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The onset of the Laramide orogeny is of great tectonic significance to the geologic
history of the US, but the timing and nature of the shift between Sevier and Laramide tectonics
remains enigmatic. The eastern Transverse Ranges of southern California provide the
opportunity to observe the effects of Laramide tectonics on the mid-crust. Wide Canyon is a
north/south-trending canyon in the northern Little San Bernardino Mountains of the eastern
Transverse Ranges. Al-in-hornblende thermobarometry of Needy et al. (2009) yields a projected
paleodepth depth of ~20 km for Wide Canyon where Cretaceous granitoids intrude metamorphic

country rock of Proterozoic age in a regional NW-trending antiform.

U/Pb geochronology of five igneous samples from Wide Canyon reveals two zircon
growth events at 88-84 Ma (32 analyses) and 76-72 Ma (30 analyses). Granite, granodiorite and
gabbro samples contain zircons with 88-84 Ma cores and 76-72 Ma rims. One granite sample
yielded a unimodal age of 74.1 + 1.6 Ma. U and Th concentrations among 88-84 Ma zircon cores
span three and four orders of magnitude in concentration, respectively, as would be expected
from samples that range from granite to gabbro. In contrast, 76-72 Ma zircon rims yield U-Th
concentrations that are within an order of magnitude.

Syndeformational structures such as a regional synmagmatic shear zone, melt-filled

parasitic folds and a melt-filled field area-scale antiform are constrained by the reported 76-72
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Ma zircon ages. Shear sense indicators in the southwest-dipping shear zone (S/C fabrics, sigma
and delta clasts and asymmetric boudins) yield strong top-to-the-northeast kinematics.

The bimodal age distributions coincide with the shift from Sevier to Laramide tectonics
during the Late Cretaceous. 88-84 Ma zircon ages are interpreted as a pulse of arc-magmatism
during the Sevier Orogeny. Mafic rocks of synchronous age found in the arc-derived Teutonia
batholith bear compositional similarities to mafic rocks of Wide Canyon, indicative of similar
magmatic sources from 88-84 Ma.

Zircon ages of 76-72 Ma zircon ages are interpreted as recording a shearing event, the
emplacement of some granite bodies, and widespread zircon overgrowth. Top-to-the-northeast
kinematics in the southwest-dipping synmagmatic regional shear zone are interpreted as
backthrusting during northwest/southeast regional contraction that is well constrained by U/Pb
zircon geochronology. This contraction is interpreted as the onset of Laramide tectonics between
76-72 Ma. The timing for the onset of flat slab subduction in the Mojave section of the

Cordilleran arc is much later than is presumed by proposed tectonic models.
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CHAPTER 1

INTRODUCTION

Subduction of the oceanic Farallon plate beneath the continental North American plate
during the early Late Jurassic yielded an abundance of arc-derived igneous rocks emplaced into
thick, heated continental crust along the Cordilleran Arc (e.g., DeCelles, 2004). During the Late
Cretaceous, a shift occurred between tectonic regimes, as the more archetypical style subduction
of the Sevier Orogeny gave way to the 500-km-wide band of thick-skinned deformation of the
Laramide Orogeny (Dickinson and Snyder, 1978). Based on the observation that magmatism
swept eastward, shallow slab subduction is thought to have migrated inland during the late
Cretaceous, leading to the cessation of traditional arc magmatism along the Cordilleran Arc by

approximately 85 Ma (Coney and Reynolds, 1977; Saleeby 2003, Liu, ef al., 2010).

Flat slab subduction in the Cordilleran Arc is attributed to the subduction of the
conjugates of the aseismic Hess and Shatsky Rise (Saleeby, 2003; Wells and Hoisch, 2008; Liu
et al., 2010; Copeland et al., 2017). It is inferred that the Mojave segment of the Cordilleran arc
experienced alternating periods of shortening and extension in response to the Laramide Orogeny
during the shearing away of the mantle wedge and upper crust, the ensuing underplating of
Franciscan derived sediments, and the subsequent destabilization of Laramide orogenic
structures (Humphreys, 1995; Saleeby, 2003 Wells and Hoisch, 2008). Crustal shearing and

underplating of accretionary wedge sediments occurred at approximately 9 kb leading to



deformation and fluid flux into the mid-crust (Sharry, 1981; Pickett and Saleeby, 1993;

Jacobson, 1995).

Copeland et al., (2017) assign an approximate age of 90 Ma to the initiation of Laramide-

related surface uplift along the Cordilleran arc as the Farallon plate migrated to the northeast

beneath the North American plate based on a compilation of magmatic ages paired with field
observations. Reconstructions based on seismic velocities beneath North America and the
positions of the conjugate rises relative to the current Pacific spreading center place the edge of
the subducting Farallon plate and related magmatism more than 1000 km inland of the trench of
the Cretaceous Cordilleran Arc (Liu et al, 2010). The Mojave section of the Cretaceous
Cordilleran Arc is a poor fit to such models, as Late Cretaceous magmatism remained persistent
across portions of southern California long after the estimated onset of Laramide flat-slab

subduction (Fig. 1; Calzia et al., 1986; Barth et al., 2004; Needy et al., 2010).

An abundance of Late Cretaceous mid- to upper-crustal igneous rocks, which intruded
Triassic and Jurassic arc rocks and Proterozoic metamorphic country rock, compose the Mojave
section of the Cretaceous Cordillera (Powell, 1981; Barth et al., 2009; Needy et al., 2009). Al in
hornblende thermobaramotry across the eastern Transverse Ranges revealed a east-dipping tilted
crustal section, preserving ~6 km paleodepths in the east near the 1700 km* Cadiz Valley
batholith (Anderson, 1988), to approximately 19 km paleodepths in the west prior to the
truncation of the tilted crustal section at the San Andreas Fault (Needy ef al., 2009). The field
area that is the subject for this study, Wide Canyon, is a north/south trending 16-km-long canyon
that transects the deepest portion of the tilted crustal section in the northern Little San
Bernardino Mountains. The geology of Wide Canyon preserves structures and magmatism that

cross the temporal transition from Sevier to Laramide orogenesis.
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Figure 1. Magmatism of the Laramide Orogeny. Red circles indicate the distribution of
magmatic rocks between 120 and 20 Ma. The boldened rectangle indicates the location of the
Mojave Desert Region. Gray line represents the leading edge of the Farallon Plate. NE/SW trend
of projected data begins off the southern California coast and ends in the southwest corner of
North Dakota. Modified from Copeland et al., 2017 (Coney and Reynolds, 1977).

Through geologic mapping and U-Pb in zircon geochronology, this study explores the
nature of shifting tectonic regimes across the Mojave section of the Cretaceous Cordillera by
placing constraints on the timing of magmatism and its relationship to crustal structures. Shifting
source materials are also elucidated by whole rock and zircon geochemistry. These observations
reveal two distinct periods of zircon growth and magma emplacement into the mid crust during
the late Cretaceous. Arc-derived magmas were emplaced at 88-84 Ma in extensive sill like

intrusions during the Sevier Orogeny with preserved igneous rock compositions predominantly
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controlled by the pre-existing country rock variability. Mid-crustal synkinematic magma
emplacement and widespread zircon overgrowth of relatively homogeneous trace element and
isotopic composition occurred from 76-72 Ma. Paleo-NE-SW shortening with a top-to-the-
northeast sense of shear is elucidated by the orientations of a synmagmatic shear zone, a regional
antiform and abundant parasitic fold axes. These structures are interpreted as a primary back-

thrust of the Laramide contractional system.
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CHAPTER 2

GEOLOGIC SETTING

The study area is in the east-west trending eastern Transverse Ranges of the western
Mojave Desert region of southern California, which are composed of Proterozoic basement
rocks, Mesozoic plutons of various ages and compositions, and Mesozoic volcanic and
sedimentary rocks, spanning Cretaceous age ranges from 90 Ma to 72 Ma (Powell, 1981, 1993;
Tosdal et al., 1989; Barth and Wooden, 20065 Needy et al., 2009; Barth et al., 2009).
Proterozoic basement in the eastern Transverse Ranges includes both metaigneous and
metasedimentary rocks of approximately 1.7 Ga, which, at approximately 1.4 Ga, were intruded
by a series of granitoid plutons (Anderson and Bender, 1989; Anderson and Morrison, 1992;

Barth et al., 2001).

The onset of the Laramide Orogeny resulted in the differential exhumation of the eastern
Transverse Ranges yielding exposures of deep crustal rocks in the western portion of the Mojave
Desert and shallow crustal rocks in the east (Anderson, 1988; Barth and May 1992). Al-in-
hornblende thermobarometry yields solidus pressures from 2 to 6 kb, revealing an approximately
8° east-dipping tilted crustal section (Schmidt, 1992; Needy et al., 2009). Voluminous shallow
crustal batholiths to the east (Cadiz Valley and Teutonia batholiths) are underlain by
intermediate plutons, and thin sill-like intrusions of a mid-crustal sheeted magmatic complex

now exposed to the west. These deeper-seated rocks were emplaced at approximately 20 km
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paleodepth (Barth et al., 2009; Needy et al., 2009) uplifted, and then truncated by the San

Andreas Fault.

The study area preserves compositionally and geochemically diverse Mesozoic plutonic
rocks. Intrusive units are typically medium to high potassium, calc-alkaline, silicic (>66%)
granitoids that exhibit mineralogic compositions between two-mica granites and hornblende-
biotite granodiorite (Barth et al., 2009). Radiogenic isotopic analyses across the field area reveal
more evolved isotopic signatures than surrounding regions such as the Sierra Nevada Batholith
(DePaolo, 1981; Kistler and Ross, 1990). *’Sr/**Sr, values range from 0.707 to approximately
0.714; this evolved isotopic character matches well with the older ages of the bulk continental
crust in this region. Whole rock 6180 values range from 7-9 per mil, identical to the range
recorded in the western Sierra Nevada Batholith and the Peninsular Ranges Batholith (e.g.,
Lackey et al., 2008), suggesting some consistency in magmatic processes between the systems.
(Barth et al., 2008; Solomon et al., 1989; Barth et al., 1992; Barth et al., 1995; Mayo et al.,

1998; Weigand et al., 2007).

The uppermost portions of the tilted crustal section host the Cadiz Valley Batholith
(CVB). The CVB is an extensive 1700 km” composite body of granite-dominated rocks spanning
from the Coxcomb/Sheep Hole Mountains to the Iron Mountains (Howard and John, 1984;
Calzia, 1982; Howard, 2002; Barth ef al., 2004). The CVB intrudes gneissic country rock of
Proterozoic age, Jurassic igneous rocks at its western margin and the metasedimentary, Jurassic
to Cretaceous McCoy Mountains Formation at its southern margin. U-Pb zircon geochronology
of porphyritic biotite granite from the CVB yields ages of 73.9 + 1.3 Ma. Other large Cretaceous

plutonic bodies include the Teutonia Batholith. Lying approximately 100 km north of the CVB,
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the Teutonia Batholith is a composite, granodiorite-dominated body covering 300 km* with U-Pb

zircon ages from 88-82 Ma (Barth et al., 2004).

Intermediate plutons of Triassic, Jurassic and late Cretaceous ages are abundant across
the eastern Transverse Ranges (Needy et al., 2009). The Late Cretaceous intermediate plutons
are closely related to the synchronous construction of the underlying sheeted complex (Needy et
al., 2009; Ianno, 2008). This northwest trending sequence of parallel-layered m to decimeter
thick intrusive units disrupts surrounding Proterozoic gneissic country rock. This unit is exposed
from depths of approximately 13-17 km and present at the upper portions of Wide Canyon

(Needy et al., 2009).

The Little San Bernardino Mountains are situated in the westernmost eastern Transverse
Ranges, in close proximity to the San Andreas Fault, and are composed of mostly Cretaceous
plutons of granitoid composition intruding gneissic and metasedimentary and metaigneous host
rock of Proterozoic ages. Due to the clockwise rotation of the eastern Transverse Ranges along
the San Andreas Fault, the region is characterized by abundant sinistral east-striking faults

(Powell, 1981, 1993; Carter et al., 1987; Langenheim and Powell, 2009).

Needy et al. (2009) indicate that the deepest projected paleodepths of the crustal section
in the Little San Bernardino Mountains are approximately ~20 km (Needy et al., 2009). Such
depths are analogous to the depths of the bottom of the modern-day low velocity zone of the
Altiplano Puna Magma Body of the Central Volcanic Zone of the Andes (Ward ef al., 2014), but
are less than the depths suggested for the original emplacement of forearc schists of the Pelona-
Orocopia-Rand suite that are ultimately juxtaposed against Cretaceous plutonic rocks, cutting out
significant portions of lower crust. These deep exposures therefore are the most likely place to

glean insights into the evolution of this dramatic tectonic event.
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CHAPTER 3

ANALYTICAL METHODS

Mapping
Geologic mapping was completed at a 1:10,000 scale using digital topographic base maps

from the USGS (https://viewer.nationalmap.gov/). 800 m of relief and rugged topography limited

mapping to the immediate area of Wide Canyon. Goals of mapping were to identify plutonic
features, to characterize their internal structures and relationships with Proterozoic host rocks
and relative dating of plutonic rocks, host rocks and deformation events.

Fieldwork resulted in the generation of a new geologic map of Wide Canyon within the
Little San Bernardino Mountains, of the eastern Transverse Ranges. Digital map generation was
completed in ArcGIS®, QGIS and Adobe Illustrator®. All geologic map elements (font, text
size, unit/element colors, contacts, and structural data) were selected in accordance to specific
USGS guidelines. All geochemical and structural data will be stored in an open geodatabase
upon publication.
Geochronology

8 samples of both metamorphosed and unmetamorhposed syenogranite to granodiorite
and gabbro were analyzed for U/Pb in zircon geochronology via SHRIMP-RG at Stanford
University. Sub-sample aliquots were crushed and ground by rock crusher and disk mill to a
modal grain size of 250 um. Ground sample were then sieved to 250-50 um. By panning, heavy
minerals were separated prior to density separation using lithium metatungstate (LMT). Zircons

were hand picked using a stereoscope. To minimize the effects of Pb loss in zircon rims, all
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grains were subject to thermal annealing. Individually picked grains were transferred to quartz
glass dishes via pipette. Grains were dried and exposed to temperatures of 900 °C for 48 hours.
Zircon grains were removed from quartz glass dishes via pipette and mounted on one inch round
epoxy pucks. Surfaces were exposed via polishing with 1200 grit paper and 3 and 1 micron
diamond suspension and subsequently imaged using cathodoluminescence (CL) microscopy and
analyzed by SHRIMP-RG.

Upon SHRIMP-RG analysis, primary O” beam creates a spot of approximately 20 pm
from which secondary ions were extracted. lon counters (electron multipliers) were utilized to
collect all species, reported in counts per second. Typical calibration methods were used to
calculate U/Pb fractionation factors using Braintree R33-TE and trace element concentrations
were calculated using 91500 as a standard (Black et al., 2004; Wiedenback 2004). The high
transmission at high mass resolution (~4500) of the SHRIMP-RG allows for the collection of U-
Pb geochronology and trace element concentrations in a single magnet pass, meaning from the

same analytical aliquot.
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CHAPTER 4

RESULTS

Mapping

Wide Canyon preserves a NW-trending broadly antiformal section of the Little San
Bernardino Mountains with Proterozoic metaigneous and metasedimentary country rocks
intruded by Cretaceous granitoids and gabbros (Fig. 2). Geologic units of Wide Canyon can be
divided into three main assemblages; the Magmatic Sheeted Complex, Middle Wide Canyon and

Lower Wide Canyon.

Assemblages and Structures of Wide Canyon

The Magmatic Sheeted complex (Barth and Wooden, 2010): comprised of north-dipping
structurally coherent m scale sill-like intrusions of Cretaceous granitoids into Proterozoic
country rock. Igneous intrusions include foliated inequigranular granite, granodiorite and
gabbroic sills oriented parallel to country rock foliations (Fig. 3a). Igneous foliations of the same
orientation are common among sheeted magmatic complex units, typically defined by meter-
scale intrusions of compositionally variable granitoids. With increasing magma abundances
down canyon, the sheeted complex begins to lose structural coherency giving way to a zone of
sheared igneous rocks. The Sheeted Complex Assemblage of Upper Wide Canyon yields both
hyper and subsolidus foliations from 220-300° (Fig. 4). Upper Wide Canyon bears an abundance
of subsolidus foliations based upon the absence of undeformed quartz and plagioclase crystals.

With increasing depth in the canyon, hypersolidus foliations become more abundant.

17
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Figure 2. Simplified geologic map of Wide Canyon. A broad northeast trending antiform
reveals mid crustal exposures of Proterozoic country rock intruded by Cretaceous granitoids.
Lower Wide Canyon bears highly sheared granitoids in a km scale melt-dominated migmatite
unit. U/Pb geochronology sample localities are noted by black dots.
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Middle Wide Canyon Assemblage.: Garnet bearing paragneissic unit of Proterozoic age
lies in the core of a regional antiform (Fig. 3b). Almandine porhyroblasts, ranging from 0.5 to 1
cm in diameter, form coherent garnet clusters in pristine cm scale biotite/amphibole
melanosomes. In outcrop, deformed quartz/plagioclase ribbons define subsolidus foliations from
180 to 230°. This unit preserves strong evidence of synmagamtic deformation in the form of an
abundance of melt filled parasitic folds of heterogeneous thickness. Synmagmatic folds of
Middle Wide Canyon yield an average axial plane trend of 319°, indicating a northeast/southwest

o; direction at the time of magma emplacement. (Fig. 4).

A north/south trending normal fault in the center of Wide Canyon is west dipping
between 45 and 65°. This young normal fault places Proterozoic aged paragneiss and migmatites
in the footwall and sheared granites in the hanging wall. Shearing in granites occurred at
hypersolidus conditions and is not the result of this faulting, which, based on the presence of a
gouge zone, is interpreted as being a much younger low temperature feature. Smaller faults and
joints are present in the same orientation as large-scale canyon-forming faults striking 300°, such

faults are often times filled with late stage aplite dikes (trending 300°).

Lower Wide Canyon Assemblage: A 3 km continuous exposure of a synmagmatic shear
zone is defined by strongly sheared migmatite units. Foliated granitoids and schollen/schlieren
structure diatexite migmatites with highly deformed paleosome rafts, residuum and gabbroic
enlcaves suspended in a strongly foliated granitoid matrix (Fig. 3¢). Granitoid matrices are
highly diverse among the laterally extensive assemblage, with an array of compositions, textures,
and fabrics. Compositions are often times variable on the basis of hornblende abundance near

mafic country rock units.
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Lower Wide Canyon is dominated by strong hypersolidus foliations striking 130° to 170°
in the southern limb of the regional antiform (Fig. 4). Lineations plunge approximately 20°
toward 200 and 245°. Abundant kinematic indicators yield a strong top to the northeast sense of
shear. While sigma and delta clasts of biotite and hornblende are the most common indicators in
outcrop, asymmetric boudins and S and C fabrics are present and also indicate top the northeast

shear sense (Fig. 4). Observed sense of shear is indicative of thrust orientation, constraining the

antiformal structure of Wide Canyon to the thrust’s footwall.
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Figure 3. Wide Canyon Assemblages. A) Sheeted Complex of Upper Wide Canyon. B)
disrupted Proterozoic gneiss of Middle Wide Canyon. Disrupted rocks include gneissic schollen
and restitic blocks. C) Regional shear zone of Lower Wide Canyon.
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Figure 4. Structural measurements of Wide Canyon. A) Magmatic foliations of Upper Wide
Canyon (3769000-3765000 N). B) Magmatic foliations of Lower Wide Canyon (3762000-
3758000 N). C) Magmatic foliations of Middle Wide Canyon (3765000-3762000N). D) Planes
of late stage aplite dikes across the field area.
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Zircon Geochronology

U-Pb zircon geochronology and trace element geochemistry on 8 samples reveals
metamorphic rocks of Proterozoic age and igneous rocks of Cretaceous age. A bimodal
concordant age distribution is reported between both Proterozoic and Cretaceous samples (Fig.
5), with significant geochemical variations among synchronous samples (Table 1). Weighted
average ages were calculated using Isoplot® and are reported on concordant zircon grains
(confirmed by Concordia and Tera-Wasserburg diagrams) yielding age ranges of 1.7/1.4 Ga and

88-84/76-72 Ma for Proterozoic and Cretaceous samples respectively (Ludwig, 1991).

A)
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Figure 5. Probablitity density function plots for Wide Canyon samples. A) Strongly bimodal
Proterozoic metaigneous and metasedimentary samples and B) Zircon cores of igneous rocks. C)
Zircon rims of igneous rocks.

25



SISA|BUE W U0dJ|Z-1

sisAjeue 2102 uodlz -2

UEFTTL 4 ay0ipoue.d uoAue) apim Jamo] [t6S6°€E PLLEITT-] [SZ8LSLE '¥TSL5S0) 11'85-9T-4d€
7EFSE8 8 aluolpouesd uoAue) apim Jamo [¥6S6EE ‘PLLEITT-] [Sz8LSLE ¥TSLSS0) 2 1°'85-9T-3d€
EFVL E oigqed uoAue) apIM JAMOT [tSL6'EE “LOBEITT-] [£6565LE ‘TTZLSS0) 17°LS-9T-4d8
EFv8 4 oigqed uoAue) apiw Jamo [¥SL6°EE ‘LOBEITT-] [£656SLE ‘TTZL550) 22°L5-9T-3d8
0F8L € aquesd uoAue) apIM JamoT [SLE'EE “LOBEITT-] [£6S6SLE ‘TTZLSS0) 11°£S-9T-4d8
9788 4 auesd uoAue) ApIM JAMOT [tSLE'EE “LOBEITT-] [£656SLE ‘TTZLSS0) 2 1'£5-9T-1d8
SEFHIL 3 21u0/pozuowW uoAue) apig Jamo] [6900°+€ ‘STEE9TT-] [£80€9L€ '€609550) 1T1'S-9T-4d€
8T 7098 ot 21u0/pozUOW uoAue) apim, Jamo [6900'%€ ‘SZ6E°9TT-) [£80€9L€ ‘€609550) 2 T'p5-9T-4d€
9TFTHL T auuesd uoAue) apIm 3PPIN [0TO'+E ‘BE6E°9TT-) [6€SE9LE 765550 t'6v-9T-1d€
09 ¥ 80tT S ssiaugd uoAue) apim 3|PPIN [0TO'¥E ‘BE6E'ITT-) [6€SEILE ‘1L65550) 4Z°6%-91-1d€
¥ ¥ SOLT 5 ssiaud uoAue) apIm 3PPIN [0TO'¥E ‘8E6E'9TT-) [6€SE9LE FL65550) 2Z'64-91-4d€
09 ¥ TZST 8 ayuojAw Joused uoAue) apim 3|PPIN [0TO"+E ‘BE6E°9TT-) [6€S€9LE FL65550) T'6v-9T-1d€
[8F 06ET S ayuesSeraw X3|dwod palaays [TSSO'¥E ‘696€°9TT-] [PE¥BILE 2995550) 1T°0t-9T-1d8
0ZZ % 61ST 4 ajuesdelaw Xx3|dwod pajaays [TSS0+E ‘696€°9TT-] [FEYBILE ‘2995550) 2 T'0p-97-3d€
ady N adAy Yooy a3e|quassy (€86TQVN) uoned0] (NTT WLn) uoneso # a|dwes

"OY-dWIYHS BIA SISA|RUE UDIYI0AD Qd/N

T a|qeL

26



Zircons from three metamorphic samples analyzed via SHRIMP-RG all yield bimodal
97pb/*°°Pb age distributions of 1.7 and 1.4 Ga. Sample BPF-16-40.1 is a potassium feldspar
augen gneiss of the Upper Wide Canyon Assemblage. Porphyroblastic texture is defined by cm
scale potassium feldspar augens supported by quartz, plagioclase, and biotite. Zircons are
subhedral and slightly resorbed with well-defined oscillatory zoning in cathodoluminescence
imaging (CL). Zircon cores and rims yield **’Pb/*”°Pb ages of 1590 =+ 220 and 1390 + 87
respectively (Fig. 6). One analyses was excluded from age calculation due to large errors.
Sample BPF-16-49.1 is a garnetiferous mylonitic paragneiss of Middle Wide Canyon
assemblage. Mineral assemblage of quartz, plagioclase, biotite and mm to cm scale garnet
porphyroblasts. Zircons are rounded with poorly defined oscillatory zoning. Analyses yield a
weighted mean average *°'Pb/**°Pb age of 1521 + 60 (Fig. 6). Two samples were excluded from
age calculations. Sample BPF-16-49.2 is a mylonitic paragneiss of Middle Wide Canyon
assemblage with leucosomes of quartz and strongly altered euhedral plagioclase and
melanosomes of amphibole, biotite, chlorite and epidote. Anhedral zircons are highly fractured
and strongly resorbed with oscillatory zoning. Cores and rims yield weighted mean average

207pb/2%°Ph ages of 1705 + 41 and 1408 + 60 respectively (Fig. 6).
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Figure 6. 2’Pb/*"°Pb geochronology of Proterozoic metamorphic rocks of Wide Canyon.
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Weighted average age calculations of metamorphic rock samples of Wide Canyon yield a
bimodal age population of approximately 1.7 and 1.4 Ga. Excluded ages not shown.
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Five igneous samples were analyzed via SHRIMP-RG yielding a bimodal distribution of
Late Cretaceous ages with no Proterozoic zircon inheritance (Fig. 7). Sample BPF-16-49.4 is a
granite from the Middle Wide Canyon assemblage. Zircons are euhedral with occasional
fractures and well-defined oscillatory zones in CL imaging but lacked CL bright rims observed
in other igneous samples. This sample yielded a single coherent population of **°Pb/***U ages of
74.1 £ 1.6 ma with two analyses excluded from age calculation (Fig. 7). Sample BPF-16-54.1 is
a monzodiorite of Middle Wide Canyon assemblage. CL analyses reveals moderate to well
defined oscillatory zoning with bright cores and dark rims among euhedral to subhedral slightly
fractured zircon grains. This sample yielded **°Pb/***U ages of 86 + 1.8 and 78 + 5.5 ma among
cores and rims respectively (Fig. 7). Three samples were excluded from age calculation due to
excessive error. Sample BPF-16-57.1/2 is a pair of samples of granite and an included mafic
enclave of Lower Wide Canyon assemblage. Zircons are fractured with irregular and slightly
resorbed grain boundaries. Zoning is irregular but shows well-defined bright rims and dark cores
in CL imaging that yielded ***Pb/***U ages of 84.1 £ 3.1 and 73.9 + 2.5 ma among cores and
rims respectively with four samples excluded from age calculation (Fig. 7). Sample BPF-16-58.1
is a sheared granite of the Lower Wide Canyon assemblage. Zircon grains are euhedral with
well-defined oscillatory zones consisting of bright rims and dark cores in CL, which yielded
29pp/281 ages of 88.5 + 3.2 and 80 + 8.7 Ma for cores and rims respectively (Fig. 7). Twelve

samples were excluded from age calculation due to large errors.
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average age calculations of igneous rock samples of Wide Canyon yields a bimodal age
population of approximately 88-84 Ma and 76-72 Ma. Excluded ages not shown.
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CHAPTER 5

DISCUSSION

Late Cretaceous Magmatism in Wide Canyon

Field observations, petrographic analyses and zircon U-Pb geochronology reveal two
phases of zircon growth in Cretaceous Wide Canyon rocks, with synkinematic shear during the
Late Cretaceous from 76-72 Ma. Cretaceous geochronology samples are of wide compositional
range, from gabbro to granite. Zircon geochemistry and whole rock geochemistry give some
insight into whether one or both of these events were responsible for the formation of the first-
order compositional variation and intrusion character observed in Wide Canyon. Zircon
geochemistry shows different styles of variability in U and Th concentrations in 88-84 vs. 76-72
grains. The most significant geochemical variability is observed in magmatic zircon cores from

all samples, which yield ***U/*%

Pb ages from 88-84 Ma. U vs Th in zircon cores exhibit orders
of magnitude variability in concentrations (Fig. 8). Unlike these cores, zircon rims (***U/**°Pb
age 76-72 Ma) inhabit a relatively uniform geochemical space when plotting U vs Th (ppm).
These observations imply that bulk rock compositions may represent magmatism that occurred
primarily at 88-84 Ma, with the second zircon growth event representing an overprint that has a

more regionally coherent geochemical signature, possibly aided by the presence or circulation of

fluids associated with deformation structures.
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Figure 8. U vs Th of Wide Canyon igneous rocks. Logarithmic plot of U vs Th (ppm) of
zircons in igneous rocks of Wide Canyon. Hollow circles represent rim analyses, filled circles
represent cores. Widespread distribution of core analyses is representative of arc-derived

compositions, while homogeneous rim population is a result of area wide fluid alteration at 76-
72 Ma.

These are further supported through the comparison of the most mafic igneous rocks
from Wide Canyon and synchronous Teutonia batholith (88-84 Ma) (Fig. 9; Beckerman, 1982).
Mafic rocks of Wide Canyon and the calc-alkaline Teutonia batholith span the same
compositional range from quartz tholeiite to alkali-olivine basalt (CIPW normative) despite the
lack of 76-72 Ma zircon growth in the Teutonia (Beckerman, 1982; Thompson, 1984). This
suggests a similar source for mafic magmas of Wide Canyon and the Teutonia Batholith.
Together with the diversity of geochemistry from 88-84 Ma zircons, the fundamental geological
features of Wide Canyon are interpreted to have been constructed at 88 to 84 Ma, likely in an arc

environment consanguineous with the Teutonia Batholith.
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Figure 9. Compositional comparison: Teutonia Batholith and Wide Canyon. A comparison
of CIPW normalizations from synchronous mafic rocks of the Teutonia batholith and Wide
Canyon. Teutonia mafic rocks; black. Wide Canyon mafic rocks; white. (Beckerman, 1982;
Thompson, 1984).

Hypersolidus Deformation in Wide Canyon

Northwest trending parasitic folds and a regional antiform are interpreted as synchronous
with 76-72 Ma magma emplacement based on the observation of 76-72 zircon U-Pb ages of
abundant of Late Cretaceous magma in parasitic fold hinges and the core of the observed

regional antiform (Barraud et al., 2004).

Lower portions of Wide Canyon are dominated by highly-sheared granitoids in the form
of both migmatite leucosomes and plutons. High magmatic abundances coincide with high
intensities of deformation, likely due to stress controlled magma emplacement and the
concentration of mid-crustal shear in areas weakened by magmatism (Brown et al., 1994;
Sawyer et al., 2001; Weinberg et al., 2010). This southwest-dipping shear zone yielded diverse
and abundant syn-magmatic kinematic indicators yielding top to the northeast sense of shear

(Fig. 10). Observed sub and hypersolidus kinematics are interpreted in the context of U-Pb

33



geochronology and geochemistry, implying that top to the northeast shear in the mid crust
occurred between 76-72 Ma in a contractional tectonic regime. The southwest dip of the
hypersolidus shear zone is the result of backthrusting in the upper plate of a larger northeast
dipping thrust. The regional antiform across Wide Canyon is in the footwall of the southwest
dipping backthrust. Fold axis orientations and interpreted backthrust orientation yield the same

ol direction.

Figure 10. Hypersolidus deformation in Wide Canyon. Outcrop BPF-17-20 of Lower Wide
Canyon bears an accurate representation of hypersolidus shear across the field area. An
abundance of biotite/hornblende dominated mafic selvages provide top to the northeast
kinematics as sigma clasts. S and C fabrics, domino structures, delta clasts and asymmetric
boudins also yield top to the northeast kinematics and are abundant across the field area.
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CHAPTER 6

REGIONAL IMPLICATIONS

The two zircon growth events observed in Wide Canyon are interpreted to represent two
regional tectonic regimes: 1) 88-84 Ma zircon growth during the emplacement of arc magmas
during the Sevier Orogeny, and 2) 76-72 Ma zircon growth during synkinematic magma

emplacement and possible fluid flux accompanying the onset of Laramide flat slab subduction.

Granitoids with 88-84 Ma **°Pb/***U ages are abundant in Wide Canyon and the sheeted
complex of the Little San Bernardino Mountains (Barth ef al., 2004; Needy et al., 2009). To the
north, biotite granodiorite of the Teutonia batholith from Mid Hills yields a singular rim
29pp/28U age of 88.2 + 1.2 Ma (Barth ef al., 2004). A biotite granite of the Teutonia batholith
from Kessler Springs yields a singular **°Pb/***U age of 82.3 +1.6 Ma (Fig. 11; Barth et al.,

2004).

Granitoid intrusions with 76-72 Ma **°Pb/***U ages are present in a broad band across the
eastern and central Mojave Desert including the voluminous Cadiz Valley Batholith (Barth et al,,
2004; Needy et al., 2009). Zircon rims on samples ranging from granite to gabbro and all zircons
from a granite that intrudes the anticlinal core yield ages from 76-72 Ma. Granitic rocks of this
age are present at all levels across the tilted crustal section, implying regional, high-volume

magma emplacement (Barth et al., 2004; Needy et al., 2009; Economos pers comm., 2018).
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Figure 11. U-Pb age populations of the Mojave Desert region. A regional analysis of U-Pb
zircon ages across the Mojave desert reveals the geometry of arc-derived magmas of the Sevier
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Rocks yielding 76-72 Ma ages in Wide Canyon are found in a mid-crustal regional top to
the northeast shear zone. Observed top to the northeast kinematics on this southwest dipping
structure, paired with the presence of 76-72 Ma magma in the hinges of both parasitic folds and
regional NW trending antiforms appear to be the result of regional compression at 76-72 Ma.
Observed NE/SW kinematic structures of the Chocolate Mountains Anticlinorium are
constrained through **Ar/*’Ar dating to have occurred as a result of extension at approximately
60 Ma, during exhumation of the lower plate, not during original underthrusting of Francisican
derived sediments beneath the subduction complex (Haxel, 2015; Jacobson ef al., 1996). We
interpret observed structures and kinematic indicators in Wide Canyon to be the result of
contraction on a structure that was antithetic (west-dipping) to the main thrust structures that
underplated schists during the initiation of Laramide tectonics prior to the formation of the

Chocolate Mountains Anticlinorium (Fig. 12).

This feature is therefore in a family of interpreted Laramide structures, including the
Vincent Thrust and structures in the Orocopia Mountains. However, those structures are discrete
fault zones that were reactivated by basin and range normal faulting. The shear zone in Wide
Canyon appears to have Laramide-aged deformation without overprinting, likely because the
zone was sealed shut by the crystallization of igneous rocks and was not a preferred fracture for
re-activation. The thrust nature of this shear zone and the precise timing constrained by zircon
geochronology is indicative of the crust being in a compressional environment during the
widespread emplacement of 76-72 Ma granites. Our findings are in conflict with previous
tectonic interpretations that 76 — 72 Ma granites were emplaced during an extensional regime at,
or shortly following the onset of the Laramide Orogeny across the southern California batholith

(Wells and Hoisch, 2008).
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Figure 12. Synmagmatic backthrusting and compression. Andean style subduction across the
Mojave portion of the Cordilleran Arc (88-82 Ma) gave way to flat slab subduction and resultant
underplating of Pelona-Orocopia Schist protolithic sediments (green) and syncompressional

magmatism.
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CHAPTER 7

CONCLUSIONS

Wide Canyon is a 16-km-long, north/south-trending canyon in the Little San Bernardino
Mountains of the eastern Transverse Ranges. The canyon preserves continuous exposure of
metamorphic country rock of Proterozoic age intruded by Cretaceous granitoids in a northwest-
trending regional antiform. This melt-filled northwest trending antiform is found in the footwall
of a regional southwest dipping thrust. The regional antiform, parasitic folds and kinematic
indicators in a regional shear zone all indicate a northeast/southwest ¢1 direction during
hypersolidus conditions that can be chronologically constrained by igneous zircons.

Zircons from seven igneous rock samples yield bimodal U-Pb ages with 88-84 Ma cores
and 76-72 Ma rims. One sample yielded a unimodal age of 74.1 + 1.6 Ma. U and Th
concentrations are highly variable among zircon cores, while zircon rims yield concentrations
within an order of magnitude. This age distribution brackets the shift from Sevier to Laramide
tectonics during the Late Cretaceous. Zircon core ages of 88-84 Ma are synchronous with rocks
of the Teutonia Batholith, which is interpreted as arc-derived. Bulk rock geochemistry of mafic
units in the two areas overlap. This correlation in age and chemistry, along with a good fit
between whole-rock and zircon geochemical heterogeneity of 88-84 Ma cores leads to the
interpretation that the major rock-forming event occurred at 88-84 Ma. The presence of more
homogeneous zircon geochemistry despite the compositional range from granite to gabbro, in

addition to the presence of a granite sample from a fold axis with a single age population at ~74
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Ma leads to the interpretation of zircon rim ages of 76-72 Ma as recording a deformation event,

the emplacement of some granites, and widespread zircon overgrowth.

Top to the northeast kinematics in the southwest dipping synmagmatic regional shear
zone are interpreted as backthrusting during northwest/southeast compression with the onset of
Laramide flat slab subduction. Such conclusions proclude syn-magmatic extension in the mid-
crust during flat-slab subduction at the onset of the Laramide orogeny as suggested by some
workers (Wells and Hoisch, 2008). Furthermore, U-Pb geochronology provides precise
constraints on the timing, strain orientation and style of deformation during the Laramide

Orogeny.
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