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A B S T R A C T

The Mojave province in southern California preserves a comparatively complete record of assembly, postorogenic
sedimentation, and rifting along the southwestern North American continental margin. The oldest exposed rocks
are metasedimentary gneisses and amphibolite, enclosing intrusive suites that range from tonalite and quartz mon-
zodiorite to granite with minor trondhjemite. Discrete magmatic episodes occurred at approximately 1790–1730 and
1690–1640 Ma. Evidence from detrital and premagmatic zircons indicates that recycling of 1900–1790 Ma Paleopro-
terozoic crust formed the unique isotopic character of the Mojave province. Peak metamorphic conditions in the
Mojave province reached middle amphibolite to granulite facies; metamorphism occurred locally from 1795 to 1640
Ma, with widespread evidence for metamorphism at 1711–1689 and 1670–1650 Ma. Structures record early, tight to
isoclinal folding and penetrative west-vergent shear during the final metamorphic event in the west Mojave province.
Proterozoic basement rocks are overlain by siliciclastic-carbonate sequences of Mesoproterozoic, Neoproterozoic, and
Cambrian age, recording environmental change over the course of the transition from stable Mojave crust to the
rifted Cordilleran margin. Neoproterozoic quartzites have diverse zircon populations inconsistent with a southwest
North American source, which we infer were derived from the western conjugate rift pair within Rodinia, before
establishment of the miogeocline. Neoproterozoic-Cambrian miogeoclinal clastic rocks record an end to rifting and
establishment of the Cordilleran miogeocline in southern California by latest Neoproterozoic to Early Cambrian
time.

Online enhancements: appendixes.

Introduction

Proterozoic plate reconstructions revolve around
assembly of the late Proterozoic supercontinent Ro-
dinia, hypothesized to be an amalgam of all signif-
icant cratons assembled during the ∼1050 Ma Gren-
ville-Kibaran-Sveconorwegian orogenies (Bond et
al. 1985; Hoffman 1988; Karlstrom et al. 1999).
Central to this supercontinent reconstruction is
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identification of the Proterozoic conjugate margin
of western North America. There are two signifi-
cant obstacles preventing accurate positioning of
the western Laurentian margin with respect to the
other cratons in the Proterozoic. First, the well-
defined transcontinental Proterozoic orogenic belts
of southern Laurentia are truncated on the south-
west by the Mojave crustal province. Second, some
600 m.yr. of Cordilleran extension, compression,
and transform deformation and associated mag-
matism strongly modified the rifted western Lau-
rentian margin. Consequently, unraveling the Pro-
terozoic magmatic and deformational history of the
Mojave crustal province through the screen of
younger tectonism and magmatism is key to po-
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sitioning Laurentia with respect to the cratons that
would later comprise eastern Gondwana. The for-
mation age and deformation history of Proterozoic
rocks in the Mojave crustal province thus provide
an important link to understanding the construction
and destruction of the Proterozoic supercontinent.

Paleoproterozoic crystalline basement rocks and
sedimentary overlap sequences exposed in south-
western California are the western exposed part of
the Mojave crustal province of the southwestern
United States. These basement rocks and overlap
sequences hold a 1.3-billion-year record of crust for-
mation and crustal evolution along what would fi-
nally become the southwestern margin of the
North American craton by Cambrian time. Paleo-
proterozoic metasedimentary and metaigneous
rocks record the growth and stabilization of con-
tinental crust in this region between about 1.8 and
1.63 Ga. Continental basement is locally overlain
by the remnants of three siliciclastic-carbonate sed-
imentary sequences of Mesoproterozoic, Neopro-
terozoic, and Cambrian age. These sedimentary se-
quences, probably deposited during three discrete
episodes ca. 1.63–1.49, 0.62–0.57, and 0.57–0.50 Ga,
record environmental change over the course of the
transition from stable continental crust to the
rifted Cordilleran margin of southwestern North
America. Both crystalline rocks and cover se-
quences contain within them detrital zircons,
whose provenance can extend the record of crust
formation and evolution in the Mojave region back-
ward in time a further 1.6 billion years to at least
3.45 Ga. Precise ages of these older detrital zircons
provide a picture of the sources of sediment that
contributed to initial crust formation and to sedi-
mentary sequences that record rifting and final frag-
mentation of supercontinent crust.

In this study, we report an ion microprobe geo-
chronologic and geochemical investigation of the
largest areas of Precambrian rock exposure within
the west Mojave crustal province. We link geo-
chronologic and geochemical data relevant to the
west Mojave province to the larger Mojave province
through comparison to selected samples from the
Ivanpah Valley region of the east Mojave province
(fig. 1). The west Mojave province focus area was
selected for three reasons: because the compara-
tively low grade of metamorphism in comparison
to the east Mojave province has allowed preserva-
tion of a more complete record of Paleoproterozoic
crust formation and early evolution, because of its
position at the craton edge, and because of the va-
riety of preserved supracrustal cover sequences that
onlap the Paleoproterozoic craton. Because the
study area lies within the Phanerozoic Cordilleran

orogenic belt, we focus on zircon and monazite U-
Pb systematics to characterize the Proterozoic his-
tory of this region through the overprint of Cor-
dilleran thermal and deformational events.

Geologic Setting of Paleoproterozoic
Basement Rocks

Exposed Proterozoic basement rocks in southwest-
ern North America primarily comprise the Yavapai
and Mazatzal provinces, but the Mojave crustal
province intervenes between the craton interior
and the plate margin. Bulk rock isotopic and con-
ventional bulk fraction U-Pb zircon studies suggest
that the distinctive character of the east Mojave
crustal province derives from the incorporation
into ca. 1.7 Ga orthogneisses and paragneisses of
older Paleoproterozoic and Archean detrital and in-
herited material (Bennett and DePaolo 1987;
Wooden et al. 1988; Wooden and Miller 1990; Rämö
and Calzia 1998; Barth et al. 2000); rarely, older
Paleoproterozoic rocks have also been identified
(Wooden et al. 1994; Hawkins et al. 1996), but the
origin of these rocks is unclear as a result of the
isolated nature of the exposures and the uncertain
effect of later metamorphism on their contained
zircons.

The west Mojave province is exposed along the
Paleozoic hinge line in the central and eastern
Transverse Ranges (fig. 1). Here the Proterozoic
basement is somewhat lower grade than granulite
grade east Mojave province, making the rocks more
amenable to elucidation of processes and timing of
crustal assembly. Furthermore, this region is the
location of a proposed suture between autochtho-
nous and allochthonous Proterozoic basement ter-
ranes (Powell 1981, 1993), so clarification of the
geologic evolution of Proterozoic basement should
provide insight into both the assembly and the later
evolution of Mojave province crust. In order to bet-
ter constrain the timing of crustal assembly, we
analyzed monazite and zircons from basement rock
samples in the San Bernardino Mountains and in
the eastern Transverse Ranges.

Proterozoic basement of the west Mojave prov-
ince in the San Bernardino Mountains includes
orthogneisses ranging in age from ca. 1.78 to 1.68
Ga, overprinted by a high-grade metamorphic event
at ca. 1.74 Ga (Barth et al. 2000). However, the tim-
ing of the latest regional metamorphism is un-
known, as is the timing of development of the pen-
etrative west-dipping D2 fabric observed in rocks as
young as 1.68 Ga. Additional age data presented
here expand the approach of that earlier study, uti-
lizing higher-resolution SEM-CL to characterize
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Figure 1. a, Location map of Proterozoic basement rocks of the Mojave crustal province in California. b, Geologic
map of the central and eastern Transverse Ranges. Boxes show the locations of study areas with significant exposure
of west Mojave province basement rocks and siliciclastic-carbonate cover sequences. SB p San Bernardino Mountains,
LH p Lost Horse Mountains, P p Pinto Mountains, EA p Eagle Mountains.

compositional domains and guide domainal ion mi-
croprobe analysis (apps. A, B, available in the online
edition and from the Journal of Geology office).
These new data illuminate the early detrital input
of preexisting crustal material, expand the regional
intrusive history, and provide better limits on the
timing of high-grade metamorphism and fabric de-
velopment in the Mojave province.

Older Gneisses. The oldest recognized rocks in
the west Mojave province are micaceous gneisses
and amphibolites. Biotite � muscovite gneisses are

isoclinally folded and metamorphosed to amphib-
olite facies, with local evidence of migmatization,
and are commonly associated with hornblende �
plagioclase amphibolites. Amphibolites have a rel-
atively restricted range in composition, with SiO2

typically between 46% and 49% and minor and
trace element abundances similar to low-K tholei-
itic igneous rocks. Trace element compositions are
consistent with a protolith similar to modern vol-
canic and plutonic rocks found in oceanic ridge set-
tings (fig. 2). Coleman et al. (1999) estimated an age
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Figure 2. Geochemistry of older amphibolites from the west Mojave province, normalized to modern mid-ocean
ridge basalt (MORB; Hart et al. 1999). The dashed lines illustrate the compositional range of east Mojave amphibolites
(Miller and Wooden 1992). Note the slight enrichment in Rb and Ba and slight depletion in high field strength elements
(HFSEs) in west Mojave amphibolites compared with MORB. East Mojave samples are similar but exhibit greater
average large ion lithophile element enrichment and HFSE depletion.

of ca. 1.81 Ga for these amphibolites on the basis
of whole rock Nd isotopic ratios, and initial 143Nd/
144Nd suggest an enriched mantle source.

U-Pb systematics in zircons provide insight into
the origin of the protolith of the associated mica-
ceous gneisses. These gneisses contain zircons with
a variety of shapes and zoning patterns, but most
grains contain a more homogeneous rim or rims
that truncate internal zonation. Because these rims
overgrow a variety of core compositions and typi-
cally yield younger ages and lower Th/U, we infer
that they record the timing of a later metamorphic
event associated with zircon dissolution and re-
growth, commonly in the presence of an oxidizing
fluid and a Th-enriched phase. In contrast, zircon
cores yield the ages of detritus incorporated in the
sedimentary protoliths of the micaceous gneisses.
A compilation of the ages of only the207 ∗ 206 ∗Pb / Pb
most concordant of these detrital zircon cores (fig.
3) indicates that early crust formation in the Mo-
jave province occurred by deposition of immature
sediment, derived from nearby 1.98–1.8 Ga crust,
onto a thin, enriched oceanic basement.

Magmatism and Metamorphism. This early, oce-
anic basement and its sedimentary cover was in-
truded by a variety of plutonic rocks, now exposed
as augen and granitic orthogneisses interleaved

with amphibolite and micaceous gneisses. Ortho-
gneisses typically contain readily identifiable eu-
hedral to subhedral zircon cores that yield well-
defined discordia arrays indicative of Pb loss from
primary magmatic zircon (fig. 4). Many ortho-
gneisses also contain a volumetrically minor
(!10%) yet isotopically distinct population of sig-
nificantly older grain cores, which we infer are pre-
magmatic and indicative of the involvement of Ar-
chean and older Paleoproterozoic crust in
generation of the protolith igneous rock. Older
orthogneisses also contain zircon rims, embayment
fillings, and isolated CL-dark grains, usually Th de-
pleted and five to 10 times richer in U; these zircon
domains yield discordia arrays indicative of Pb loss
in zircon with a significantly younger crystalliza-
tion age than the magmatic cores (fig. 4). On the
basis of their compositions and textures and par-
alleling the inferred history of the paragneisses, we
infer that these U-enriched zircons record the tim-
ing of high-grade metamorphism associated with
zircon dissolution and regrowth. Some samples
contain a minor population of zircons with com-
parably high U but much younger ages, suggesting
minor thermal events in the Mesoproterozoic and
Mesozoic associated with loss of radiogenic Pb and/
or minor new zircon growth.
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Figure 3. Histograms of detrital zircon ages in older
micaceous gneiss of the Mojave province. Note that 1.8–
2.0 Ga detrital zircons predominate in both the west and
the east Mojave province, with lesser older Paleoprote-
rozoic and Archean grains.

Utilizing this analytical approach, 16 ortho-
gneisses from the west Mojave province and nine
from the east Mojave province yield magmatic ages
ranging from to Ma (table 1).1783 � 12 1650 � 18
A compilation of crystallization ages (fig. 5) indi-
cates two discrete episodes of magmatism in the
Mojave province: an early phase initiated at about
1.79 Ga and extending to as late as 1.73 Ga, and a
late phase initiated at about 1.69 Ga and extending
to as late as 1.64 Ga.

These two intrusive phases appear to have been
compositionally distinct and therefore probably
bracket an important change in tectonic setting
and/or crustal thickness in the Mojave province.
Bender et al. (1993) reported compositional data for
augen orthogneisses from several ranges in the west
Mojave province. Our U-Pb results indicate that all
the plutons analyzed by Bender et al. (1993) belong
to the late intrusive phase (their Joshua Tree, Mon-
ument Mountain, Hexie, Soledad, and Frazier
Mountain gneisses). Although both early and late
phase orthogneisses span a similarly wide range of
silica contents (fig. 6), early phase plutons range
from low to high K and have lower abundances of
iron and high field strength elements (HFSEs) than
do late phase plutons. Orthogneisses in the east
Mojave province show similar compositional re-
lations. These data indicate that the period between

1.73 and 1.69 Ga corresponds to an important tran-
sition to high K and HFSE-enriched magmatism in
the Mojave province.

Comparison of the ages of magmatic zircons in
orthogneisses and metamorphic zircons from both
ortho- and paragneisses provides further insight
into the interplay between magmatism and meta-
morphism in the west Mojave province (fig. 7). Ten
paragneisses and older orthogneisses with U-
enriched zircon overgrowths yield metamorphic
ages of 1711–1682 Ma in the west Mojave province,
and paragneiss from the west Mojave and Ivanpah
Valley region extend this age range to 1795–1640
Ma (table 1). These data suggest that metamor-
phism associated with new zircon growth was oc-
curring locally within the Mojave province at least
from 1.8 to 1.68 Ga and probably throughout the
episodes of voluminous magmatism represented by
formation of the orthogneisses. Nevertheless, clus-
tering in these age data suggests that an important
metamorphic event in the west Mojave province
occurred between 1711 and 1689 Ma, contempo-
raneous with the Ivanpah Orogeny defined by
Wooden and Miller (1990). Thus, we conclude that
the Ivanpah Orogeny was a province-wide meta-
morphic and deformational event, higher grade to
the east, and that this orogenic event was associ-
ated with a lull in plutonism and a transition in
magmatic character to postorogenic, uniformly K
and HFSE-enriched late phase magmatism.

Because west Mojave orthogneisses younger than
1.7 Ga commonly contain well-developed D2 fab-
rics (Barth et al. 2000), we analyzed monazite from
10 samples of orthogneisses and biotite � mus-
covite quartzofeldspathic paragneisses in the San
Bernardino Mountains and eastern Transverse
Ranges, mostly from samples with well-defined U-
Pb zircon ages. Three samples from the San Ber-
nardino Mountains yield moderately normally dis-
cordant Proterozoic monazite dates of ,1674 � 16

, and Ma (table 1). Two samples1663 � 10 1656 � 8
contain an additional younger generation of mon-
azite of Cretaceous age. Five samples from the Lost
Horse and Pinto mountains yield slightly normally
to slightly reversely discordant monazite. Concor-
dia arrays in three samples yield relatively precise
upper intercept ages of , , and1675 � 6 1674 � 23

Ma. Two samples yield concordia inter-1666 � 4
cepts of 1658 and 1655 Ma with scatter in excess
of analytical errors. One sample contains an addi-
tional younger generation of monazite of Jurassic
age.

From these data, we conclude that amphibolite-
grade metamorphism associated with monazite
growth in the basement gneisses in the west Mo-
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Figure 4. Example of zircon textural relations and geochemistry in an orthogneiss: sample JW326, the trondhjemitic
gneiss of Dry Lake. A, Concordia diagram for low U, magmatic zircon. Four trondhjemite premagmatic core analyses
with ages ranging from 1857 to 2572 Ma are not plotted. B, Concordia diagram for U-rich, low Th/U metamorphic
zircon. C, SEM-CL image of zircons, showing oscillatory zoned cores, fractured and embayed, and CL-dark fracture
fillings and overgrowths. D, U and Th concentrations in individual zircon textural and chronologic groups.

jave province and penetrative west-vergent fabric
development in the San Bernardino Mountains oc-
curred at ca. 1680–1660 Ma (fig. 7). Excess scatter
in near-concordant grains indicates that metamor-
phic growth of monazite may have extended locally
to as late as ca. 1630 Ma.

Geology of Quartzite-Carbonate
Overlap Sequences

Remnants of three distinct quartzite-rich overlap
sequences are preserved in depositional contact
with Paleoproterozoic gneisses in the west Mojave
province (figs. 1, 8). We analyzed paleocurrent data
and U-Pb systematics of detrital zircons in quartz-
ites from each of these sequences to clarify the de-

positional and rifting history of the southwestern
margin of North America, which culminated in
rifting and formation of the Paleozoic Cordilleran
passive margin.

Pinto Mountain Group. A 11-km-thick sequence
of medium-grade and weakly deformed Mesopro-
terozoic metasedimentary rocks overlies Early Pro-
terozoic basement in the Pinto and Eagle moun-
tains (fig. 8) and includes basal conglomerate and
interbedded quartzite, a middle section of cross-
bedded quartzite, pelitic rocks, laminated Fe-rich
rocks, and an upper section of dolomitic carbonate
rocks. Sedimentary structures preserved in quartz-
ites record sediment transport toward the southeast
and east.

The nomenclature for this sequence has evolved
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Table 1. Geochronologic Summary for Proterozoic Gneisses of the Mojave Province

Sample Range
Magmatic zircon

(Ma)
Metamorphic zircon

(Ma)
Monazite

(Ma)

JW233 Baldwin Lake San Bernardino ∼81
JW235 Baldwin Lake San Bernardino 1741 � 20a ∼82
JW236 Lightning Gulch San Bernardino 1773 � 14a 1674 � 16
JW314 Baldwin Lake San Bernardino 1656 � 16
JW316 Baldwin Lake San Bernardino 1766 � 12a 1656 � 8
JW324 Broom Flat San Bernardino 1681 � 18
JW322 Broom Flat San Bernardino 1682 � 23
JW325 Grinnell Mountain San Bernardino 1684 � 6 1663 � 10
JW326 Dry Lake San Bernardino 1780 � 10 1706 � 7
98280 Bighorn San Bernardino 1752 � 9 1704 � 7
99299 Erwin Lake San Bernardino 1650 � 18
JW152 White Tank Pinto 1741 � 7 1698 � 10 1666 � 4
JW153 White Tank Pinto 1750 � 18 1705 � 11 1675 � 6
JW177 Music Valley Pinto 1674 � 23
JW334 Joshua Tree Pinto 1685 � 13
02337 Lost Horse 1703 � 7
02375 Lost Horse ∼1658
02403 Lost Horse ∼1655
JT002 Lost Horse 1711 � 8
JT003 Lost Horse 1747 � 14 1689 � 13
05588 Monument Hexie 1666 � 14
JW20 granitic gneiss Ivanpah 1736 � 6 1691 � 6
JW21 augen gneiss Ivanpah 1766 � 12 1640 � 15
JW23 granite New York 1658 � 7
JW77 granodiorite gneiss New York 1732 � 19
JW79 garnet gneiss New York 1795 � 11
JW97 augen gneiss Old Woman–Piute 1675 � 5
JW101 augen gneiss Old Woman–Piute 1733 � 11 1677 � 11
JW102 diorite Old Woman–Piute 1657 � 7
JW172 trondhjemitic gneiss Ivanpah 1759 � 12
JW175 gneiss Marl 1759 � 9 1672 � 10
W660 quartzite Old Woman–Piute 1674 � 6
a Age from Barth et al. (2000).

as workers inferred its age and tested potential re-
gional correlations. Cameron (1981) suggested that
the cover sequence correlates with lithologically
similar metasedimentary rocks of the Big Bear
Group exposed in the San Bernardino Mountains
to the northwest. Powell (1981) named these rocks
the Joshua Tree terrane and suggested correlation
with amphibolite-grade metasedimentary rocks to
the west. Powell (1993) later renamed these rocks
the Placer Canyon assemblage. We call these rocks
informally the Pinto Mountain Group after that
part of the outcrop belt that is best exposed and
least deformed and to avoid implied correlations
attached to earlier nomenclature. Our mapping and
detrital zircon geochronology indicate that the
Pinto Mountain Group is younger than suggested
by Powell (1981) yet is too old to be correlated with
the Big Bear Group, as suggested by Cameron
(1981). Rather, we propose that these rocks repre-
sent a postorogenic, pre-1.49 Ga overlap sequence.

Detrital zircons from four quartzite and phyllitic
quartzite samples range from angular to sub-

rounded, preserve one to three generations of fine-
scale oscillatory zoning, and show no evidence of
the extensive fracturing and high U fracture fillings
or overgrowths observed in zircons from the un-
derlying basement. About half of the grains pre-
serve discontinuous, CL-bright patches up to about
5 mm thick along their margins that may record
minor, low-U metamorphic zircon growth; we
avoided this component in selecting analysis spots.
All four samples contain a single main population
of Paleoproterozoic grains (fig. 9) that range from
concordant up to about 80% normally discordant,
defining discordia arrays from 1650 to 1800 Ma to-
ward lower intercepts around 200 Ma, consistent
with a Mesozoic thermal disturbance similar to
that observed in basement rocks. The

ages of the most concordant grains (80207 ∗ 206 ∗Pb / Pb
of 149 grains ≤10% discordant) provide the best
estimate of the age of this principal detrital popu-
lation, which ranges from 1788 to 1630 Ma. Three
of the four samples also contain a second, minor
population of Archean grains; the most concordant
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Figure 5. Summary diagram of U-Pb zircon crystallization ages of orthogneisses from the east and west Mojave
province (additional data from Barth et al. 2000). Note the two distinct age groupings present in both the west and
the east Mojave province. These age groupings define early and late phase plutonism, separated by a magmatic gap
between 1.73 and 1.69 Ga.

grains suggest provenance ages of 3.42 and 2.64–
2.48 Ga. No reliable grain ages younger than 1630
Ma were obtained in any of these samples, which
we therefore take to be the maximum depositional
age of the siliciclastic section of the Pinto Moun-
tain Group.

In order to test the potential correlation of the
Pinto Mountain Group with deformed metasedi-
mentary sequences exposed further west in the
Pinto Mountains, we examined zircons from a
quartzite within a package of Joshua Tree terrane
metasedimentary rocks and orthogneisses. The
Dog Wash quartzite yielded subhedral to rounded
zircons; SEM-CL imaging suggests that much of the
rounding is due to the presence of CL-dark, sub-
hedral zircon rims that overgrow much more ir-
regularly shaped zircon cores (fig. 9). The cores are
of two distinct textural varieties; comparatively

CL-bright, subhedral zircon cores display fine-scale
oscillatory zoning, contrasting with anhedral zir-
con cores that display mottled textures in CL im-
ages composed of discrete, irregularly shaped dark
and bright patches typically about 2–10 mm across.
The oscillatory-zoned cores are clearly older than
the dark rims, but the relative age of the mottled
cores is less certain.

Nineteen oscillatory-zoned cores yielded the
oldest observed ages in this sample, with

ages ranging from 1783 to 1719 Ma and207 ∗ 206 ∗Pb / Pb
the lowest U contents and highest Th/U (fig. 9).
About 60% of these grains are concordant, yielding
ages between 1783 and 1730 Ma. We interpret these
as the range in age of the predominant detrital zir-
con component in this sample. The dark zircon
rims are significantly enriched in U and exhibit
lower Th/U, with ages between 1704207 ∗ 206 ∗Pb / Pb
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Figure 6. Alkali and high field strength element geo-
chemistry of orthogneisses from the Mojave province.
Circles are early phase orthogneisses of the west Mojave
province from this study (abbreviations as in fig. 1b), and
crosses are late phase augen gneisses from Bender et al.
(1993). Fields in the top panel represent the composi-
tional range of orthogneisses from the east Mojave prov-
ince (Miller and Wooden 1992; Flodin et al. 1997). Lines
in the top panel separate fields of low, medium, and high
K igneous rocks. Note the wide silica range and diverse
K contents of early phase gneisses and the K- and HFSE-
enriched character of late phase gneisses.

Figure 7. Summary diagram comparing orthogneiss and
metamorphic geochronology of the Mojave province. Top
panel is a histogram of ages of the least dis-207 ∗ 206 ∗Pb / Pb
cordant metamorphic monazites from west Mojave prov-
ince. Bars in bottom panel illustrate timing of meta-
morphism recorded by metamorphic zircon rims; for
visual reference, these ages are compared with the range
of ages of least discordant magmatic zircons in west Mo-
jave orthogneisses. Note that metamorphism is broadly
synchronous in time with emplacement of the protoliths
of the orthogneisses, yet the Ivanpah Orogeny is marked
by the abundance of zircon metamorphic ages and the
time gap between early and late phase plutons.

and 1661 Ma. The mottled cores exhibit a range of
compositions, from a few with low U and Th/U,
similar to the oscillatory-zoned cores, to the ma-
jority with much higher U contents and Th/U, sim-
ilar to that of the dark rims. We interpret these
variations to indicate that the grains are composed
of domains of mixed age and origin at a scale
smaller than the ion beam, and the measured ages
are dominated by the age of the dark, U-rich
and relatively young component. Observed

ages of these mottled cores range from207 ∗ 206 ∗Pb / Pb
1682 to 1582 Ma; however, concordant grains range

only from 1682 to 1636 Ma. We interpret this age
range as an approximation to the age of the dark
component of the mottled cores, and the overlap
with the observed age range of the dark rims sug-
gests that the mottled cores record partial recrys-
tallization of older zircon associated with meta-
morphism of this rock, ultimately overgrown by
the dark rims. In summary, we interpret this
quartzite to have a provenance in local Paleopro-
terozoic granitic rocks ranging in age from 1783 to
1730 Ma and to have later enjoyed deformation and
metamorphism associated with partial zircon dis-
solution and low Th/U zircon growth between 1704
and 1636 Ma. We thus infer that the Joshua Tree
terrane gneissic metasedimentary and metaigneous
rocks are older than (and therefore simply are part
of) the Paleoproterozoic crystalline basement on
which the Pinto Mountain Group was deposited.

Big Bear Group. A sequence of lower-grade,
weakly deformed metasedimentary rocks overlie
Paleoproterozoic basement in the San Bernardino
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Figure 8. Stratigraphic columns for Proterozoic sedimentary sequences in the Transverse Ranges, showing relative
stratigraphic position of detrital zircon sample horizons. The Pinto Mountain Group is a siliciclastic-carbonate se-
quence that rests unconformably in the Paleoproterozoic basement in the Pinto Mountains and extends southeastward
into the Eagle Mountains (Eagle Mountains stratigraphic column adapted from mapping of Powell 1981). The Big
Bear Group is a siliciclastic sequence that rests unconformably on the Paleoproterozoic basement in the San Bernardino
Mountains (column adapted in part from mapping of Cameron 1981).

Mountains. The nomenclature for these metased-
imentary rocks evolved as workers recognized their
stratigraphic and structural complexity (see review
by Dibblee 1982). We have largely followed the
stratigraphic terminology of Stewart and Poole
(1975; Stewart 1972; Cameron 1981; Brown 1991;
figs. 8, 10), though structural and stratigraphic
problems remain. The lowest part of this metased-
imentary sequence includes quartzite and phyllite
of the Big Bear Group. The lowermost quartzite
unit in the Big Bear Group demonstrably overlies
Paleoproterozoic gneiss with angular unconfor-
mity. In the north central part of the range, the Big
Bear Group lies structurally above a sequence of
units correlative with the Cordilleran miogeocline,
including the Neoproterozoic-Cambrian boundary
interval in the upper Stirling Quartzite and over-
lying Wood Canyon Formation (Signor and Mount
1989; Corsetti and Hagadorn 2000) and overlying

Cambrian Zabriskie Quartzite, Carrara Formation,
and Bonanza King Formation. Marbles correlative
with the Cambrian Nopah, Devonian Sultan, Car-
boniferous Monte Cristo, and Permian Bird Spring
formations have also been identified in fault blocks
along the north-central range front (Brown 1991).

Metasedimentary rocks of the Big Bear Group are
primarily exposed surrounding Baldwin Lake (fig.
10). In the western two-thirds of the map area, Big
Bear Group quartzite and phyllite are generally up-
right, north to west striking, and lie above Paleo-
proterozoic gneiss. Although the contact between
these two rock units is commonly sheared, at sev-
eral localities upright basal conglomerate, pebbly
quartzite, or quartzite rest with angular unconfor-
mity on the underlying gneiss. Both the gneiss and
the overlying Big Bear Group are cut by gently to
moderately west-dipping normal faults. In the east-
ern third of the map area, north of Onyx Peak, over-
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Figure 9. Cumulative probability plot of ages of detrital
zircons from the Pinto Mountain Group (80 most con-
cordant zircons in four samples; for sample horizons, see
fig. 8). All four Pinto Mountain Group quartzites show
similar detrital zircon age distributions, defining a max-
imum depositional age of ca. 1630 Ma. Lightly shaded
bars show the range of ages of basement igneous rocks;
lack of ca. 1400–1450 Ma detrital zircons suggests that
the Pinto Mountain Group was deposited before 1450
Ma. Top panel compares age data for quartzite of Dog
Wash in the Joshua Tree terrane (19 most concordant
zircons). Inset shows Th and U contents of Dog Wash
zircons used to distinguish detrital from mixed and meta-
morphic age domains. Detrital zircons define a maxi-
mum depositional age of ca. 1730 Ma, and rims indicate
metamorphism before ca. 1636 Ma. This quartzite is thus
inferred to be a part of the Paleoproterozoic basement
rather than a deformed distal equivalent of the Pinto
Mountain Group.

turned quartzite and phyllite correlative with the
Big Bear Group are vertical to steeply west dipping
and are sandwiched structurally beneath gneisses
and above overturned uppermost Stirling Quartzite
and stratigraphically higher Cambrian units.

The map pattern of the metasedimentary rocks
suggests that the major structural feature of this

area is a northeast-vergent, overturned antiform in
the hanging wall of the moderately southwest-dip-
ping Doble fault. Big Bear Group quartzite on the
overturned limb of the antiform is apparently de-
tached from the underlying core of Early Protero-
zoic gneisses, since the consistent west-dipping fo-
liation and down dip lineation observed throughout
the gneisses (Barth et al. 2000) indicate a lack of
basement folding. The Big Bear Group thins north-
ward and becomes more moderately dipping as the
antiform is truncated at its northern limit by the
Doble fault. Regional relationships and the older
on younger geometry of the Doble fault indicate
that it originated as a reverse fault in Permo-Tri-
assic time. Northeast of Baldwin Lake, the fault
places Early Proterozoic gneiss above overturned
Cambrian Wood Canyon Formation and Zabriskie
Quartzite. Further to the southeast, apparent dis-
placement on the fault decreases, as the fault cuts
down section to place Big Bear Group quartzite
above uppermost Stirling Quartzite and Wood
Canyon Formation. Small-scale structures and
grain-shape preferred orientation in quartzite from
both the hanging wall and the footwall of the Doble
fault suggest that it was most recently active as a
normal fault.

Cameron (1981) suggested that the upper part of
the Big Bear Group, west of our study area, contains
a ca. 1-km-thick carbonate unit (Green Spot For-
mation). If Cameron’s stratigraphic interpretation
is correct, the Green Spot Formation is cut out by
the Doble fault. Alternatively, Powell et al. (1983)
suggested that the Green Spot Formation is Paleo-
zoic in age; if so, the offset across the southern
reach of the Doble fault near Onyx Peak may be
negligible. Further stratigraphic and geochemical
work on the Green Spot Formation is necessary to
resolve its age and stratigraphic position and better
constrain the magnitude of offset on the Doble
fault.

Structural data thus suggest that quartzite and
phyllite of the Big Bear Group originated strati-
graphically beneath rocks of the upper Stirling
Quartzite and Cambrian units. The lithologic char-
acter of this metasedimentary sequence—including
a thick, lower quartzite-dominated sequence strat-
igraphically beneath the Wood Canyon Forma-
tion—coupled with the lack of identified Ordovi-
cian and Silurian rocks suggests that the San
Bernardino Mountains region lay within the cra-
ton-miogeocline hinge zone in latest Proterozoic
and Paleozoic time (Stewart 1982; Bahde et al.
1997). Stratigraphic sequence, sedimentary struc-
tures, and paleocurrent data, however, suggest that
the Big Bear Group records a fundamentally differ-
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Figure 10. Geologic map of Paleoproterozoic gneiss and Big Gear Group in the Baldwin Lake area, north central
San Bernardino Mountains (additional mapping from Cameron 1981). A color version of this figure is available in the
online edition of the Journal of Geology.

ent siliciclastic depositional setting before onset of
miogeoclinal sedimentation. Cameron (1981) in-
ferred a tidal to shallow marine subtidal environ-
ment of deposition for the Big Bear Group on the
basis of fining-upward ripple laminated beds, mud-
cracked siltstones, large-scale cross bed sets topped
by ripple laminated quartzite recording reversed pa-
leocurrent, and dewatering or animal escape struc-
tures. Stewart (2005) inferred an eolian origin for

the large-scale cross strata. Large-scale planar tab-
ular and planar wedge cross beds in Big Bear Group
quartzite and phyllitic quartzite record paleocur-
rents toward the north and east, whereas associated
small-scale cross strata yield highly variable paleo-
current directions (Barth et al. 1999; Stewart 2005).
These north and east paleocurrents are broadly sim-
ilar to those measured in the Pinto Mountain
Group but nearly antipodal to paleocurrent direc-
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Figure 11. Cumulative probability plot of ages of most
concordant detrital zircons from siliciclastic samples of
the three formations comprising the Big Bear Group (for
sample horizons, see fig. 8). Lightly shaded bars show the
range of ages of igneous rocks in the basement of the
Mojave province in the Transverse Ranges and southern
Mojave Desert. Note the generally poor correspondence
of Paleoproterozoic and Mesoproterozoic detrital zircon
ages to exposed Mojave basement ages, suggesting deri-
vation of this section from a 1.9–1.8 and 1.5–1.4 Ga base-
ment provenance.

tions recorded in overlying Stirling Quartzite and
Wood Canyon Formation, which yield south to
southwest paleocurrents typical of miogeoclinal
units (Stewart 1982, 2005; Stewart et al. 2001).

Detrital zircons from four samples of quartzite
and phyllitic quartzite of the Big Bear Group have
three main populations of Proterozoic grains. Two
samples from the basal quartzite unit of the Big
Bear Group (type lower Wildhorse Meadows
Quartzite of Cameron [1981]) yielded a majority of
concordant grains, and a third sample yielded a
higher proportion of normally discordant grains but
similar ages; here we consider only the207 ∗ 206 ∗Pb / Pb
concordant subset (114 of 169 grains ≤10% discor-
dant; fig. 11). The majority of detrital zircons are
1900–1150 Ma; the most commonly observed pop-
ulations are 1893–1785, 1496–1395, and 1257–1148
Ma. Remarkably, grains similar in age to zircons in
local or regional Paleoproterozoic basement rocks
(1780–1640 Ma) are very rare in these samples,
comprising less than 5% of analyzed grains. There
is no relationship between grain size, form, or
roundness and measured age, so we conclude that
there is no relation between age and transport dis-
tance or recycling among the observed zircon pop-
ulations. However, approximately 75% of analyzed
grains in the 1496–1395 and 1893–1785 Ma popu-
lations are characterized by euhedral to subhedral
oscillatory zoning that parallels some or all pre-
served crystal faces. In contrast, such grains make
up only 34% of analyzed grains in the 1257–1148
Ma population, which is predominantly composed
of grains with diffuse subhedral to anhedral zona-
tion or lacking in any visible zonation. The youn-
gest concordant grains are to950 � 30 895 � 22
Ma, providing a maximum depositional age for the
basal part of the Big Bear Group that is much youn-
ger than we infer for the Pinto Mountain Group.

Three samples from higher siliciclastic parts of
the Big Bear Group—two samples from the Light-
ning Gulch Formation and one from the strati-
graphically higher Moonridge quartzite (fig. 11)—
yielded mostly concordant and nearly concordant
grains as well (102 of 158 grains ≤10% discordant).
The youngest concordant grain has a age206 ∗ 238Pb / U
of Ma, suggesting that the middle and up-616 � 9
per Big Bear Group is about 625 Ma or younger. The
two Lightning Gulch quartzites yielded three main
age populations that are identical to those in the
underlying Wildhorse Meadows quartzite. How-
ever, an additional peak is observed in the Moon-
ridge quartzite, corresponding to detrital zircons
with ages of 1786–1640 Ma, grain ages that are very
rarely observed in underlying quartzites.

Miogeoclinal Sequence. For purposes of strati-
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Figure 12. Cumulative probability plot of most con-
cordant zircons from siliciclastic rocks of the Pinto
Mountain Group, Big Bear Group, and the Cordilleran
miogeocline in inferred time stratigraphic order. Lightly
shaded bars show the range of ages of igneous rocks in
the local Mojave province basement and, in addition, the
ca. 1100 Ma detrital zircon age peak commonly observed
in Paleozoic rocks of the Cordilleran miogeocline.

graphic comparison, we analyzed three samples
from quartzite in the overlying Neoproterozoic to
Cambrian miogeoclinal sequence, one each from
the upper Stirling Quartzite, middle member Wood

Canyon Formation, and Zabriskie Quartzite (Stew-
art and Poole 1975). The majority of grains are con-
cordant or slightly normally discordant (153 of 192
grains ≤10% discordant). Most detrital zircons in
these samples are between 1900 and 1000 Ma; 12
nearly concordant Archean grains are not plotted
but range in age from 3355 to 2451 Ma. Concordant
and nearly concordant grains define three main
populations with ages of 1787–1626, 1488–1350,
and 1185–1055 Ma (fig. 12). These data are consis-
tent with the smaller but more precise TIMS data
set of Stewart et al. (2001), who identified predom-
inant 1774 and 1111 Ma populations and discov-
ered four Archean grains between 3121 and 2677
Ma. These observed age populations are thus con-
sistent with predominant age populations observed
by Stewart et al. (2001) in a larger sample set of
miogeoclinal rocks from throughout the south-
western United States. In miogeocline samples
from the San Bernardino Mountains, there is no
relationship between grain size, form, or roundness
and measured age, so we conclude that there is no
relationship between age and transport distance or
recycling among the observed zircon populations,
nor is the average grain size and roundness signif-
icantly different from what we observed in zircons
from the Big Bear Group. In addition, microscopic
analysis gives no indication that rock type varied
in the provenance of the predominant age popula-
tions. Approximately 90% of grains preserve eu-
hedral to subhedral oscillatory zoning parallel to
some or all crystal faces.

Discussion

Paleoproterozoic metasedimentary and metaig-
neous rocks record the assembly of Mojave prov-
ince continental crust between about 1.8 and 1.63
Ga. These basement rocks are locally overlain by
remnants of sedimentary sequences of Mesopro-
terozoic, Neoproterozoic, and Cambrian age, which
record sedimentation on stabilized continental
crust, and eventual disassembly during formation
of the Cordilleran miogeocline in latest Neopro-
terozoic to Cambrian time.

The initial assembly of materials that formed
continental crust in the Mojave province involved
accumulation of immature sedimentary rocks on
thin, probably oceanic crust, represented by mid-
ocean ridge basalt–like amphibolites spatially as-
sociated with paragneisses. Amphibolites are en-
riched relative to likely depleted mantle at 1.8 Ga,
and the paragneisses contain abundant older detri-
tal grains, suggesting that the earliest Mojave prov-
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ince crustal rocks accumulated near to an older,
rapidly eroding 1.98–1.8 Ga arc terrane that lay to
the west or northwest. Our hypothesis is that a
sequence of graywacke and shale derived from this
adjacent arc terrane was deposited on a mafic base-
ment (oceanic and/or backarc). This thin initial
crust comprised the framework rocks for emplace-
ment of 1.79–1.73 Ga early phase arc plutons, and
framework rocks were locally metamorphosed dur-
ing pluton emplacement. Early phase arc plutons
in the Mojave province also record interaction with
pre-1.8 Ga crust in both premagmatic zircons and
bulk rock Nd and Pb isotopic compositions and
thus were probably derived from mixing between
local enriched mantle and variable proportions of
this older Paleoproterozoic source (Wooden et al.
1988; Coleman et al. 2002). The early evolution of
the Mojave crustal province thus has close chro-
nologic similarity to the northern Colorado Paleo-
proterozoic terrane (Premo et al. 2007), including
physical mixing of 11.8 Ga detritus, but still rela-
tively primitive plutonic rocks. However, the over-
all crustal asymmetry suggests that a Hudsonian
terrane lay to the northwest or west of the greater
Mojave–northern Colorado region.

The end of early phase plutonism at about 1.73
Ga signalled the beginning of a phase of widespread
deformation and amphibolite to granulite facies
metamorphism between 1.71 and 1.69 Ga. All
rocks older than 1.73 Ga are intensely deformed.
Only a few remnants of plutonic bodies preserve
aspects of their original form and texture. The typ-
ical character of these older rocks is one of isocli-
nally folded and flattened layers with lithologic var-
iations common at the meter or submeter scale.
The oldest metamorphic zircon overgrowths yet
identified are 1795 Ma, but more commonly meta-
morphic rims on zircon have ages of 1.71–1.69 Ga,
the period of time associated with the Ivanpah
Orogeny (Wooden and Miller 1990). Plutonic rocks
intruded after 1690 Ma show no evidence of the
intense deformation preserved in the older rock
packages, and the oldest ages in these younger plu-
tons provide a firm minimum age for the defor-
mation and metamorphism seen in the older rocks.
There is now evidence for a granulite grade event
at 1795 Ma that affected the graywacke-shale pack-
age that was the basement to the older plutonic
rocks in the east Mojave and an event of similar
significance at 1772 Ma in the west Mojave. Evi-
dence for other metamorphic and deformational be-
tween 1795 and 1730 Ma may be found by further
analyses of late-forming zircon domains and asso-
ciated monazite but may in part be lacking because

it is obscured by the intensity of the later event(s),
so that the older package may be a composite of
deformational and metamorphic events in addition
to depositional and intrusive events.

Late phase plutonism in the Mojave province be-
tween 1.69 and 1.64 Ga was characterized by for-
mation of alkalic, HFSE-enriched rocks having
many of the compositional characteristics of A-
type granites. This shift in the geochemical char-
acter of plutonism likely indicates widespread par-
tial melting of arc basement rocks after 1.69 Ga,
based on recent experimental results (e.g., Skjerlie
and Johnston 1993; Patiño-Douce 1997, 1999).
These observations suggest partial melting of crust
thickened during the ca. 1.71–1.69 Ga Ivanpah
Orogeny (Wooden and Miller 1990). In this context,
late-stage west-vergent deformation between 1.68
and 1.63 Ga is interpreted to record extensional
collapse of this thickened arc crust.

The oldest supracrustal sequence deposited on
basement, Pinto Mountain Group is an upright, si-
liciclastic, and carbonate shelf succession with
well-preserved sedimentary structures that records
the minimum age of stable, normal thickness con-
tinental crust in the Mojave province. Detrital zir-
cons are as young as ca. 1630 Ma, providing a max-
imum depositional age for this succession. No
Mesoproterozoic detrital zircons were found in
these four samples, yet such zircons are abundant
in all Neoproterozoic and Paleozoic siliciclastic
sedimentary rocks in this region (e.g., Stewart et
al. 2001), including the Neoproterozoic Big Bear
Group and latest Neoproterozoic to Cambrian mio-
geoclinal rocks exposed immediately to the north-
west. This observation indicates that the Pinto
Mountain Group was probably deposited between
1.63 and 1.45 Ga. This inference suggests that the
Pinto Mountain Group is correlative to Cordilleran
Proterozoic succession A and is therefore the ap-
proximate temporal equivalent of Wernecke, Belt,
and Muskwa supergroups of the northern Cordi-
llera (Link et al. 1993), and it was deposited earlier
than the Apache Group and Grand Canyon Super-
group of western Arizona and the Pahrump Group
of eastern California (Timmons et al. 2001; fig. 13).
Recent geochronologic results suggest the Pinto
Mountain Group is younger than intraarc basin
quartzite of the Mazatzal Group and similar in age
or younger than the Chino Valley and Hess Canyon
Group quartzites (Cox et al. 2002). Thus, the Pinto
Mountain Group may be a remnant of a somewhat
more widespread post-Mazatzal Orogeny shelf
sequence.

Detrital and metamorphic zircons in the Dog
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Figure 13. Regional stratigraphic correlation chart for Proterozoic sedimentary rocks in the southwestern Cordillera,
illustrating the inferred correlation of quartzite sequences in this study (adapted from Link et al. 1993; additional
data from Timmons et al. 2001; Cox et al. 2002; Stewart et al. 2002; Lund et al. 2003). Grinnell Mountain and Dog
Wash quartzites are components of the Paleoproterozoic basement and are not representative of a regionally widespread
Joshua Tree terrane. Pinto Mountain Group is correlated with Cordilleran Proterozoic succession A and is therefore
similar in age or slightly younger than quartzites of the Mazatzal Group of the Tonto Basin Supergroup. Big Bear
Group is pre–Stirling Quartzite in age and correlated with the early part of succession C deposited in the earliest
stages of Neoproterozoic Cordilleran rifting.

Wash quartzite indicate that quartzite-bearing
metasedimentary rock sequences to the west of the
type section are not correlative with the Pinto
Mountain Group. This observation significantly re-
duces the areal extent and significance of the
Joshua Tree terrane of Powell (1981) but is consis-
tent with the definition of the more diminutive
Placer Mountain assemblage of Powell (1993). We
conclude that the Pinto Mountain Group is an early
postorogenic shallow shelf sedimentary succession
deposited on west Mojave province crust, coinci-
dent with but unrelated to the rift that initiated
the Cordilleran miogeocline in this region.

Structural and stratigraphic evidence suggests
that the Big Bear Group is distinctly younger than
the Pinto Mountain Group yet older and deposited
in a different tectonic setting than the Neoprote-
rozoic-Cambrian miogeoclinal sequence (Stirling
Quartzite and higher units) that overlies it. Paleo-
current data suggest that siliciclastic sediment was
transported north and northeastward during Big
Bear Group deposition but southwestward, off the
established west-facing Cordilleran continental
shelf, by upper Stirling and Wood Canyon time.
Detrital zircon data indicate that the shift in pa-

leocurrent directions, although not accompanied
by a recognizable shift in transport distance or de-
gree of recycling, was accompanied by a shift in the
geochronologic and possibly the lithologic char-
acter of siliciclastic sediment provenance. We
therefore propose that the older Big Bear Group re-
cords a different depositional setting than the Stir-
ling and younger miogeoclinal units in this region.
Stewart et al. (2002) suggested a correlation with
Cordilleran Proterozoic succession B, their Neo-
proterozoic Rodinian epicontinental sequence.
However, if further work confirms that much of
the Big Bear Group is younger than 625 Ma yet pre-
Stirling in age, a correlation with the early part of
succession C and a tectonic setting in the earliest
stages of Cordilleran Neoproterozoic rifting seems
more likely (fig. 13).

The paleocurrent and detrital zircon age data re-
ported here can help to define the location and geo-
logic character of the provenance of these sedi-
mentary sequences. As discussed by Stewart et al.
(2001), most age populations of detrital zircons in
miogeoclinal rocks (3.4–2.3, 1.8–1.6, 1.45–1.40, and
1.2–1.0 Ga) can be matched to observed basement
rocks, suggesting a western North American base-
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ment provenance (Gehrels et al. 1995; Gehrels and
Stewart 1998). The problematic exception is the
widespread occurrence of 1.2–1.0 Ga grains, for
which Stewart et al. (2001) hypothesized a source
in silicic volcanic fields now largely buried and/or
destroyed by erosion. Our results support this in-
terpretation, since the older Proterozoic popula-
tions in the miogeoclinal samples from the San Ber-
nardino Mountains are very good matches for
zircons in orthogneisses and granitic rocks that
characterize Proterozoic basement rock in this re-
gion (Anderson and Bender 1989; Wooden and Mil-
ler 1990; Barth et al. 2000), and the 1200–1000 Ma
population is dominated by 80–360-mm subhedral
to euhedral oscillatory-zoned zircons, which we
suggest are likely to have been derived from gra-
nitic or felsic volcanic rocks.

In contrast, only one of the three predominant
age populations in the older Big Bear Group can be
convincingly matched to observed western North
America basement rocks. Predominant Early Pro-
terozoic basement rocks range in age from about
1790 to 1640 Ma (e.g., Wooden and Miller 1990;
Karlstrom and Bowring 1991; Barth et al. 2000;
Duebendorfer et al. 2001; this study), with rare
older rocks and older zircon grains found as xeno-
crysts in orthogneisses and detrital grains in par-
agneisses (Wooden et al. 1994; Hawkins et al. 1996;
Barth et al. 2000). This age range provides a very
good fit to Early Proterozoic detrital grains found
in Cambrian miogeoclinal strata (Gehrels et al.
1995; Stewart et al. 2001; this study) but is a very
poor fit for the 1893–1785 Ma population in the
lower and middle parts of the Big Bear Group. The
1185–1055 Ma zircons of uncertain provenance
that dominate many Cambrian southern miogeo-
clinal samples (Gehrels et al. 1995; Stewart et al.
2001) including the three miogeoclinal samples de-
scribed here are similarly a poor match to the 1257–
1148 Ma population in the Big Bear Group. These
data suggest that either (1) the relative proportions
of rock types changed significantly during progres-
sive erosion of a single provenance that fed both
sequences or (2) these two sequences bracket a fun-
damental provenance shift. The former is difficult
to rigorously evaluate, given the limited exposure
of Proterozoic basement rocks. The later hypoth-
esis is consistent with paleocurrent data suggesting
that the provenance of the Big Bear Group lay
southwest of the final Cordilleran rift.

The detrital zircon provenance signature of silic-
iclastic sediment in the Big Bear Group mimics and
expands upon the characterization described earlier
of older crust that lay to the northwest and west
of southern California during initial formation of
the Mojave province. The lack of correlation be-
tween grain age and crystal size or roundness sug-
gests that all three major detrital zircon age pop-
ulations were derived from crystalline rocks
exposed in proximity to one another. The predom-
inance of oscillatory-zoned grains in the 1496–1395
and 1893–1785 Ma populations suggests that the
provenance contained igneous rocks of this age
and/or orthogneisses whose protoliths were of this
age. In contrast, the predominance of weakly zoned
or unzoned grains, some with preserved anhedral
overgrowths, suggests that the 1257–1148 Ma pop-
ulation was derived from an orogenic belt charac-
terized by high-grade metamorphism and zircon
growth at this time. If these sources were indeed
in relatively close proximity, zircons in the Big Bear
Group record derivation from a late Mesoprotero-
zoic orogenic belt that incorporated and partially
reworked older Paleoproterozoic to Mesoprotero-
zoic igneous rocks. The older Paleoproterozoic
component of this orogenic belt is of the same chro-
nologic character as rocks we infer lay in this po-
sition in Paleoproterozoic time and contributed de-
tritus to the original assembly of Mojave province
crust. This orogenic belt lay west of the south-
western Laurentian margin until very late Neopro-
terozoic time, suggesting that ultimate rifting of
Mojave province crust and establishment of the
Cordilleran miogeocline at this latitude were not
completed until 0.62–0.55 Ga.
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