/%Sr,
values from 0.707 to 0.709 and eNd,, values lower than -10, despite their mafic
composition; evolved rocks yield #Sr/%Sr, values up to ~0.714 and eNd,, val-
ues as low as -17 (Barth et al., 1992, 1995; Mayo et al., 1998; Wiegand et al.,
2007; this study).

Three Mesozoic magmatic pulses that are characteristic of the Cordilleran
arc are preserved in the field area. Triassic plutons are alkali-calcic quartz mon-
zodiorites and monzonites present in relatively small volumes (Fig. 2; Barth
et al., 1997). Significant Jurassic plutonism occurred in the eastern Joshua
Tree National Park, with intrusion ages ranging from ca. 165 to 161 Ma (Barth
et al., 2008, 2017; Howard et al., 2013, and references therein). This includes
a Jurassic batholith consisting of plutonic to hypabyssal quartz monzonites
that is the host rock for the Cadiz Valley batholith along its western margin
(Howard, 2002; Howard et al., 2013). Smaller, typically calc-alkaline, Jurassic
plutons with ages of 152-150 Ma are located in the western and southwestern
portions of Joshua Tree National Park and are interleaved with Cretaceous
igneous sheets in the Little San Bernardino Mountains (Needy et al., 2009).

Cretaceous Magmatic Crustal Section

Needy et al. (2009) argued that in Joshua Tree National Park, Cretaceous
intrusive rocks are exposed from shallow crustal levels to ~20 km depth, broken
only by moderate to minor faults that do not omit significant section, although
at least one extensional fault in the Pinto Mountains juxtaposes structural
levels (Howard et al., 2013). The regional structural style was interpreted as a
monoclinal or homoclinal structure steepening toward the San Andreas fault.
This region represents a crustal section through the Mesozoic crust presently
tilted at ~8° about a NNW-trending axis. The range of thermobarometric min-
eral assemblages in Cretaceous igneous rocks indicates that differential uplift
occurred across the Eastern Transverse Ranges and central Mojave Desert
following the cessation of magmatism, exposing deeper portions of the crust
in the south and west (Anderson, 1988; Barth, 1990; Barth and May, 1992;
Needy et al., 2009; lanno, 2015).

The Cadiz Valley batholith, an ~600 km? (exposed) batholith located in the
central Mojave Desert, which spans the region from the Coxcomb and Sheep
Hole Mountains to the Iron Mountains, is composed of the shallowest plutons
in the field area (Calzia, 1982; Howard, 2002). The Cadiz Valley batholith intrudes

Economos et al. | Late Cretaceous magmatic-tectonic evolution of the central Mojave Desert
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Figure 2. Geologic map of Late Cretaceous intrusive rocks of the Cadiz Valley batholith and structurally lower intrusive units of the Eastern Transverse Ranges magmatic arc crustal
section. See Figure 1 for location. Locations of geochronology ples (new and published) and significant units discussed in the text are noted. Mtns—Mountains.

Jurassic plutons in the west and the Late Jurassic to mid-Late Cretaceous
metasedimentary McCoy Mountains Formation in the south (Fig. 2; Barth et
al., 2004). Compositions range from volumetrically dominant muscovite/biotite
monzogranite to biotite-hornblende granodiorite in the southern Coxcomb
Mountains (Calzia, 1982; Howard, 2002). Late Cretaceous zircon U-Pb ages
ranging from 77 to ca. 70 Ma have been reported (Calzia et al., 1986; Barth et
al., 2004; Wells and Hoisch, 2008; Chapman et al., 2018). An Al-in-hornblende
barometry result from the southeastern part of the batholith indicated an

emplacement depth of ~6 km (Anderson, 1988), a shallow structural position
that is consistent with the crustal level inferred from eastward projection of
the depth transect of Needy et al. (2009). The batholith is, however, partly
disrupted by east-dipping Miocene normal faults (Howard, 2002).

West of the Cadiz Valley batholith, the next exposed Cretaceous plutons
in the field area are in the west-central region of Joshua Tree National Park,
in the eastern Hexie Mountains and western Pinto Mountains (Fig. 2), where
various granite and granodioritic plutons intrude Proterozoic basement rocks.

Economos et al. | Late Cretaceous magmatic-tectonic evolution of the central Mojave Desert
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We collectively refer to these plutons as “mesozonal” in reference to their
10-16 km emplacement depths (Needy et al., 2009; lanno, 2015). Contacts
between plutons and Proterozoic host rocks are typically steeply to moder-
ately dipping and are variably discordant to the steeply dipping Proterozoic
metamorphic foliations. This group of plutons includes the biotite-hornblende
Blue granodiorite and the granodiorite of Porcupine Wash, the weakly met-
aluminous Palms Granite, and the weakly peraluminous granite of Smoke
Tree Well (Fig. 2).

The deepest of the exposed magmatic rocks in the field area form a sheeted
complex of tonalite to granodiorite and biotite + muscovite + garnet gran-
ites that concordantly intrude foliated Proterozoic gneisses (Fleck et al., 1997;
Wooden et al., 2001; Barth et al., 2008; lanno, 2015). Igneous intrusions con-
sist of mainly meter- to decimeter-scale sheets with some larger, lenticular
stock-sized bodies. Needy et al. (2009) summarized the field characteristics
and geochronology of the sheeted complex, which indicate its construction
during two stages, one in the Late Jurassic and one in the Late Cretaceous.
Intrusive depths of ~15-19 km were reported for plutonic rocks from the Little
San Bernardino Mountains and in the westernmost Joshua Tree National Park
(Needy et al., 2009; lanno, 2015).

This sheeted complex often appears along a mappable contact with lentic-
ular-shaped plutons that intrude along the western margins of the mesozonal
Palms Granite and Blue granodiorite (lanno, 2015). Dips average ~40° to the
east, and intrusive bodies are concordant with metamorphic wall rocks that are
present throughout the complex. The dominant planar fabric in the complex
is defined by metamorphic foliations, magmatic contacts between sheets, and
alignment of high-aspect-ratio magmatic minerals (lanno, 2015).

Finally, the deepest exposures in the Little San Bernardino Mountains are
transected by the north-south-trending Wide Canyon. Here, sheeted rocks
transition into a less structurally coherent migmatitic zone of both Proterozoic
and Cretaceous age (Friesenhahn, 2018). Rocks of this style are truncated to
the west by the San Andreas fault.

The characteristics of these Late Cretaceous intrusions are paralleled by
those in the San Bernardino Mountains, which lie to the northwest of the
tilted crustal section in Joshua Tree National Park. Mapping by Powell (1993)
indicated that the San Bernardino mountain range is located structurally along
strike of plutons in Joshua Tree National Park (Fig. 1). This range includes a Late
Cretaceous upper-crustal batholith, the Big Bear Lake intrusive suite (Morton
and Miller, 2003; Barth et al., 2016). The Big Bear Lake intrusive suite is similar
to the Cadiz Valley batholith in size, composition, and age and was emplaced
at slightly deeper crustal levels (Barth et al., 2016). Structurally beneath the
Big Bear Lake intrusive suite, there is a unit similar to the sheeted complex
in Joshua Tree National Park, which was sampled by the deep scientific drill
core in Cajon Pass on the northwestern edge of the San Bernardino Mountains
(Cajon Pass Deep Scientific Drillhole [Federal 2-26]; Wicklund et al., 1990; Prat-
son et al., 1992; Barth and Dorais, 2000). Below ~1.2 km depth, drillers recovered
samples of a sheeted, heterogeneous plutonic unit that represents a crustal
thickness of at least 2 km. The shallowly dipping, foliated intrusive bodies range

in composition from tonalite and diorite through granodiorite to granite. An
intrusive pressure of 6 + 1 kbar was calculated from hornblende-plagioclase
thermobarometry and is consistent with the presence of epidote in the mag-
matic assemblage of tonalitic samples (Barth and Dorais, 2000). Zircon U-Pb
ages from these samples presented here will test the projection of the oblique
tilted crustal section into the San Bernardino Mountains (e.g., Barth et al., 2016).

B METHODS
Geochronology

We present new secondary ionization mass spectrometry (SIMS) zircon
U-Pb ages for upper-crustal and sheeted midcrustal plutonic rocks (Figs. 3
and 4) and a compilation of all published SIMS U-Pb geochronology in zircon
for Late Cretaceous igneous rocks from the study area (Fig. 5). The goal was to
investigate the timing relationships between intrusions as a function of depth
in the oblique exposure and between intrusions at similar paleodepths along
strike across the Transverse Ranges. Analysis by SIMS allowed for sampling of
magmatic zircon rims and avoidance of Proterozoic cores, which are ubiquitous
in zircons from Cretaceous granitoid rocks of the entire Eastern Transverse
Ranges and Mojave Desert region. Also included are new ages from samples
recovered from the Cajon Pass Deep Scientific Drillhole. Samples from units
2 through 5 of Barth and Dorais (2000) were selected based on the quality of
core recovery. Samples ~10 cm?® in size were processed for zircon separation at
lowa State University and yielded sufficient zircon fractions for SIMS analysis.
Cadiz Valley batholith geochronology samples were selected to represent the
compositional diversity observed in the batholith (Howard, 2002). U-Pb data
were collected using the U.S. Geological Survey (USGS)-Stanford sensitive
high-resolution ion microprobe-reverse geometry (SHRIMP-RG) at Stanford
University utilizing analytical and data reduction procedures described by Barth
and Wooden (2006). Isotope ratios were calibrated against Braintree zircon
standard R33, with an age of 419 Ma (Black et al., 2004). Zircon spot ages are
reported at the 1o level (Tables S1 and S2'), and interpreted crystallization ages
of rocks are reported as the weighted mean age with errors at the 2c level.

Whole-Rock Geochemistry

The whole-rock elemental data (Table S3 [see footnote 1]) presented here
include samples from the Cadiz Valley batholith, mesozonal plutons, and
the sheeted complex. These were analyzed by X-ray fluorescence (XRF) and
inductively coupled plasma-mass spectrometry (ICP-MS) at Michigan State
University (MSU). Additional whole-rock samples from the southern Cadiz
Valley batholith in the Coxcomb Mountains were analyzed by XRF at the Univer-
sity of Southern California (USC). Despite slight differences in preparation, we
consider the data sets comparable because both display similar trace-element

Economos et al. | Late Cretaceous magmatic-tectonic evolution of the central Mojave Desert
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Figure 5. Compilation of Cretaceous ages from secondary ionization mass spectrometry
(SIMS) U-Pb in zircon geochronology for the Eastern Transverse Ranges magmatic arc

crustal section (Barth et al., 2004, 2009; Needy et al., 2009; Friesenhahn, 2018; this study).

See Figures 1 and 2 for sample locations. Hot colors indicate deeper paleodepths; cool
colors indicate shallower paleodepths. (A) Comparison of ages of Cadiz Valley batholith
to structurally lower, intermediate-depth plutons and rocks of the midcrustal sheeted
complex and Wide Canyon in Joshua Tree National Park. (B) Comparison of ages from the
arc crustal section in the San Bernardino Mountains, including the Big Bear Lake intrusive
suite and structurally lower sheeted rocks from the Cajon Pass drill hole. Probability density
functions were calculated using Isoplot. Insets show all geochronology from the sheeted
complex (A) and the Cajon Pass drill core (B), including interspersed Jurassic sheets.

compositional trends that are particular to magmatic rocks in this region. All
samples were crushed in steel and tungsten carbide jaw crushers and were
powdered using tungsten carbide ball mills. Samples were fused into lithium
borate glasses for major-element oxide analysis, but trace-element measure-
ments for USC samples were conducted on briquetted rock powders, while
trace elements were analyzed directly on glass disks at MSU. Measurements at
USC were conducted on a Rigaku XRF spectrometer, and MSU analyses were
conducted on a Bruker S4 PIONEER XRF spectrometer. Errors on USC samples
are between 1% and 5% analyzed quantity for major and trace elements. For
MSU samples, major-element oxides have errors of <1%, Sr measurements
have errors of <1%, and Y and Rb have errors of <56%.

Additional trace-element analyses were collected by solution ICP-MS at
MSU. Reproducibility of unknowns was checked against rock standard JB-1a.
Reproducibility on large ion lithophile elements (LILEs), Zr, La, V, and Cr was
2%-2.5%. Reproducibility for all other elements, including rare earth elements
(REEs), was <5%.

Measurements of Sr and Nd isotope ratios were mainly conducted on
a Finnigan MAT 261 thermal ionization mass spectrometer at the Stanford
University Microanalytical Center (Table S4 [footnote 1]). The data set was
augmented by analyses on two VG Sector 54 thermal ionization mass spec-
trometers at the University of North Carolina and the University of Arizona.
Samples analyzed at the University of Arizona were spiked for Sm and Nd so
that concentrations could be measured directly. Whole-rock concentrations
of Rb and Sr in other samples were determined by XRF and used to calculate
Rb/Sr; a value of 0.14 Sm/Nd was assumed for ratio calculations on samples
analyzed at Stanford. All samples had Rb/Sr ratios <3, precluding large errors
introduced by high-Rb samples. Isotope measurements were calibrated against
NBS987 (Sr) and AMES (Nd) (Wiegand et al., 2007).

B RESULTS
Geochronology of Upper-Crustal Batholithic Rocks

Six samples from the Cadiz Valley batholith yielded equant to prismatic
grains that displayed fine oscillatory zoning in cathodoluminescence (CL)
images. Some zones were dark in CL images, suggesting high U content. Dis-
cordant cores, interpreted as inherited zircons, were observed in most samples,
necessitating the use of a focused beam (in situ) dating technique such as
SIMS. Some Pb loss, identified by a spread of ages along the Tera-Wasserburg
concordia, was observed in all samples (Fig. 3). We selected the most coherent
population in each sample, excluding some grains with indications of Pb loss.
This strategy yielded a mean square of weighted deviates (MSWD) between
1.7 and 4.3 for all samples.

The most northwesterly sample, 758, came from the biotite-muscovite
Sheep Hole Pass Granite. Five of the 10 spot analyses conducted on this sam-
ple failed to intersect Tera-Wasserburg concordia and were excluded from the
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weighted average age. Zircons from this sample are prismatic to irregular,
and the outer approximately one half of many large zircons consists of a CL
dark, oscillatory zoned rim, suggesting igneous crystallization with high U
concentrations. Analyses in these zones therefore yielded concordant spot
ages with errors of ~£0.5 m.y. (Fig. 3). Ages from these zones shifted the
overall age toward the older, low-error grains, yielding a weighted average
of five grains of 76.5 + 1.5 Ma, with a high MSWD of 4.3. Due to the weighting
of these high U zones, we interpret that this value should be considered a
maximum age for sample 758.

Samples 760 and ND45 were collected from outcrops of hornblende-bearing
sphene-biotite granodiorite of Clark’s Pass. Sample 760 zircons yielded data
that are clustered on a Tera-Wasserburg concordia, excepting one grain that
was excluded due to large ?’Pb/?U errors. Ten grains yielded a weighted
average of 76.5 + 1 Ma, with an MSWD of 2.3. Sample ND45 suffered from
significant Pb loss, with data spreading along Tera-Wasserburg concordia
across ~7 m.y. Four grains significantly younger than the main population
were excluded on suspicion of Pb loss. Eight grains yielded a weighted aver-
age of 76 + 1 Ma, with an MSWD of 2.2. Therefore, these two samples of the
granodiorite of Clark’s Pass yielded comparable ages within error. A nearby
sample taken from pink granite associated with pegmatites, sample H12SH-
13, yielded significantly younger ages that span from 77 to 65 Ma. A lack of a
dominant age population and monotonically decreasing ages in this sample
suggest that it was disturbed since formation, experienced significant Pb loss,
or contains an unresolvable inherited population, precluding the interpretation
of the precise age.

Sample 761 was collected from a large body of predominantly equigranu-
lar biotite granite in the central part of the Cadiz Valley batholith, the granite
of South Sheep Hole Valley. This sample contained oscillatory zoned zircons
that darken toward their rims. The three youngest grains, suspected of Pb loss,
were excluded to yield a weighted average age of 75 + 1 Ma from nine grains,
with an MSWD of 1.7, within error of a laser-ablation U-Pb age of 76.1 + 3.4 Ma
reported for a nearby granodiorite (Chapman et al., 2018).

Sample 756 is a muscovite-biotite monzogranite from the Granite Pass
Granite pluton, situated east across a broad valley from earlier described
samples. This sample contained several discordant grains that indicate com-
mon Pb contamination but yielded a coherent age population, excluding one
significantly older grain and one significantly younger grain. The remaining
12 grains yielded an age of 74.5 + 1 Ma, with an MSWD of 1.7. Other studies
have reported U-Pb ages of 74.5 + 2.1 Ma and 71.5 + 2.8 Ma from this pluton
(Wells et al., 2002; Chapman et al., 2018).

Geochronology of Midcrustal Sheeted Complex Rocks
Zircons from six samples recovered from the Cajon Pass drill hole were

analyzed (Fig. 4). Sample CJ133 yielded only Cretaceous grains, with one
yielding a significantly older Cretaceous age interpreted to be a premagmatic

grain. Seven other grains produced an age of 79 + 1.5 Ma, with an MSWD of 2.3.
Seven grains from sample CJ179 yielded a weighted mean age of 80.5 + 1 Ma,
excluding one significantly younger grain interpreted to have experienced Pb
loss. Excluding a single Jurassic grain, CJ395 yielded a weighted mean age of
81+ 1 Ma, with an MSWD of 1.16 from seven grains. Sample CJ502 contained
one grain displaying evidence of Pb loss and two Proterozoic ages that were
excluded from the age calculation. Eight zircons yielded an age of 79 + 1.5 Ma,
which was weighted toward the younger end of the population by a number
of high-precision, high U grains.

Sample CJ194 yielded eight Jurassic grains and three Cretaceous grains
that we interpret to have formed as metamorphic rims based on Th/U ratios
>0.1. The main population yielded a weighted mean age of 151 + 1.5 Ma (MSWD
=0.40). Sample CJ265 contained only Jurassic grains that yielded a weighted
mean age of 151 + 3 Ma, with a high MSWD of 4.8. The high MSWD of this
sample is due to the presence of two apparent age populations, the younger
of which may have experienced Pb loss.

Major-Element Geochemistry

Plutons in the study area share common major-element geochemical char-
acteristics as shown on traditional Harker diagrams and follow the calc-alkaline
series in A-F-M geochemistry, where A is Al,O,, Fis FeO, and M is MgO (Fig. 6).
These plutons transition across the calc-alkalic and alkali-calcic fields in the
modified alkali-lime index (MALI) of Frost et al. (2001) and follow the typical
magnesian trend of Cordilleran granitoids (Fig. 7). These rocks span the com-
positional range from metaluminous to weakly peraluminous (Fig. 7).

There are some variations in major elements between units at different
crustal levels. The Cadiz Valley batholith is composed of rocks with a com-
positional range from hornblende-biotite granodiorite to muscovite-biotite
granite and from 67 to 74 wt% SiO,. These rocks are dominantly peraluminous
and weakly metaluminous, mainly due to elevated Na,O contents, which rise
consistently above the range of compositions defined by mesozonal plutonic
rocks. Mesozonal plutons are more compositionally diverse than the Cadiz
Valley batholith, including more strongly metaluminous rocks with lower silica
contents. Rocks of the sheeted complex are the most compositionally diverse,
ranging from 50 to 76% SiO,.

Trace-Element Geochemistry

REE variations are tightly clustered, lack prominent negative Eu anomalies,
and have a moderate middle REE (MREE) depletion and significant heavy
REE (HREE) depletion. The Cadiz Valley batholith data yielded average ratios
of La,/Yb, = 15, Dy/Yb = 2.1, and Dy/Dy* = 0.63. Mesozonal samples yielded
average ratios of La,/Yb, = 13, Dy/Yb = 1.8, and Dy/Dy* = 0.55. Sheeted com-
plex samples yielded average ratios of La,/Yb,, = 14, Dy/Yb = 2.5, and Dy/Dy*
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= 0.63 with two outliers removed. Due to the abundance of garnet-bearing
host rocks in the sheeted complex, these samples are interpreted as locally
contaminated with garnet-bearing material.

All Cadiz Valley batholith samples had Y concentrations of 28 ppm or lower,
generally resulting in the highest Sr/Y ratios in the study area, from ~20 to 80
(Fig. 8). The mesozonal plutonic rocks showed a distinctly wider range of Y
concentrations, trending toward higher concentrations up to 80 ppm. Sheeted
complex compositions largely overlapped with the mesozonal plutons but
were distinct from the Cadiz Valley batholith. Concentrations of Y in sheeted
complex rocks were nearly ubiquitously higher than those of the Cadiz Valley
batholith, and concentrations in the sheeted complex ranged 22-55 ppm (Fig. 8).

Units throughout the region displayed Yb concentrations consistently
below 11 ppm and La/Yb ratios generally lower than 60 (Fig. 8). This is in con-
trast to dichotomous Y concentrations and Sr/Y ratios between Cadiz Valley
batholith and sheeted complex samples.

Rb/Sr and Sm/Nd Isotope Geochemistry
All samples yielded Sr/**Sr,, ratios from 0.7075 to 0.7140 and eNd,, from

-10 to -17 (Fig. 9). The eNd,, and ¥Sr/*¢Sr, values are negatively correlated.
Samples from mesozonal plutons and the sheeted complex overlapped in eNd,

3
3 - ()
s @ Cadiz Valley batholith
° ® @ Mesozonal plutons
3 -
> @ Sheeted complex
7]
[}
g 0o ©
o9 o
o ¥®ge
S o B o ®
° 00°°00 @ °
@ °
) )
i T T T hd €
0 20 40 60 80
Y (ppm)

versus ¥Sr/®Sr, and spanned the entire measured range, whereas Cadiz Valley
batholith samples yielded a narrower range of isotopic ratios, with #Sr/%Sr,
from 0.7097 to 0.7117 and eNd,, from -12.2 to -14.7.

When all Joshua Tree National Park and Cadiz Valley batholith samples are
plotted together, they define a triangular field in 8Sr/*¢Sr, versus SiO, space
(Fig. 9) with no distinctive variations between crustal levels beyond the nar-
rower compositional range of the Cadiz Valley batholith. The range of samples
with SiO, ranging from 63 to 76 wt% SiO, yielded the lowest &’Sr/®Sr , ratios in
the array at ~0.7095, with one outlier diorite from the sheeted complex yielding
a ratio of 0.7065. As SiO, content increases, isotopic diversity also increases,
with the most felsic samples yielding a range of Sr/®Sr, from 0.7095 to 0.7135.
The range of #Sr/%Sr, has no obvious correlation with magmatic age; rather,
the range of values is consistent throughout (Fig. 9).

l DISCUSSION
Regional Age Summary
Samples analyzed from the Cadiz Valley batholith yielded crystallization

ages from 76.5 to 74.5 Ma, and a sample from the Coxcomb Mountains
yielded a slightly younger age of 73.5 Ma (Barth et al., 2004). Thus, it appears
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Figure 8. (A) Sr/Y vs. Y and (B) La/Yb vs. Yb diagrams demonstrating the mismatch in geochemical characteristics for mesozonal plutons and sheeted

complex samples for Sr/Y, whereas all samples overlap in La/Yb.
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Figure 9. Whole-rock isotope geochemistry of intrusive rocks from the Eastern Transverse
Ranges: (A) Sr and Nd isotopic compositions and the covariation in eNd, vs. ¥Sr/®Sr,,,
which follows a negative trend typical for crustally contaminated magmatic bodies. San
Gabriel Mountains data are from Barth et al. (1995) and Wiegand et al. (2007). (B) #’Sr/#¢S-
ry vs. SiO,. Note increasing diversity of ®’Sr/*Sr, in more felsic rocks, and (C) #’Sr/*Sr,
vs. age for all samples in the study with both data sets; age histogram from Figure 5 is
plotted in gray for reference.

that this batholith was emplaced largely over an ~3 m.y. time span. Sam-
ples from the Cajon Pass drill hole indicate that the sheeted, heterogeneous
plutonic unit in this region contains components of both Late Jurassic and
81-79 Ma ages.

A compilation of new and published SIMS ages of magmatic rocks in the
central and Eastern Transverse Ranges establishes overlapping age peaks in
both the Late Jurassic and Late Cretaceous across a range of crustal depths.
Figure 5 includes data from the Cadiz Valley batholith, mesozonal plutons, and
sheeted complex intrusions from Joshua Tree National Park (Barth et al., 2004;
Needy et al., 2009; Friesenhahn, 2018), the Big Bear Lake intrusive suite in the
San Bernardino Mountains (Barth et al., 2008, 2009), and samples from the
Cajon Pass drill core. Cretaceous plutons in the Joshua Tree National Park and
the central Mojave Desert were intruded over a time span of ~11 m.y., from
ca. 83 to 73.5 Ma. Magmatism occurred in two apparent pulses, one from 83
to 78 Ma and another from 76 to 73.5 Ma. The first pulse formed sheets and
mesozonal plutons, synchronous with the intrusion of the Big Bear Lake intru-
sive suite and Cajon Pass sheeted complex. The second pulse formed sheets,
mesozonal plutons, and the Cadiz Valley batholith.

Friesenhahn (2018) found similar and slightly older ages of ca. 88-84 Ma
in the deepest exposed plutons in Wide Canyon, coincident with pluton ages
in the Teutonia batholith in the central Mojave Desert and in the San Gabriel
Mountains (Barth et al., 2004, 2016). The intrusion of all of these bodies rep-
resents a Cretaceous pulse of mid- to upper-crustal magmatism, which falls
into the shorter end of the typical duration of flare-up events as described by
Paterson et al. (2011).

The presence of these igneous materials presents a significant conflict
with the purported cessation of all magmatism in the “Southern California
batholith” by ca. 85 Ma (Liu et al., 2010). In fact, most Late Cretaceous igneous
intrusions in the Eastern Transverse Ranges and central Mojave area were
emplaced between 83 and 73.5 Ma.

Regional Correlations

Needy et al. (2009) proposed that the exposure of plutons in Joshua Tree
National Park represents a cross section of the Mojave crust, with an apparent
homoclinal dip of ~8° for most of its length, with tilting steepening close to
the San Andreas fault (Powell, 1981; Needy et al., 2009; lanno, 2015; Friesen-
hahn, 2018). The projection of this 8° dip eastward into the central Mojave
Desert would fit well with the published intrusion depth estimate of ~6 km
for the Cadiz Valley batholith (Anderson, 1988). Commonalities between the
plutons in Joshua Tree National Park and the Cadiz Valley batholith support its
inclusion in this oblique cross section, including synchronous intrusion ages
and overlapping major-element and isotopic compositional characteristics.
Within this region, brittle strain due to active tectonism in southern California
is distributed on a myriad of structures that are small relative to the scope
of the cross section. We propose that the Eastern Transverse Ranges—central
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Mojave Desert tilted crustal section should be considered as bounded in the
east (shallowest) by the breakaway of the Colorado River extensional corridor
(Howard and John, 1987; Faulds et al., 2001) and in the west (deepest) by the
San Andreas fault. We further project this cross section to the northwest to
encompass the Big Bear Lake intrusive suite and the underlying sheeted rocks
sampled in the Cajon Pass drill core.

The shallowest exposures at 5-6 km paleodepth and the midcrustal
exposures at ~18-20 km paleodepth are ~80 km apart perpendicular to the
paleo—continental margin, and so the plutons in this cross section cannot be
directly correlated. Rather, they are representative of the various levels of the
crust in the Mojave region during Late Cretaceous magmatism. The following
discussion therefore requires the caveat that variations between units in the
section may be attributable to either variations with depth or regional varia-
tions perpendicular to the paleo-continental margin.

The interpretation that these igneous bodies are part of a coherent, albeit
strongly oblique, crustal section is supported by an indistinguishable range
of Sr and Nd isotopic compositions among all intrusions, excepting that
the Cadiz Valley batholith displays a tighter compositional range that falls
within that defined by the more diverse sheeted complex. We interpret the
sheeted complex to have been constructed of smaller-volume aliquots that
are representative of the diversity of source components for mesozonal and
upper-crustal plutons. The eNd,, and #Sr/%Sr, values overlap with isotope val-
ues from deeply intruded Cretaceous plutons from the San Gabriel Mountains
(Fig. 9; Barth et al., 1995; Wiegand et al., 2007). The isotopically similar source
materials of regional plutonism are likely due to the widespread presence of
Proterozoic basement throughout the crust in the Mojave Desert as a fertile
source for material addition to the Cretaceous magmatic system, as is envis-
aged for other sectors of the Cordilleran arc system (Ducea, 2001). Additional
support for abundant incorporation of Proterozoic source material in these
rocks comes from the ages of inherited zircons (Tables S1 and S2 [footnote
1]) and from Pb isotope studies (Wooden et al., 2018).

Furthermore, the along-strike (NW/SE) spatial extent of the sheeted com-
plex, in the Little San Bernardino Mountains, San Bernardino Mountains, and
the Cajon Pass drill hole, suggests that this major feature observed in the
midcrust was regionally extensive, at least as exposed along strike of the
paleo—continental margin. Evidence for a correlation between the sheeted
complex in Joshua Tree National Park and rocks sampled by the Cajon Pass
drill core includes similarities in large-scale and small-scale sheeted structural
characteristics, intrusive depths corresponding to ~4-6 kbar, a similar breadth
of compositions, dominantly magmatic fabrics, and both Jurassic and Creta-
ceous ages that overlap within analytical error. This correlation implies that
the sheeted complex is laterally extensive over >100 km along strike to the
northwest and everywhere that sufficient depths are exposed.

First-order variations from western midcrustal to eastern shallow crustal
intrusions include the following:

® increasing major- and trace-element homogeneity (which may mask

the apparent sizes of magmatic pulses in the shallow crustal plutons);

® increasing apparent magmatic pulse volume from a complex of small
sheets and sills to moderately sized composite plutons at mesozonal
levels to a vast granitic to granodioritic batholith in the shallow crust;

e decreasing abundance of the more mafic compositions, leading to an
overall higher average SiO, content; and

* decreasing abundance of older magmatic units (ages of ca. 83-76 Ma),
where the sheeted complex and mesozonal plutons span the age range
ca. 83-73.5, whereas the upper-crustal Cadiz Valley batholith yields only
76.5-73.5 Ma ages.

Is Geochemistry Consistent with Arc Magmatism?

Late Cretaceous igneous rocks in the study area display all of the geo-
chemical hallmarks of arc magmatism, including a calc-alkaline compositional
trajectory and metaluminous to peraluminous compositions. These charac-
teristics are common in evolved arc magmas that intrude a thickened crust,
such as the Andean arc and the Sierra Crest event of the Sierra Nevada batho-
lith (Coleman and Glazner, 1997; shown for comparison in Fig. 7). Indeed,
major-element variations such as aluminosity and total alkali content are
indistinguishable between Mojave igneous rocks and granitoids of the central
and southern Sierra Nevada batholith, eastern Peninsular Ranges batholith,
and the central Andean arc (Fig. 7). Behaviors of these magmas on a modified
alkali lime index (Fig. 7) cross from the calc-alkalic to the alkali-calcic field,
which broadly suggests contamination with a heterogeneous crustal source,
as is evident from the Proterozoic to early-middle Mesozoic geology of the
Transverse Ranges and the Mojave Province.

Whole-rock REE patterns may record the influence of mineral fractionation
in the deeper, unexposed portions of a magmatic system on evolved, shallowly
emplaced magmatic products (e.g., Davidson et al., 2007, 2013). REE patterns
from rocks in this study show progressive MREE and HREE depletions, yielding
steep REE patterns with average La/Yb ratios for each crustal level in the range
of ~13-15 (excluding two strong outliers in the sheeted complex). Calculated
ratios of Dy/Dy* range from ~0.55 to 0.63, indicating a mild but significant
downward inflection of the MREEs. These observations are generally consis-
tent with the fractionation and/or removal of both garnet and hornblende in
the deep crust of the magmatic system, although these patterns may also be
influenced by later-crystallizing accessory phases. The lack of a prominent
negative Eu anomaly indicates either a lack of strong plagioclase fractionation
or an oxidized magmatic source, as is expected for arc magmas.

All samples in the region are considered to be isotopically evolved relative
to plutons of similar age elsewhere in the Mesozoic California arc (e.g., Kistler
and Ross, 1990), likely due to the incorporation of an older Proterozoic crustal
component in this region. Geochemistry indicates multiple stages of contami-
nation of a complex crustal source, as is typical of arc magmatic systems. The
87Sr/®Sr, values for samples from the sheeted complex with SiO, contents as
low as 60 wt% are ~0.709, indicating that crustal contamination has already
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played a role in the formation of these mafic to intermediate granitoids (Fig. 9).
Data suggest that a crustal component of #Sr/%Sr, = 0.714 or higher partic-
ipated in additional crustal contamination, and granites that range down to
87Sr/*Sr,,, = 0.709 may have been influenced by multiple crustal components,
fractionation, or both. It is not possible to unequivocally differentiate between
the effects of crustal contamination or the control of an isotopically enriched
mantle source region because no primary mafic compositional end members
have been identified.

However, it is clear that there is no geochemical distinction between 88
and 85 Ma intrusions and 76-73.5 Ma intrusions in either bulk chemistry (Fe#,
alumina saturation index [ASI], or MALI; Fig. 7) or isotopic signature (Fig. 9),
beyond a trend toward overall more felsic compositions. One would expect to
observe some changes in these geochemical parameters over time in the sce-
nario of a foundering lower crust and asthenospheric melt ingress as a driver for
batholithic-scale magmatism (Wells and Hoisch, 2008; Hildebrand and Whalen,
2017), particularly if the mantle lithosphere exerts a critical control on the isoto-
pic state of igneous products (Chapman et al., 2017, 2018). For example, in the
Himalayan Gangdese batholith, a swarm of mafic magmatism with primitive
isotopic characteristics accompanied delamination and/or slab break-off (Dong
etal., 2005; Ji et al., 2012). Lacking any evidence of a heat source from upwelling
asthenospheric mantle, arc magmatism is the likeliest formation environment.

Traditional trace-element characteristics designed to discriminate tectonic
environment (e.g., Pearce et al., 2005) are of limited utility in evolved and
heavily contaminated igneous rocks such as those in the study area. Crustal
anatexis and hybridization perturb elements such as Y, Yb, and Rb by inter-
action with garnet-bearing biotite gneissic host rocks and Th and Zr through
copious zircon inheritance. Concentrations of fluid-immobile high field strength
elements such as Ta and Nb tend to be depleted in magmas generated in arc
settings. However, concentrations of these elements are not appreciably differ-
ent between Sierran granitoids, Mojave granitoids, and those of the Colorado
River extensional corridor, suggesting that these elemental ratios, like isoto-
pic ratios, may be controlled by lithospheric sources rather than subduction
dynamics (e.g., Chapman et al., 2017).

Is There Evidence for a Reduction in Crustal Thickness between 82
and 74 Ma?

In addition to predicted shifts in elemental and isotopic geochemistry, a
delamination event may trigger a reduction in crustal thickness, e.g., depth
to Moho, while ongoing arc magmatism would predict persistence of a thick
crust throughout the time period of Eastern Transverse Ranges and Mojave plu-
tonism. Concentrations of Sr, Y, and Sr/Y ratios are commonly used to evaluate
the mineralogical constituents of source regions, particularly the predomi-
nance of plagioclase (which strongly partitions Sr) and garnet (which strongly
partitions Y), although amphibole may play a significant role in MREE/HREE
fractionation (Davidson et al., 2007). A prevalence of garnet over plagioclase in

the source region would be suggestive of melting deeper than ~35 km (Kay and
Kay, 1993; Macpherson et al., 2006). High Y concentrations imply that garnet
was not a significant residual phase; therefore, magmas were generated either
outside of the garnet stability field for lower-crustal | type sources (less than
~35 km) or from S-type sources that underwent garnet breakdown and there-
fore liberated Y into the melt. The ratios of light to heavy REEs (LREE/HREE),
specifically La/Yb, are also considered as an indicator of the involvement of
garnet in the source based on the preferential partitioning of HREEs therein.

The low Y concentration and therefore high Sr/Y ratios in all Cadiz Valley
batholith magmas implicate a garnet-bearing source for the Cadiz Valley batho-
lith magmas (Fig. 8). The ratios of La/Yb are also indicative of the presence
of garnet in the source region, with high La/Yb ratios and low Yb concentra-
tions. We used the empirical calibration of Profeta et al. (2015) to examine
paleocrustal thickness across the region. Data were filtered using the protocol
described therein, except that a lower MgO concentration cutoff (0.9 vs. 1.0) was
used to capture more samples in the estimate. More felsic samples were also
included in the Cadiz Valley batholith La/Yb,, estimate due to a low total num-
ber of data points, but the La/Yb,, estimates generally should be less sensitive
to filtering, as is indicated by relatively consistent values between filtered and
unfiltered data (Fig. 10). No outliers were removed. Crustal thickness estimates
yielded broadly consistent results for the Cadiz Valley batholith, with both
Sr/Y and La/Yb, indicating a thick crust during magmatism (Fig. 10). Rocks
of similar ages and overlapping trace-element compositional characteristics
from the San Gabriel Mountains suggest that this is a regionally consistent
finding (Barth et al., 1995; Paterson et al., 2017).

However, Sr/Y and La/Yb, ratios yielded conflicting results for meso-
zonal and sheeted complex samples. Sr/Y ratios from mesozonal and sheeted
complex samples indicate thin crust, while La/Yb, ratios indicate thick crust.
Possible causes for the inconsistency in these ratios could be the geochemical
influence of midcrustal metamorphic Proterozoic units, which contain abun-
dant garnet. Garnet-rich schists and granulites that are locally interleaved with
sheeted complex rocks have extreme Y concentrations, up to 160 ppm (A. Barth,
personal commun., 2018). These units are a likely candidate for perturbation
of Y/Yb in adjacent magmatic units due to the interleaved, high-temperature
contacts between Proterozoic and Cretaceous intrusive units. There is abun-
dant field evidence for interaction between Proterozoic units and adjacent
Cretaceous magmatic sheets, including copious lit par lit intrusion and local
migmatization of Proterozoic framework rocks and abundant inherited Protero-
zoic zircons found in nearly all Cretaceous samples in the entire region (e.g.,
Needy et al., 2009; this study). Ratios of Y/Yb from mesozonal and sheeted
complex rocks are anomalous in comparison with other arc-magmatic systems
(Fig. 11). Ratios of Y/Yb may be useful indicators of the geochemical influence
of garnet grown in regional metamorphic events on magmatic products, but
more development is needed.

La/Yb, ratios for all crustal levels in the study area give a coherent indica-
tion that magmas were generated in a thickened continental crust. Based on
variations in Y behavior in midcrustal plutonic and host rocks, Sr/Y ratios more
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Figure 10. (A) Comparison of calculated “depth to Moho” from Sr/Y and La/Yb, ratios
for rocks from the Cadiz Valley batholith, mesozonal plutons, and the sheeted complex
utilizing the empirical formulation of Profeta et al. (2015) for data that were filtered ac-
cording to the Profeta et al. (2015) protocol (solid symbols) and all data (dashed symbols).
Note that the Cadiz Valley batholith yields consistent values for depth, while mesozonal
plutons and sheeted complex rocks yield significantly shallower depths for Sr/Y than
La/Yb. (B) La/Yb, vs. age for all samples in the study with both data sets; age histogram
from Figure 5 is plotted in gray for reference.

likely reflect overlapping influence of deep residual garnet and local plutonic
interactions with midcrustal garnet-bearing schists and gneisses. We therefore
favor the depth interpretation from La/Yb, ratios that suggest the crust was
thick at the time that the Cretaceous magmatic column was constructed. The
interpretation of a thick crust in Cretaceous time is in good agreement with
the broader tectonic (Livaccari, 1991) and regional geologic context. Deep
crustal exposures in the San Gabriel Mountains restore palinspastically to
this geographic region (Powell, 1993; Matti and Morton, 1993).

Tectonic Setting

Current conceptualizations of the underthrusting of the Shatsky Rise con-
jugate below North America require its insertion beneath a relatively narrow
zone between the Sierra Nevada batholith and the Peninsular Ranges batho-
lith, followed by a more northeasterly trajectory of underthrusting beneath
central-western North America (e.g., Liu et al., 2010). Our trace-element data
and regional geology suggest that the magmas that produced the studied
plutons passed through a thick crust. Friesenhahn (2018) demonstrated, based
on synmagmatic deformation features, that the midcrustal rocks in the Little
San Bernardino Mountains preserve contractional structures, although there is
ample evidence for synmagmatic mid- to upper-crustal extension in the east-
ern Mojave area (McCaffrey et al., 1999; Wells et al., 2005; Wells and Hoisch,
2008). Furthermore, the monotonic nature of the most primitive isotopic ratios
preserved primarily in the sheeted complex does not agree with a shift from a
subduction to a delamination setting in the Late Cretaceous, as there is no iso-
topic deflection to lower #Sr/%Sr, (Fig. 9) compositions as would be expected
to accompany the influx of asthenospheric melts and no deflection in La/Yb,
(Fig. 10) that would indicate a change in crustal thickness.

Magmatism with calc-alkaline compositions intruding a thickened crust
during tectonic compression is the simplest to explain as arc magmatism.
Xenoliths from central Arizona, hypothesized to be lower-arc crust derived
from the Mojave at ca. 75 Ma, corroborate this interpretation (Chapman et al.,
2020a). Following this line of reasoning, the Late Cretaceous igneous rocks in
the Mojave Desert are not so unlike all of the other plutons of Late Cretaceous
age in the Sierra Nevada batholith, although the Mojave magmatic pulse was
apparently smaller and ~10 m.y. younger (Paterson et al., 2011).

One caveat is the trench-perpendicular width of magmatism in the Eastern
Transverse Ranges and central Mojave area. The described composite crustal
section has a very shallow angle, and mesozonal and sheeted complex rocks
are 80 km west of the center of the Cadiz Valley batholith. This geometry is only
achievable if the arc was actively migrating eastward at this time, as has been
proposed by other workers (e.g., Chapman et al., 2018). Eastward migration of
the locus of magmatism is corroborated by ages in both the sheeted complex
and the Big Bear Lake intrusive suite, which are older than the more easterly
Cadiz Valley batholith (Fig. 5; Barth et al., 2016). This eastward arc migration is
a key component of the model of Jones et al. (2011), which hypothesizes that
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Figure 11. Y/Yb for rocks from the study area and several igneous systems for comparison.
(Data were acquired from North American Volcanic and Intrusive Rock Database [NAVDAT;
https://www.navdat.org/] based on parameters indicated in Supplemental Material [text
footnote 1].) Plots show that mesozonal plutons and sheeted complex samples yield
anomalously high Y/Yb ratios, leading to the mismatch between the results of different
depth calculations.
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a moderately shallowing slab interacted with the Wyoming craton to transfer
deformation inboard without the transit of a “flat” slab into the continen-
tal interior beneath the Mojave region. This model accommodates all of our
observations in that it allows for the synchronicity of arc magmatism in the
Mojave region and inboard deformation in Wyoming, shortly followed by the
underplating of forearc sedimentary units. Our findings are also consistent with
the proposed timing of the passage of a shallowly dipping slab (Hess Rise con-
jugate?) beneath the Mojave region at ca. 65 Ma (e.g., Chapman et al., 2020b),
and they are in good agreement with more recently proposed reconstructions
based on the presence of Laramide-aged lithospheric xenoliths from central
Arizona that were likely endemic to the Mojave region (Chapman et al., 2020a).

Multiple potentially germane magmatic-tectonic events occurred shortly
before or synchronous with the events described herein for the Eastern Trans-
verse Ranges and central Mojave. These include magmatism associated with
crustal thickening in the Ruby and Humboldt Ranges in Nevada behind the
Sierra Nevada batholith at ca. 90 and ca. 80 Ma (Lee et al., 2003; Arendale
et al., 2011; Howard et al., 2011; Chapman et al., 2015). However, magmatism
of the same age in Nevada is of distinctly different character, being strongly
peraluminous and a product of dominantly local crustal melting with no asso-
ciated mafic intrusions (Lee et al., 2003).

The Salinian block is reconstructed to the north and outboard of the regions
addressed in this paper (Chapman et al., 2012). Magmatism there extended
from the early-mid-Cretaceous through ages that overlap with the plutons
studied here (Kidder et al., 2003). Based on detailed structural and geochro-
nological studies in the Salinian block, the southern Sierra Nevada batholith
was undergoing extensional collapse between ca. 80 and 70 Ma, while mag-
matism continued in the central Mojave (Schott and Johnson, 1998; Barth
et al., 2003; Kidder and Ducea, 2006; Chapman et al., 2012). Although the
sequence of events in Salinia is very similar to that in the Mojave (plutonism,
schist emplacement, and extensional collapse), the time line is consistently
older in Salinia. Additional work on Cretaceous igneous intrusions from the
north-central Mojave may shed some light on the nature of the crustal transi-
tion between these two provinces.

B CONCLUSIONS

New and existing geochronology and geochemistry data corroborate and
expand the scope of the Transverse Ranges tilted crustal section to include the
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Cadiz Valley batholith of the Mojave Desert and intrusive rocks in the San Ber-
nardino Mountains. Isotope geochemistry indicates a common heterogeneous
crustal source for Cretaceous magmatic units at shallow and midcrustal levels
in the Mojave Desert. We observed no significant geochemical deflections that
would indicate asthenospheric ingress or change in crustal thickness during
magmatism. Major-element geochemistry of these rocks is consistent with
formation in an arc environment. Trace-element geochemistry also contains
complications but suggests that the Cretaceous magmatic system in the study
region formed in a thickened continental crustal column, which, along with
indications of compressional midcrustal features in the Little San Bernardino
Mountains from Friesenhahn (2018), is best explained by a subduction environ-
ment. This conclusion is permissive of the ca. 75-65 Ma timing for exhumation
and flat-slab passage through the Mojave region but in conflict with a tectonic
model of flat-slab subduction of the conjugate Shatsky Rise at ca. 85 Ma beneath
this portion of the Cordilleran arc. Significant volumes of Late Cretaceous mag-
matism were continuous throughout the transition from Sevier to Laramide
orogenesis and must factor into any model of the geological evolution of this
region. We consider this magmatism as a critical record of the evolution of the
Mojave segment of the continental margin in Late Cretaceous time.
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