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ABSTRACT
Correlation of lithotectonic packages
across major transcurrent structures is critical to understanding the tectonic evolution
of the North American continental margin.
Detrital zircon geochronology of uppermost
Proterozoic to Lower Paleozoic miogeoclinal
strata from the White-Inyo Mountains permits evaluation of: (1) the age and provenance of these metasediments and (2) a model
for truncation of the passive margin along
a postulated large-magnitude Cretaceous
dextral shear zone, i.e., the Mojave–Snow
Lake fault. U-Pb ages of detrital zircons
from the Neoproterozoic Wyman Formation,
the uppermost Proterozoic Reed Dolomite
(Hines Tongue Member), and clastic strata of
the Lower Cambrian Deep Springs, Campito
(Montenegro Member), Poleta, and Harkless
formations reflect ultimate derivation from
the adjacent 1.7–pre-1.8 Ga Mojavia terrane
and/or 1.7–1.8 Ga Yavapai continental basement, with subsidiary sources in both the ca.
1.4 Ga Yavapai-Mazatzal anorogenic granitoids and the >2.5 Ga North American craton,
and a small proportion of 1.0–1.3 Ga grains,
most likely reworked from Grenville clastic
wedge deposits. Detrital zircon age spectra
from the Lower Cambrian Andrews Mountain Member of the Campito Formation are
unique in comparison with the remainder of
the studied section, containing a major age
peak centered at ca. 1.1 Ga and a subsidiary
Lower Cambrian age peak, permitting calculation of a ca. 527 ± 12 (2σ) Ma maximum
depositional age. These features, in addition to abundant detrital magnetite-ilmenite
†
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grains, reflect a distal source for these rocks,
most likely from the ca. 1.1 Ga Pikes Peak
batholith and/or the Midcontinent rift and
ca. 0.53 Ga bimodal intrusions of the Oklahoma-Colorado aulacogen. In terms of zircon
age distribution, allochthonous metamorphic
pendants in the Snow Lake terrane of the
central Sierra Nevada batholith are most
similar to those of stratigraphically equivalent units in the Death Valley region and, to
lesser degrees, the White-Inyo section, and
the Mojave Desert region. Given the similarity and relative proximity of Death Valley
facies assemblages to the Snow Lake terrane,
we suggest that the latter was not transported
northward from the Mojave Desert region
and instead represents footwall assemblages
of a late Early to early Middle Jurassic lowangle normal fault system, probably along
the outer transform-truncated margin of the
Last Chance thrust stack. This model implies
a few tens of kilometers of offset, in contrast
to the hundreds of kilometers required by the
Mojave–Snow Lake fault hypothesis.
INTRODUCTION
The SW Cordilleran passive margin of North
America developed following Neoproterozoic
breakup and dispersal of the supercontinent
Rodinia and subsequently experienced multiple phases of thrusting, margin-parallel strikeslip faulting, and pluton emplacement, thereby
obscuring and truncating original lithofacies relations at a regional scale (e.g., Bond et al., 1985;
Stewart et al., 2001; Anderson and Silver, 2005;
Barth et al., 2009; Saleeby, 2011). Palinspastic
reconstructions of the Laurentian margin are
required for: (1) correct identification of the conjugate continental landmass to which Laurentia

was mated prior to rifting (e.g., Siberia, Australia, Antarctica) and understanding the tectonics
of such supercontinent disruption; (2) understanding the framework into which major Cordilleran continental arcs, such as the Sierra Nevada
batholith, were emplaced; and (3) elucidating
how the margin evolved from passive to active
from early to late Paleozoic time, involving
major orogenic episodes that accompanied (e.g.,
Antler and Sonoma) and postdated (e.g., Sevier
and Laramide) this structural shift. Such reconstructions rely on a thorough understanding of
the sources of, and regional correlations among,
passive-margin sedimentary packages. Detrital
zircon U-Pb geochronology is a powerful tool
that can be used to test proposed correlations
between autochthonous and allochthonous remnants of post-Rodinian passive-margin strata. A
major gap in detrital zircon data from the Cordilleran rifted margin remains to be filled in the
White-Inyo Range of central eastern California
(Memeti et al., 2010). This contribution integrates new U-Pb detrital zircon data from the
White-Inyo Range with existing data from the
range (MacLean et al., 2009) and also from adjacent areas in order to provide a regional synthesis
of the Neoproterozoic–early Paleozoic paleogeography of the southwestern United States.
Geochronologic study of detrital zircons can
address the following two key issues and constitutes the focus of the present investigation. First,
the relative times of deposition of the uppermost
Proterozoic–Lower Cambrian White-Inyo section are well known based on biostratigraphy, yet
the ultimate sources of the clastic rocks and the
initiation of sedimentation of the exposed units
are less well constrained. Second, the WhiteInyo outer-shelf strata have probable inner-shelf
equivalents in the Panamint-Death Valley region
(Nelson, 1962; Mount et al., 1991; Nelson
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et al., 1991; Farmer and Ball, 1997; Stevens and
Greene, 1999; Schoenborn et al., 2012; Mahon
et al., 2014) and possible correlatives in a few
small Sierra Nevada metamorphic roof pendants exposed east of a late Paleozoic sinistral
transform system, the California-Coahuila fault,
responsible for truncation of the SW Cordilleran
passive margin (Stevens and Greene, 1999;
Memeti et al., 2010). These pendants are known
collectively as the Snow Lake terrane (e.g.,
Lahren and Schweickert, 1989; Grasse et al.,
2001; Wyld and Wright, 2001; Memeti et al.,
2010; Chapman et al., 2012), an allochthonous
slice thought to have been shuffled ~400 km
northward along the cryptic Mesozoic Mojave–
Snow Lake fault, which marks the eastern boundary of the terrane (Lahren and Schweickert,
1989). More recent efforts highlighting significant lithologic and geochronologic differences
between the Snow Lake terrane and the Mojave
Desert realm (Memeti et al., 2010) and recognizing probable western Nevada sources of volcaniclastic strata in the northern Sierra Nevada
(Lewis and Girty, 2001) call into question the
magnitude of slip along the Snow Lake terranebounding structure. Furthermore, Memeti et al.
(2010) posited that the native site for Snow Lake
terrane strata may have been the Death Valley
and/or White-Inyo Mountains region. We have
undertaken a U-Pb geochronological investigation of detrital zircons from White-Inyo strata
to inform tectonostratigraphic correlations with
Death Valley analogs to the SE and Sierran roof
pendants to the NW, and to constrain the provenance of Inyo facies clastic rocks.
GEOLOGIC BACKGROUND
Regional Tectonostratigraphic Framework
The Neoproterozoic to Mesozoic SW Cordilleran passive margin consists of continental
shelf, slope, rise, and abyssal strata exposed
east of the late Mesozoic Cordilleran batholithic belt and within the belt as metamorphic
pendant rocks (Fig. 1; e.g., Davis et al., 1978;
Schweickert and Lahren, 1987; Dunne and
Suczek, 1991; Stevens and Greene, 1999; Stevens and Stone, 2005; Saleeby, 2011; Chapman et al., 2012). The original paleogeographic
architecture of passive-margin lithofacies has
been intensely disrupted by Paleozoic and later
folding and faulting, but facies were most likely
arranged as the following NE-SW–trending
belts (e.g., Saleeby and Dunne, 2015): (1) Neoproterozoic to Cambrian inner-shelf facies miogeoclinal strata (i.e., shallow marine sedimentary rocks of the inner continental margin) of the
Death Valley and Mojave Desert regions, and
the Snow Lake terrane, an allochthonous slice
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purportedly shuffled ~400 km northward along
the cryptic Mesozoic Mojave–Snow Lake fault
(e.g., Lahren and Schweickert, 1989; Wyld and
Wright, 2001; Grasse et al., 2001); (2) temporally correlative outer-shelf miogeoclinal strata
of the Inyo facies (Walcott, 1908; Nelson, 1962),
which tectonically overlie belt 1 assemblages
along the late Paleozoic–early Mesozoic Last
Chance thrust (Stewart et al., 1966; Morgan and
Law, 1998; Stevens and Stone, 2005); (3) Cambrian to Devonian eugeoclinal (i.e., deep-water
marine sediments of the outer continental margin) deposits of chert, siliceous argillite, limestone, shale, serpentinite, and volcanic rocks
belonging to the Roberts Mountains allochthon and related El Paso terrane, the former
of which was thrust over belts 1 and 2 during
the Antler orogeny (e.g., Stevens and Greene,
1999; Gehrels et al., 2000); (4) a eugeoclinal
belt of Cambrian to Ordovician quartzite, phyllite, and chert named the Sierra City mélange
and Shoo Fly complex (e.g., Harding et al.,
2000) in the north and the remnants of similar
strata preserved in pendants of the Kernville terrane (e.g., Saleeby and Busby, 1993; Chapman
et al., 2012) in the south; and (5) the Paleozoic
Foothills ophiolite belt, with overlying Permian
to Triassic (?) Calaveras complex hemipelagic
deposits, and unconformable infolds of suprasubduction-zone mafic volcanic rocks and siliciclastic turbidites (Saleeby, 2011).
White-Inyo Range
The White-Inyo Range lies ~10–30 km east of
the Sierra Nevada fault block, within the western boundary zone of the Great Basin (Figs. 1
and 2). The NNW-trending White-Inyo Range is
defined by a shallowly undulating, N-S–striking
White Mountain anticlinorium in the northern
part of the map area and the gently SE-plunging Inyo anticlinorium in the south (Morgan
and Law, 1998). These structures are cored by
laminated argillite and discontinuous limestone
horizons of the uppermost Proterozoic Wyman
Formation and the overlying massive lowermost
Cambrian–Neoproterozoic Reed Dolomite. The
flanks of the range contain the limbs of marginal
synclinoria and, along with an E-W–trending
structural saddle in the vicinity of Westgard Pass
(Fig. 2), expose Lower Cambrian platform strata
of the siliciclastic and carbonate Deep Spring,
Campito, Poleta, Harkless, and overlying units.
Two oblique normal dextral structures, the
White Mountain shear zone (e.g., Kirby et al.,
2006) and the Furnace Creek–Fish Lake Valley
fault (e.g., Ganev et al., 2010), define the western and eastern edges of the White-Inyo Range,
respectively (Fig. 1). Jurassic to Cretaceous granitic plutons intrude the eastern and western out-

crop limits of the White-Inyo metasedimentary
section. The Barcroft structural break, a major
NE-striking discontinuity occupied by intrusive rocks and faults (e.g., Hanson et al., 1987),
marks the northern limit of the Neoproterozoic
to Lower Cambrian section. Mesozoic volcanic,
volcaniclastic, and hypabyssal rocks NW of the
break (Crowder and Sheridan, 1972; Dunne
et al., 1978; Hanson, 1986) most likely comprise footwall assemblages overthrust by the
Middle Jurassic Barcroft Granodiorite and preMesozoic rocks south of the break in Early Cretaceous time (Hanson et al., 1987). The structural saddle separating the White Mountain and
Inyo anticlinoria is a gently dipping structural
downwarp with numerous closely spaced folds
and associated minor faults. This E-W cross fold
extends from the western side of Deep Springs
Valley into Owens Valley (Fig. 2).
Folding and faulting of the White-Inyo section occurred prior to and during upper-crustal
emplacement of mid- to late Mesozoic plutons
(Dunne et al., 1978; Morgan and Law, 1998;
Coleman et al., 2003), as indicated by local
deflections of structural elements and ductile
thinning of stratigraphy adjacent to intrusive
bodies (Sylvester et al., 1978; Paterson et al.,
1991). Many of the folds and faults are truncated
by ca. 180 Ma and younger plutons. Thus, significant deformation must have occurred prior
to Early Jurassic time, most likely resulting
from: (1) the latest Devonian–early Mississippian Antler orogeny, during which eugeoclinal
assemblages of the Roberts Mountains allochthon were thrust landward over miogeoclinal
rocks along the Roberts Mountains thrust (e.g.,
Stevens and Greene, 1999; Gehrels et al., 2000);
(2) the Late Permian Sonoma orogeny, wherein
deep-water assemblages of the Golconda
allochthon tectonically overrode the post-Antler
continental margin along the Golconda thrust
(e.g., Schweickert and Lahren, 1987); and/or
(3) activity along the Last Chance thrust, which
juxtaposed miogeoclinal outer-shelf (i.e., Inyo)
above inner-shelf (i.e., Death Valley) facies in
the time between the Antler and Sonoma orogenies (e.g., Stevens and Stone, 2005). Late Cenozoic (beginning in middle Miocene) tilting and
exhumation of the White-Inyo Range accompanied basin-and-range extension and associated
normal slip along the White Mountain and eastern Inyo fault zones (Stockli et al., 2003; Kirby
et al., 2006; Lee et al., 2009; Ganev et al., 2010).
Neoproterozoic–Lower Cambrian
Inyo Facies Strata
Miogeoclinal assemblages of the Inyo facies
crop out in the central White-Inyo Mountains;
each unit is briefly described in the following

Geological Society of America Bulletin, v. 1XX, no. XX/XX

31142 1st pages / 3 of 19
Detrital zircon geochronology of the White-Inyo Range

Figure 1. Tectonic map showing paleogeographic affinities of SW Cordilleran passive-margin strata. Major Paleozoic (Pz) and Mesozoic strike-slip faults shown in heavy black and red, respectively. Mesozoic intrusive rocks of
the Sierra Nevada batholith, Salinian block, Mojave Desert, Great Basin, and western Transverse Ranges are
shown in patterned dark gray; all other rocks are shown in light gray. Locations of samples yielding detrital zircon
age spectra characterized by ca. 1.1 Ga and Neoproterozoic to Cambrian peaks are shown as black stars. Abbreviations: CA—California; CCt—California-Coahuila transform; EIfz—Eastern Inyo fault zone; FCf—Furnace
Creek fault; Gt—Golconda thrust; KCf—Kern Canyon fault; KPsz—Kern Plateau shear zone; LCt—Last Chance
thrust; NV—Nevada; OVsz—Owens Valley shear zone; PKCf—proto–Kern Canyon fault; RMt—Roberts Mountains thrust; SCsz—Sierra Crest shear zone; SLf—(Mojave)–Snow Lake fault; WMsz—White Mountain shear
zone; WWF—White Wolf fault.

paragraphs (Figs. 2, 3, and 4). These strata
were deposited during the Sauk transgression
(e.g., Sloss, 1963; Hogan et al., 2011; Amato
and Mack, 2012; Spencer et al., 2014), which
spanned the interval from latest Proterozoic to
mid-Ordovician time, while the recently rifted
passive margin was still experiencing the waning effects of thermal subsidence (Levy and
Christie-Blick, 1991; Haq and Schutter, 2008;
Spencer et al., 2014). In other words, the

combined effects of subsidence and sea-level
rise created accommodation that was filled
by White-Inyo detritus. Original sedimentary
units consist of generally conformable, wellsorted, chemically and mineralogically mature
rocks that represent clastic accumulation and
interlayered quiet-water carbonate precipitation along a stable, long-lived passive margin
(Stewart and Suczek, 1977; Bond et al., 1985).
Pluton emplacement over the period from ca.

80 to 180 Ma caused localized contact metamorphism of White-Inyo country rocks (Barton
and Hanson, 1989; Dollase, 1994; Ernst, 1996,
2005; Kontny and Dietl, 2002).
Wyman Formation
The Wyman Formation consists mainly of
shallow marine calcareous and siliceous argillite interlayered with thin, discontinuous lenses
of blue-gray limestone and rare calcareous
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Figure 2. Geologic map of the central
White-Inyo Range, simplified from Nelson (1966a, 1966b), Nelson et al. (1991),
Krauskopf (1971), Crowder and Sheridan
(1972), Signor and Mount (1986), Ernst and
Hall (1987), Ernst (1996), Ernst and Paylor
(1996), and Ernst et al. (1993, 2002), with
ages of plutons after Stern et al. (1981),
McKee and Conrad (1996), Coleman et al.
(2003), Matty et al. (2008), and Ernst (2013).
Hines Tongue Member of the Reed Dolomite
is shown by dot-dash pattern. Units overlying Harkless Formation are shown in white.
Sample localities and specimen numbers
(WM-, 11IY-, and 12WI- prefixes not shown)
are indicated with stars. See Table 1 for estimated modes. Abbreviations: RC—Redding
Canyon pluton; WP—Westgard Pass.

sandstone. Nelson (1962) estimated a minimum
thickness for the Wyman Formation of 2750 m,
but the base of the formation is not exposed in
the White-Inyo Range. The dark-brown argillite fractures into platy slabs along a phyllitic
cleavage. This unit is thought to be correlative
with most of the Johnnie Formation and Stirling
Quartzite in Death Valley (Fig. 5; Nelson, 1962;
Farmer and Ball, 1997; Corsetti and Hagadorn,
2000). The depositional age of the Wyman Formation is loosely constrained as latest Proterozoic based on the presence of Helminthoidichnites and Planolites trace fossils (Corsetti and
Hagadorn, 2000). The contact between the
Wyman Formation and the Reed Dolomite
probably represents a regional unconformity,
based on significant lithologic variability near
the top of the Wyman Formation (Nelson, 1962)
and local angular discordance at its contact with
the overlying Reed Dolomite (our unpublished
field observations; J. Saleeby, 2014, written
commun.). Contact relations between overlying
units of the pre-Mesozoic White-Inyo section
suggest continuous and conformable sedimentation following deposition of the base of the Reed
Dolomite (Nelson, 1962).
Reed Dolomite
Carbonate shelf deposits of the uppermost
Proterozoic–lowermost Cambrian Reed Dolomite comprise ~650 m of massive, white to buffcolored, fine- to coarse-grained, oolitic and algal
dolomite (Nelson, 1962; Mount and Signor,
1991). The Reed Dolomite weathers to white,
angular to spheroidal, resistant outcrops riven by
joints of various attitudes. Small, diffuse patches,
stringers, and pods of calc-silicate occur locally.
An orthoquartzite subunit, the Hines Tongue,
interpreted as deposits of a siliciclastic delta
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are classified as grand cycles (Fig. 3), repeated
transitions from siliciclastic- to carbonate-dominated units interpreted to represent variations in
accommodation tied to eustatic fluctuations and
variations in tectonic subsidence rates (Aitken,
1966; Mount et al., 1991). An additional three
grand cycles are recognized within superjacent
units of the White-Inyo package.

Figure 3. Simplified geologic
column showing sampled intervals of the investigated
White-Inyo continental margin
siliciclastic strata, after Nelson
et al. (1991). Sample localities
and specimen numbers (WM-,
11IY-, and 12WI- prefixes not
shown) are indicated with stars.
Grand cycles are from Mount
et al. (1991). Abbreviations: Є—
Cambrian; pЄ—Precambrian;
AM—Andrews Mountain Member; HT—Hines Tongue; M—
Montenegro Member.

(Christie-Blick and Levy, 1989; Farmer and
Ball, 1997), is present in the southern and eastern
parts of the map area (Fig. 2). The Hines Tongue
member ranges in thickness from >200 m in the
south to a feather edge NW of Westgard Pass.
Deep Spring Formation
The Lower Cambrian Deep Spring Formation consists of 400–570 m of bedded limestone,
dolomite, quartzite, sandstone, and siltstone.
The lowest of three recognized units (Nelson,
1962) comprises an ~100-m-thick sequence of
finely laminated calcareous marl, gray dolomite,
bluish-gray limestone, and buff-colored, coarsegrained dolomite, thought to represent intertidal and supratidal carbonates (Mount et al.,
1991). The middle member is an ~230-m-thick

package of presumably intertidal, open-shelf,
subtidal, carbonate shoal, and supratidal depositional systems (Mount et al., 1991). Its lower
portion is chiefly fine-grained, white and orange,
cross-bedded orthoquartzite; this unit increases
to a local maximum nearly 80 m thick in the
northern part of the map area (Ernst and Hall,
1987). The quartzite is overlain by dark-brown,
fine- to very fine-grained sandstone and wellbedded, bluish-gray limestone and buff dolomitic sandstone. Carbonate shoal, open-shelf,
and subtidal to supratidal deposits of the upper
member exceed 75 m in thickness, consisting
of dark-brown to black, fine-grained quartzite,
and capped by massive but discontinuous lenses
of gray, fine-grained dolomite. The middle and
upper members of the Deep Spring Formation

Campito Formation
The contact between the Deep Spring Formation and the Lower Cambrian Campito Formation marks the boundary of another grand cycle
(Fig. 3), extending stratigraphically upwards
to the top of the Lower Poleta Formation. The
Campito Formation is composed of two, somewhat intergradational units (Nelson, 1962),
both of which contain abundant sodic plagioclase grains. The Andrews Mountain Member,
the lower of the two units, consists of ~850 m
of dark-brown to greenish-black, fine-grained,
blocky quartzite, forming imposing craggy
cliffs mantled by abundant blocky talus. The
most likely depositional setting for the Andrews
Mountain Member is that of a sand-dominated
open shelf (Mount et al., 1991), but a marine to
fluvial transition may occur within this member,
as has been suggested for the correlative arkosic
middle member of the Wood Canyon Formation
(Fedo and Cooper, 1990). Detrital magnetiteilmenite grains comprise a significant proportion of the rock (Robigou, 1986; Ernst et al.,
1993). The overlying Montenegro Member is
~300 m thick and consists of argillaceous, graygreen, thinly bedded siltstone and very finegrained laminated quartzite, probably reflecting
deposition in a mud-dominated intertidal system. Relative to the Andrews Mountain Member, the Montenegro Member contains a lesser
proportion of opaque minerals and weathers to
more subdued, rusty prominences, with modest
amounts of green, flaky to slabby talus. Layer
silicates are abundant, imparting a phyllitic
aspect to the Montenegro.
Poleta Formation
The Lower Cambrian Poleta Formation
ranges from 200 to 400 m in thickness and
consists of rhythmically interbedded buff and
bluish-gray limestone, interstratified with green
or olive drab, fissile shale and subordinate finegrained quartzite beds (Nelson, 1966a, 1966b),
suggesting a variable depositional system ranging from carbonate shoal to subtidal, intertidal, and supratidal. The boundary between
two grand cycles is located between the lower
carbonate and middle siltstone and sandstone
members of the Poleta Formation. The upper
of the two grand cycles is located at the contact
between the Poleta and Harkless Formations.
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A

Figure 4 (on this and following page). Normalized (A) and cumulative (B) probability plots showing zircon ages from this study. Isotopic data are
given in Table SD1, SD2, and SD3 in the GSA Data Repository (see text footnote 1). Abbreviations: Cz—Cenozoic; Mz—Mesozoic; Pz—Paleozoic.
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B

Figure 4 (continued).

Figure 5. Correlation diagram
for shelf facies of the Neoproterozoic to Lower Cambrian
strata of the passive margin.
Columns are after Lahren et al.
(1990), Farmer and Ball (1997),
and Barth et al. (2009). Correlations (dashed lines) are based
on Lahren et al. (1990), Mount
et al. (1991), and Farmer and
Ball (1997). Heavy lines between
units in the Snow Lake terrane
denote fault contacts. Abbreviations: AM—Andrews Mountain Member; M—Montenegro
Member of Campito Formation.

Harkless Formation
The overlying Lower Cambrian Harkless Formation is ~650 m thick and consists of mainly
green and gray, slaty siltstone, and argillite with
prominent ~1-m-thick, fine-grained quartzite
marker beds (Nelson et al., 1991). The base of

the Harkless corresponds to the beginning of a
grand cycle recording deposition in intertidal,
open-shelf, and carbonate shoal systems.
Collectively, the Deep Spring, Campito,
Poleta, and Harkless Formations represent the
much thicker, Lower Cambrian outer continen-

tal shelf and slope equivalents to the middle
and upper part of the inner-shelf Wood Canyon
Formation and nearshore-terrestrial Zabriskie
Quartzite of Death Valley (Fig. 5; Stewart,
1974; Nelson, 1978; Mount et al., 1991; Prave,
1991; Farmer and Ball, 1997). Based on bulk-
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rock Nd isotopic values, Farmer and Ball (1997)
reported that most of the White-Inyo Neoproterozoic–Lower Cambrian section—except
for the Andrews Mountain Member of the
Campito Formation—reflects multiple sources,
with the Wyman, Hines Tongue, and Harkless
units containing evidence for Archean as well as
younger provenance.
METHODS
Zircon grains were extracted from four samples of Wyman argillite, one fine-grained quartzite from the Hines Tongue, one Deep Spring
and three Andrews Mountain metasandstones,
one Montenegro phyllite, and a quartzite from
each of the Poleta and Harkless Formations
using standard mineral separation techniques
of crushing, sieving, magnetic separation, processing through heavy liquids, and handpicking.
Separates were then mounted in epoxy, polished, and imaged on scanning electron microscope systems at Caltech and Stanford prior to
analysis. U-Pb geochronology of detrital zircons from samples 11.1, 12.1, 12.2, 12.3, 12.4,
12.5, and 12.6 (Figs. 2 and 3) was conducted
by laser-ablation–multicollector–inductively
coupled plasma–mass spectrometry (LA-MCICP-MS) at the Arizona LaserChron Center
(ALC) following methods outlined in Gehrels
et al. (2006). Zircons were ablated using a 193
nm ArF laser with a pit depth of ~12 µm and
spot diameters of 25–30 µm, depending on grain
size. Fragments of an in-house Sri Lanka (SL)
zircon standard with an isotope dilution–thermal ionization mass spectrometry (ID-TIMS)
age of 563.5 ± 3.2 Ma (2σ) were analyzed once
per every five unknown analyses to correct for
instrument mass fractionation (Gehrels et al.,
2008). A secondary standard R33 (Black et al.,
2004) with ID-TIMS age of 418.9 ± 0.4 Ma
(2σ) was analyzed once per every fifty unknown
analyses, permitting comparison of ALC results
with data from the University of California–
Santa Cruz (UC Santa Cruz) and Stanford–U.S.
Geological Survey laboratories. A weighted
mean 206Pb/238U age of 421 ± 16 Ma (2σ, mean
square of weighted deviates [MSWD] = 0.067)
was calculated from a total of eight analyses
of R33 performed at the ALC. Data reduction was done using in-house ALC Microsoft
Excel programs and ISOPLOT/Ex, version 3
(Ludwig, 2003).
Zircon grains from samples 101 and 170
(Figs. 2 and 3) were hand-selected from concentrates, mounted together with primary R33
(Black et al., 2004) and secondary standard
AS3/FC3 (Schmitz et al., 2003), imaged by
optical and scanning electron microscopy at
Stanford, and analyzed at UC Santa Cruz using
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a Photon Machines Analyte 193 excimer laser
coupled with a single collector Thermo Element XR magnetic sector ICP-MS. Data reduction and age calculations were performed using
Iolite software (Paton et al., 2011).
Samples 208, 568, and 611 (Figs. 2 and 3)
were analyzed by sensitive high-resolution ion
microprobe–reverse geometry (SHRIMP-RG)
at the Stanford-USGS Micro Analysis Center using methods similar to those described
by Surpless et al. (2006). Using reflected light
and cathodoluminescence (CL) imagery as a
guide for analysis, a primary oxygen source was
ionized, tuned, and focused through a 100 µm
Kohler lens to produce a –5 nA O2– beam that
sputtered ~30-µm-diameter by 2–3-µm-deep
pits into gold-coated, polished interiors of zircon grains. Positively charged secondary ions
extracted by sputtering were accelerated into
the reverse geometry mass spectrometer for
measurement at relevant mass stations on an
electron multiplier. Each analysis consisted of
~3 min of premeasurement (primary beam rastering to locally remove the gold coat followed
by optimization of steering of the primary and
secondary ion beams) and four cycles (~2.5
min/cycle) of measuring relevant mass stations.
Squid2 (Ludwig, 2009) was used to reduce raw
data to isotopic ratios for calculating U-Pb and
Pb-Pb ages. Ages were standardized against the
R33 zircon standard. Isotopic data and analytical uncertainties are provided in Tables SD1,
SD2, and SD3.1
Normalized and cumulative probability plots
comparing stratigraphic units of the Inyo facies
(MacLean et al., 2009; this study; Fig. 4) were
constructed with Isoplot using 207Pb/206Pb ages
for grains older than 800 Ma and 206Pb/238U ages
for grains younger than 800 Ma. Analyses with
greater than 10% uncertainty, 30% discordance,
and/or 5% reverse discordance were excluded.
When possible, maximum depositional ages
were calculated from weighted averages of the
three youngest detrital grains (e.g., Dickinson
and Gehrels, 2009a).
The multidimensional scaling (MDS) mapping algorithm (Chapman et al., 2012; Vermeesch, 2013; Fig. 6) used here to compare
U-Pb detrital zircon spectra is as follows: (1) Input
square, symmetric matrix of KolmogorovSmirnov (K-S) distances between samples;
(2) assign points to arbitrary coordinates in
two-dimensional (2-D) space; (3) compute K-S
distances among all pairs of points, to form a
new matrix; (4) compare the new matrix with
1
GSA Data Repository item 2015061, complete
ICP-MS and SHRIMP zircon U-Pb data sets, is
available at http://www.geosociety.org/pubs/ft2015
.htm or by request to editing@geosociety.org.

the input matrix by evaluating the stress function, a measure of the degree of correspondence
between the observed and reproduced distances;
(5) perturb the coordinates of each data point;
and (6) repeat steps 2 through 5 until stress is
minimized. The resulting 2-D chart (Fig. 6)
should be interpreted as follows. The degree
of similarity in U-Pb detrital zircon age spectra is higher for samples that plot close to each
other than for samples that are positioned farther apart. The reader is referred to Borg and
Groenen (1997) for a comprehensive treatment of MDS.
RESULTS
Petrography
Table 1 lists visually estimated modal proportions of the minerals present in the rocks studied
here. All samples contain abundant quartz and
albite ± K-feldspar. Layer silicates are important
phases in all studied rocks, but the proportions
of white mica, biotite, and chlorite vary both
as functions of the initial bulk-rock composition and the intensity of contact metamorphism.
Compositionally, samples from: (1) the Wyman
Formation range from calcareous (0%–28%
carbonate cement) feldspathic arenite to argillite; (2) the Hines Tongue Member of the Reed
Dolomite are quartz arenite; (3) the Deep Spring
Formation strata range from quartz arenite to
feldspathic arenite; (4) both members of the
Campito Formation are argillaceous and contain
significant proportions of Fe-Ti oxides, with
Andrews Mountain and Montenegro Members
containing 5%–9% and 3%–6% opaque grains,
respectively; and (5) both Poleta and Harkless
Formations are feldspathic arenite with ~15%
carbonate matrix. No lithic fragments were
observed. Samples of the Wyman Formation
and Hines Tongue orthoquartzite contain neoblastic hornblende and epidote, and in some
cases clinopyroxene and/or cordierite, as a
result of contact metamorphism (Ernst, 1996;
this study).
U-Pb Data
Mesozoic thermal events probably did not
affect zircon U-Pb systematics, since no significant difference in discordance was observed
adjacent to versus far from plutonic masses.
Wyman (12.4, 12.5, 170, and 208), Reed Dolomite (12.6), Deep Spring (12.3), Campito (11.1,
101, 568, and 611), Poleta (12.1), and Harkless
(12.2) samples yielded a total of 290, 88, 91,
349, 82, and 85 concordant grains suitable for
provenance analysis, respectively (Tables SD1,
SD2, and SD3 [see footnote 1]).
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Samples from the Wyman Formation (Fig. 4)
share a major age peak centered at ca. 1.78 Ga
(~54% of the total grains analyzed), with scattered ages between 1.0 and 1.45 Ga (~11%) and
2.3 and 3.3 Ga (~25%). Wyman detrital zircon
age spectra vary little from sample to sample,
with the exception of samples 12.5 and 208,
which show a prominent peak at ca. 1.4 Ga.
Sample 208, in contrast to other samples from
the Wyman Formation, contains a higher proportion of ca. 1.70–1.75 Ga versus ca. 1.75–
1.80 Ga grains. A single concordant grain from
sample 12.4 yields a Neoproterozoic 206Pb/238U
age of 717 ± 16 (1σ) Ma.
Sample 12.6 from the Hines Tongue Member of the Reed Dolomite shows a spectrum of
detrital zircon ages that largely overlaps those
of the Wyman Formation, most closely resembling the spectrum of sample 12.5; both samples
exhibit age peaks at ca. 1.78 Ga, with prominent
shoulders at ca. 1.70 Ga and an additional peak
at ca. 1.4 Ga. A single concordant grain from
sample 12.6 yields a Neoproterozoic 206Pb/238U
age of 632 ± 44 (1σ) Ma.
Deep Spring Formation sample 12.3 displays
a zircon age spectrum showing major peaks
at ca. 1.78, 1.4, and 1.1 Ga and scattered ages
between 2.5 and 3.0 Ga. This sample contains
a lower proportion of ca. 1.70 Ga grains, which
are abundant in all other samples studied here.
One single Neoproterozoic (730 ± 41 Ma) grain
is reported from the Upper Deep Spring Formation from Mount Dunfee, Nevada (MacLean
et al., 2009).
Zircon ages from the Campito Formation
show two distinct distributions. The first pattern,
exhibited by sample 611 from the Montenegro
Member, is similar to those of subjacent units,
particularly those showing prominent ca. 1.4 Ga
age peaks (e.g., samples 12.5 and 12.6). A second pattern unique to the Andrews Mountain
Member (samples 11.1, 101, and 568) shows
two major age peaks between ca. 1.0 and 1.4 Ga,
centered at ca. 1.1 and 1.25 Ga (~68% of the total
grains analyzed), with a relatively minor peak
centered at ca. 1.7 Ga (~12%) and scattered ages
between 1.3 and 1.5 Ga (~13%). Two additional
features distinguish detrital zircon age spectra
of the Andrews Mountain Member from those
of other units analyzed here: (1) Archean grains
are virtually absent from the Andrews Mountain
Member, and (2) Neoproterozoic to Cambrian
grains comprise ~3% of the total analyzed
grains, permitting calculation of a ca. 527 ± 12
(2σ) Ma (Lower Cambrian) maximum depositional age for this member.
Detrital zircon age spectra from samples of
the Poleta (12.1) and Harkless (12.2) Formations are similar to each other and differ slightly
from those of samples from underlying strata,

showing: (1) two resolvable age peaks between
ca. 1.6 and 1.9 Ga (~54% of the total grains
analyzed), centered at ca. 1.78 Ga, with a
shoulder at ca. 1.70 Ga; (2) an age peak at ca.
1.4 Ga, emerging from otherwise scattered ages
between 1.0 and 1.5 Ga (~28%); (3) scattered
ages from 2.3 to 3.0 Ga (~15%); and (4) an
absence of grains younger than ca. 1.0 Ga.
DISCUSSION
Depositional Ages and Provenance
Detrital zircon populations from White-Inyo
strata are characteristic of western Laurentia,
containing significant ca. 1.0–1.45 Ga and 1.65–
1.85 Ga and older grains (Fig. 7), and lacking
grain populations (e.g., 1.5–1.6 Ga) commonly
attributed to exotic origins (e.g., Grove et al.,
2008). Hence, when evaluating the most likely
ultimate provenance of White-Inyo strata, we
do so within a Laurentian framework, although

our results cannot rule out possible non-Laurentian zircon sources. Our detrital zircon results,
integrated with those of MacLean et al. (2009),
show evidence for distinct probable distal, e.g.,
the Andrews Mountain Member of the Campito
Formation, and regionally recycled, e.g., the
remainder of the White-Inyo section, sources.
We discuss each group next in the context of
Figure 8, a depiction of the present areal exposure of major bedrock terranes of the conterminous United States, southern Canada, and Mexico (Stewart et al., 2001; Dickinson and Gehrels,
2009b; Gehrels et al., 2011), noting that eustatic
and paleogeographic variations influenced the
relative importance of regional versus extraregional sedimentation.
Regional Recycling Group
With the exception of the Andrews Mountain
Member of the Campito Formation, similar U-Pb
detrital zircon age distributions are observed
throughout the White-Inyo section, suggesting

Figure 6 (on following page). Multidimensional scaling (MDS) maps showing dimensionless
Kolmogorov-Smirnov (K-S) distances between arrays of detrital zircon age data. (A) MDS
map showing sample names. (B) Same MDS map with samples grouped into fields based
on paleogeographic affinity. Original sample names, statistical distances, and references are
given in Table SD4 in the GSA Data Repository (see text footnote 1). Approximate precision
is based on scatter of replicate analyses (e.g., sample WC1). See text for discussion. Abbreviations and data sources: N. and S. Sierra: CL—Culbertson Lake allochthon; DP—Duncan
Peak allochthon; FP—Fairview pendant; LS—Lang sequence; SCM—Sierra City mélange;
SE—San Emigdio; SF—Shoo Fly (Harding et al., 2000; Saleeby, 2011). Roberts Mountains
allochthon: ES—Elder sandstone; ECn—Elbow Canyon; HA—Harmony A; HB—Harmony
B; HCd—Harmony Cottonwood; HCn—Harmony Canyon; HSR—Hot Springs Range; LV1
and LV2—Lower Vinini; UV—Upper Vinini; Mc—McAfee; RMA—Roberts Mountains
allochthon average; SCn—Snow Canyon; SCh—Slaven Chert (Smith and Gehrels, 1994;
Gehrels et al., 2000; Memeti et al., 2010). Golconda allochthon: G—Golconda average; JF—
Jory; PF—Pumpernickel; SQ—Schoonover Q; SV—Schoonover V (Riley et al., 2000). El
Paso terrane: KPb—Bald Mountain pendant; KPi—Indian Wells pendant; KPk—Kennedy
pendant (Saleeby and Dunne, 2015). Death Valley: DV0301—Kingston Peak, Death Valley;
EQ—Eureka Quartzite; J14—lower Johnnie; J39—middle Johnnie; JS04KR1c—Crystal
Spring; NR30—lower Stirling; PR0301—Kingston Peak, Panamint Range; PR0303—Stirling, Panamint Range; NR9—upper Stirling, Panamint Range; Sdv—Stirling; WC1—Wood
Canyon #1 (Gehrels and Dickinson, 1995; Stewart et al., 2001; MacLean et al., 2009; Memeti
et al., 2010; Schoenborn et al., 2012; Mahon et al., 2014). Mojave: WC2—Wood Canyon #2;
Smd—Stirling; SL—Sierra Lopez; ZQ—Zabriskie Quartzite (Gehrels and Stewart, 1998;
Stewart et al., 2001; Barth et al., 2009; Memeti et al., 2010). Snow Lake terrane: BL1 and
BL2—Benson Lake pendant samples BPM-314 and RE242; ML1 and ML2—May Lake
pendant samples ML369 and ML459); QP—Quartzite Peak; SLPc—Snow Lake pendant
Carrara; SLPs—Snow Lake pendant Stirling Quartzite; SLPw—Snow Lake pendant Upper Wood Canyon; SLPz—Snow Lake pendant Zabriskie (Memeti et al., 2010). White-Inyo
Range: 11.1, 568, and 101—Campito, Andrews Mountain member; 12.1—Poleta; 12.2—
Harkless; 611—Campito, Montenegro member; 12.3, MD0301, and MD0302—Deep Spring;
12.6—Hines Tongue; 12.4, 12.5, 170, 208, and WI0301—Wyman (MacLean et al., 2009; this
study). Cambrian craton interior sandstones: LBb, LBl, LBm, LBsl, LBsa—Bliss Sandstone,
lower position (Burro Mountain, Little Hatchet Mountains, Mud Springs, San Lorenzo, and
San Andres localities; Amato and Mack, 2012); UVH and LVH—upper and lower portions
of the Van Horn Formation (Spencer et al., 2014).
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Geologic unit:
Sample:
Latitude* (°N):
Longitude* (°W):
Quartz
Albite
K-feldspar
White mica
Biotite
Chlorite
Opaques
Clinopyroxene
Cordierite
1
16
Clinoamphibole
20
1
Titanite
tr
1
tr
Carbonate
10
6
28
18
Clinozoisite/epidote
1
6
25
11
4
Note: Reproducible mineral assemblages were determined through detailed petrographic studies by Ernst et al. (1993); tr—trace.
*Locations are North American Datum WGS84.
†
Location approximate.
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tr

tr

2

1
24

17

TABLE 1. SAMPLE LOCATIONS AND VISUALLY ESTIMATED MODAL PERCENTAGES OF THE MINERALS PRESENT IN THE ROCKS STUDIED HERE
Reed Dolomite–
Campito—
Wyman
Hines Tongue
Deep Spring
Campito—Andrews Mountain
Montenegro
Poleta
12WI4
12WI5
12WI6
12WI3
101†
568†
11IY1
611†
12WI1
170†
208†
37.455
37.517
37.434659
37.431722
37.433369
37.388901
37.475
37.470
37.314031
37.292
37.291933
118.140 118.150 118.132154 118.095670
118.086222
118.181631
118.183
118.198
118.135138
118.173
118.103443
35
18
16
23
70
41
49
36
40
30
46
23
13
14
6
13
23
23
31
30
12
25
1
10
1
11
7
21
24
1
4
3
10
10
13
8
8
22
19
8
9
9
7
1
13
10
17
1
4
1
4
5
5
3
3
2
4
1
3
8

17
tr

1
5

5

Harkless
12WI2
37.292718
118.104267
47
25
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Figure 7. Normalized probability plots comparing zircon ages from this study with composite spectra from Paleozoic slope, innershelf, and outer-shelf strata, showing the number of grains analyzed. Data sources for curves are as in Figure 6. Abbreviations:
Cz—Cenozoic; Mz—Mesozoic; Pz—Paleozoic.
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Figure 8. Basement map of
major North American geologic provinces including ages
of formation and showing inferred sources (filled arrows) of
Andrews Mountain (A) Member of Campito Formation and
remainder of White-Inyo (W)
section. Map is simplified after
Dickinson and Gehrels (2009b),
Gehrels et al. (2011), Amato and
Mack (2012), and Gehrels and
Pecha (2014). Location of areas
preserving no Cambrian (Є)
sediments redrawn after Carlson (1999). PP—Pikes Peak
batholith; OK—Oklahoma;
CO—Colorado.

that the majority of the section was transported
from a variety of source areas, deposited, and
eroded in several cycles, probably most recently
from Precambrian sedimentary rocks overlying
the preexisting continental basement in southwestern North America. Petrographic analysis
supports this view (Table 1), indicating that
recycled rocks are submature, containing significant quartz (16%–70%), moderate amounts
of feldspar (4%–33%), and no lithic fragments.
With the exception of the Wyman and Campito
Formations, some samples of which contain
abundant mica flakes, most samples are feldspathic arenites.
Argillaceous material of the Wyman Formation was probably derived chiefly from the
proximal ca. 1.7–pre-1.8 Ga (and possibly
Archean) Mojavia terrane (e.g., Whitmeyer and
Karlstrom, 2007; Barth et al., 2009; Wooden
et al., 2013), the 1.7–1.8 Ga Yavapai sialic
basement terrane, and the ca. 1.4 Ga YavapaiMazatzal anorogenic granitic plutons to the
east, with additional debris possibly supplied
by the 2.5–2.7 Ga North American basement
to the north. The Wyman Formation contains a relatively minor component (~4%) of
1.0–1.3 Ga grains, indicating modest input of
Grenville-aged zircon, most likely recycled
from the Mesoproterozoic Grenville clastic wedge (Rainbird et al., 2012; Gehrels and
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Pecha, 2014), as opposed to being sourced
directly from the Grenville Province (Fig. 8).
The inferred east-to-west transport of detritus
is consistent with available paleocurrent data
(Stewart et al., 2001).
Zircon age distributions from the terminal
Proterozoic to lowermost Cambrian Hines
Tongue of the Reed Dolomite, Deep Spring
Formation, and Montenegro Member of the
Campito Formation clastic strata closely mimic
those found in the Wyman Formation. Like
the Wyman, these rocks contain small proportions (<5%) of Grenville-aged zircon in addition to Mojavia-Yavapai basement and ca.
1.4 Ga Yavapai-Mazatzal anorogenic granitic
plutons ± traces of the North American latest Archean craton (Fig. 8). We interpret the
broad similarity of detrital zircon age spectra
throughout the studied section, with the exception of the Andrews Mountain Member of the
Campito Formation, as signifying that sediment
delivered to the margin prior to deposition of
White-Inyo strata was available to be recycled
along the margin. However, episodic input of
less mature detritus may have also occurred,
as evidenced by: (1) a generally increasing
proportion of ca. 1.3–1.5 Ga grains (8%–32%)
and corresponding decreases in 1.7–1.9 Ga
(55%–37%) and 2.3–3.3 Ga grains (24%–13%)
from the time of deposition of the Wyman to the

Harkless Formations, suggesting an increasing
input with time of anorogenic pluton–derived
detritus relative to Mojavia-Yavapai-Mazatzal
and Archean basement sources, and (2) the
spiky zircon age pattern from, and the presence
of significant K-feldspar in, the Deep Spring
Formation.
Probability plots comparable to those of the
Wyman-Campito section also appear to characterize the Poleta and Harkless sandstones,
with two minor differences. First, both Harkless
and Poleta Formations contain a higher proportion of ca. 1.7 Ga versus 1.8 Ga grains relative
to subjacent units. Second, both units, but the
Harkless in particular, show two age peaks
between ca. 1.3 and 1.5 Ga, centered at ca. 1.35
and 1.45 Ga. In the Wyman-Campito section,
ca. 1.35 Ga grains are absent, and ca. 1.45 Ga
grains are less abundant.
Extraregional Input Group
Age spectra from samples of the Andrews
Mountain Member of the Campito Formation are distinct from those of the Montenegro Member and the remainder of the WhiteInyo section, containing peaks centered at ca.
0.53 Ga (permitting calculation of a 527 ±
12 Ma maximum depositional age), 1.1 Ga,
and 1.7 Ga and lacking significant 1.8 Ga and
>2.3 Ga grains (Fig. 4). Circa 1.1 Ga zircon
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grains comprise the majority of analyzed grains
in the Andrews Mountain Member. Given that
sediments ultimately derived from the Grenville Province generally show a broad spectrum of ages between 1.0 and 1.3 Ga (i.e., not
a single age spike at 1.1 Ga), a possible igneous source of this age is likely, with the most
probable source from felsic intrusives of the
Pikes Peak batholith (Smith et al., 1999), as
suggested previously by Stewart et al. (2001),
or the Midcontinent rift (e.g., Vervoort et al.,
2007), with possible additional contributions
from reworked Grenville clastic wedge. Detrital
magnetite-ilmenite grains, which are present in
abundance in the Andrews Mountain Member, may have also been sourced from mafic
intrusives of the Midcontinent rift (Price et al.,
2012). An alternative, more proximal, source of
Fe-Ti oxides in Andrews Mountain strata may
have been ca. 1.1 Ga mafic hypabyssal sills
of the Crystal Spring Formation of the lower
Pahrump Group in Death Valley (Heaman and
Grotzinger, 1992; Mahon et al., 2014). However, these sills are not known to have crystallized zircon and are therefore unlikely to have
contributed ca. 1.1 Ga zircon to the Andrews
Mountain Member. The Montenegro Member also incorporated significant (3%–6%)
Fe-Ti oxides during deposition but clearly was
derived from a different source, based on U-Pb
detrital zircon age spectra (Fig. 4).
As mentioned previously, the Andrews
Mountain Member contains a significant proportion of Early Cambrian zircon grains. Given
the rarity of Early Cambrian igneous activity in
the North American Cordillera, detrital zircon
grains of this age in this unit may ultimately
have been derived from Early Cambrian small
bimodal intrusions and adjacent MojaviaYavapai-Mazatzal basement in a failed rift system extending from Oklahoma through Texas,
New Mexico, and Colorado (McConnell and
Gilbert, 1990; Gehrels and Dickinson, 1995;
Price et al., 2012; Amato and Mack, 2012;
Spencer et al., 2014), and referred to here as
the Oklahoma-Colorado aulacogen. Early
Cambrian mafic intrusives in the midcontinent
may also/instead have contributed detrital Fe-Ti
oxide grains to the Andrews Mountain Member. Cambrian plutons exposed outside of the
Oklahoma-Colorado aulacogen (e.g., Lund
et al., 2010; Amato and Mack, 2012), yielding
ages of ca. 510–485 Ma, are too young to be
considered plausible sources of Early Cambrian
detrital zircon grains present in the Andrews
Mountain Member.
The distinct age spectra of Andrews Mountain
samples, featuring major age peaks centered at
ca. 1.1 and 1.2 Ga as well as several ca. 530 Ma
grains, are strikingly similar to those of a suite

of feldspathic arenites including the middle
Wood Canyon and middle Johnnie formations
(Death Valley), the middle member of the Wood
Canyon Formation (southern California), the
Bolsa and Proveedora quartzites and Puerto
Blanco Formation (Sonora, Mexico), the Van
Horn and Bliss Formations of the craton interior, and pendant rocks of the Kernville terrane
(central Sierra Nevada), the San Emigdio Mountains (SW Sierra Nevada), and Salinia (Stewart
et al., 2001; Barbeau et al., 2005; Farmer et al.,
2005; Chapman et al., 2012; Schoenborn et al.,
2012; Amato et al., 2012; Spencer et al., 2014;
Saleeby and Dunne, 2015; Figs. 3, 5, 6, and
7). The abundance of ca. 1.1 Ga, and in many
cases Early Cambrian, grains strongly suggests
a common distal provenance for these rocks.
Given the distribution of this suite across all
lithotectonic belts of the SW Cordilleran margin (Fig. 1), we interpret these rocks as having
been deposited across the uplifted rift margin of
Rodinia, i.e., the “rift shoulder,” and the proto–
Sierra Nevada within tidally influenced deltaic
and distal alluvial fan channels, derived from a
Cordilleran interior source rich in ca. 1.1 Ga and
ca. 530 Ma zircon.
A craton interior source for Andrews Mountain Member detritus implies that breaching or
bypassing of the “Transcontinental arch” (Carlson, 1999; Amato and Mack, 2012), a series of
~100-km-scale topographic highs that in aggregate became a prominent Paleozoic NE-SW
platform extending from New Mexico to Minnesota, must have occurred. Isopachs of Cambrian sediment thickness (Carlson, 1999; Fig. 8)
provide evidence for an ~100-km-wide paleotopographic low, the “Colorado sag,” at the precise location of the only known source of both
0.53 and 1.1 Ga granitoids in North America.
We suggest this approximate location, near the
intersection of the ca. 530 Ma Colorado-Oklahoma aulacogen and the ca. 1.1 Ga Pikes Peak
batholith, as the most likely source of Andrews
Mountain detritus.
The base of the Andrews Mountain Member
corresponds to the initiation of a grand cycle
(“A” in Fig. 3), i.e., to a rapid shift from peritidal
carbonate to subtidal siliciclastic depositional
systems, signifying an increase in accommodation due to sea-level rise and/or tectonic subsidence (Mount et al., 1991). Reconstructions of
Paleozoic eustatic fluctuations show a gradual
long-term increase in sea level in Early Cambrian time with several short-term (0.5–6 m.y.)
eustatic events with amplitudes >50 m (Haq and
Schutter, 2008). The rate of Early Cambrian
tectonic subsidence would have been comparable in magnitude, perhaps reaching rates of 95
m/m.y. (Bond et al. 1989). The relative roles of
tectonics versus sea-level fluctuations during

deposition of the Andrews Mountain Member
cannot be evaluated with the data set presented
herein. The onset of grand cycles B and C (Fig.
3) was not accompanied by profound shifts in
detrital zircon age populations.
Regional Correlation Framework
New U-Pb detrital zircon ages presented here
for the White-Inyo Range Neoproterozoic–
Lower Cambrian section permit more robust
correlations with the Panamint–Death Valley
units to the SE, as well as with fragmentary
strata present in eastern Sierra Nevada metamorphic pendants.
Figure 6 compares the age spectra of WhiteInyo facies samples (this study; MacLean et al.,
2009) with all available data from samples of
the SW Cordilleran margin using MDS. This
technique is especially powerful in interpreting large data sets, because it produces 2-D
visual representations of statistical distances
between arrays of data, in contrast to traditionally used one-dimensional K-S statistical
distances. In other words, MDS calculates a
matrix of statistical distances between samples
of detrital zircon ages and plots the samples
on a map such that samples containing similar age spectra are placed close to each other.
MDS mapping of U-Pb detrital zircon data
from Paleozoic Cordilleran terranes (Fig. 6)
can be exploited to evaluate the most likely
source(s) of White-Inyo Range strata and the
role of sediment mixing between adjacent terranes. For the SW Cordilleran margin, the
most significant differences between zircon
age spectra are in the relative proportions of
Archean, Paleoproterozoic, Mesoproterozoic,
and Paleozoic plus Neoproterozoic grains. By
visual inspection of the MDS map (Fig. 6), the
axes representing dimensionless K-S statistical distances can be empirically related to the
relative proportions of zircon ages. The axes in
Figure 6 apparently represent the relative proportion of Mesoproterozoic to Paleoproterozoic grains (abscissa) and the ratio of relatively
young (Paleozoic plus Neoproterozoic) plus
old (Archean) grains to Mesoproterozoic plus
Paleoproterozoic grains (ordinate). Figure 6
shows well-defined clusters of samples based
on paleogeographic affinity, with the majority
of Inyo facies samples plotting in the lowerright corner of the diagram, and samples from
the Andrews Mountain Member of the Campito
Formation plotting in the upper-left corner.
Other clusters apparent in Figure 6 include
the Roberts Mountains allochthon, deep-water
strata of the Shoo Fly complex and Sierra City
mélange, shallow-water strata of the Death Valley facies, the Snow Lake terrane, and samples
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from each lithofacies belt characterized by
abundant ca. 1.1 Ga grains. A normalized probability plot showing composite curves from
each lithofacies belt is also provided (Fig. 7).
The MDS plot shows that the outer-shelf
White-Inyo facies is statistically distinct from
other facies belts considered here, plotting
between data from deep-water Roberts Mountains allochthon plus Shoo Fly samples and
inner-shelf Death Valley plus Snow Lake terrane. Therefore, based on the MDS map, more
outboard lithofacies of the margin apparently
received a higher proportion of Archean grains
and lesser amounts of ca. 1.0–1.4 Grenville age
plus Yavapai-Mazatzal anorogenic grains than
did inboard facies. The decrease in 1.0–1.4 Ga
grains with position offshore may be related
to being further from Mesoproterozoic source
terranes (i.e., the Grenville clastic wedge,
Midcontinent rift, 1.4 Ga anorogenic granites,
etc.). A higher proportion of grains older than
2.5 Ga in deep-water assemblages is more difficult to explain. Several scenarios are possible:
(1) Archean grains are exotic to North America
and were delivered eastward across the rift valley
that split Rodinia; (2) relatively outboard lithofacies received more Mojavia-derived detritus,
and hence more grains older than 2.5 Ga, than
inboard assemblages; or (3) the grains were
initially transported from the older than 2.5 Ga
Wyoming Province to a more northerly region
of the paleo–Pacific margin (e.g., by the Uinta
Mountain Group river system of Dehler et al.,
2010), where they were available to be transported south along the shelf by longshore currents, and ultimately redeposited as distal facies
in the basin.
As noted previously, some samples representing each lithofacies considered here plot
in the upper left-hand corner of Figure 6 and
contain abundant ca. 1.1 Ga grains, have small
but significant proportions of Lower Cambrian
and Neoproterozoic grains, and generally lack
Paleoproterozoic and Archean grains. For
example, samples from the Andrews Mountain Member of the Campito Formation and
the Wood Canyon Formation, units previously
correlated using sequence stratigraphic (Mount
et al., 1991) and neodymium isotopic relations (Farmer and Ball, 1997), plot in the same
region. Given the degree of similarity of U-Pb
detrital zircon age spectra, these samples are
interpreted here as deltaic and distal alluvialfan channel deposits derived from a common
cratonal source containing ca. 530 Ma and
1.1 Ga zircons, most likely proximal to the
Oklahoma-Colorado aulacogen and the Pikes
Peak batholith and/or the Midcontinent rift, and
shed westward across miogeoclinal to eugeoclinal facies of the margin.
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Implications for the Mojave–Snow Lake
Fault Hypothesis
The White-Inyo section of the Cordilleran
passive margin represents the largest tract of
miogeoclinal strata adjacent to metamorphic
pendants of the Snow Lake terrane and hence
represents the most proximal sequence of possibly correlative assemblages to that allochthonous terrane. The U-Pb detrital zircon
ages reported here fill a gap in data coverage
(Memeti et al., 2010) and permit evaluation
of the most likely correlative section for Neoproterozoic and Paleozoic strata of the Snow
Lake terrane.
The basis for large-magnitude (hundreds of
kilometers), right-lateral slip along the posited
Mojave–Snow Lake fault lies in the original
correlation of Snow Lake terrane units with
strata cropping out in the San Bernardino
Mountains (Lahren and Schweickert, 1989;
Lahren et al., 1990; Grasse et al., 2001; Wyld
and Wright, 2001). This original correlation
is based on: (1) similar rock types and stratigraphic and paleontologic relations, (2) U-Pb
detrital zircon age patterns, (3) comparable
initial 87Sr/ 86Sr and δ18O values in plutonic
rocks, and (4) a perceived restricted distribution of the Independence dike swarm to the
Mojave region and some pendants of the Snow
Lake terrane (Lahren and Schweickert, 1989;
Lahren et al., 1990; Grasse et al., 2001). We
address these points in order, showing that the
Death Valley region, and not the White-Inyo
Range or the Mojave Desert, is the most probable candidate for the native location of the
Snow Lake terrane.
(1) Memeti et al. (2010) correlated the Neoproterozoic–Cambrian strata occupying the
Snow Lake, Benson Lake, May Lake, and
Quartzite Peak pendants west of the hypothetical Mojave–Snow Lake fault and east of
the California-Coahuila passive-margin truncation (Saleeby, 2011) with analogs in the
Death Valley section on the basis of lithology
and U-Pb detrital zircon geochronology. Correlative units include the Stirling Quartzite,
the Wood Canyon Formation, the Zabriskie
Quartzite, and the Carrara Formation (Fig. 8).
Death Valley, Mojave Desert, and Snow Lake
terrane strata, in contrast to relatively immature White-Inyo assemblages, are composed
mostly of very mature quartzites intercalated
with thin metapelitic layers, and they lack significant proportions of carbonate. The presence
of Jurassic marine metasediments in the Snow
Lake terrane and mostly nonmarine conglomerates of equivalent age in the Fairview Valley
Formation suggests that the sequences are not
equivalent (Memeti et al., 2010), undermining

earlier correlations of the units (Lahren and
Schweickert, 1989; Lahren et al., 1990).
(2) Detrital zircon U-Pb data for a broad range
of Neoproterozoic and Cambrian sandstones
from the western United States and NW Mexico
(Stewart et al., 2001; Barth et al., 2009; MacLean
et al., 2009; Schoenborn et al., 2012), including
the Stirling, Wood Canyon, and Zabriskie clastic
units, provide a sound basis for the stratigraphic
correlation proposed by Memeti et al. (2010).
U-Pb age spectra of zircon grains separated from
stratigraphic sections in the Death Valley, Mojave
Desert, and White-Inyo regions overlap significantly (Figs. 6 and 7) with those of Snow Lake
terrane pendants (Grasse et al., 2001; MacLean
et al., 2009; Memeti et al., 2010; Schoenborn
et al., 2012; Mahon et al., 2014). However, samples from Death Valley, with the exception of the
Wood Canyon Formation (Stewart et al., 2001;
Memeti et al., 2010), show a statistically higher
degree of spectral similarity (Fig. 6) to the Snow
Lake terrane than do samples from the Mojave
Desert or the White-Inyo Range. In other words,
fields drawn for Mojave Desert and White-Inyo
Range strata in Figure 6B do not overlap the
Snow Lake terrane.
(3) Cretaceous plutons of the Sierra Nevada
batholith that intrude the Snow Lake terrane
have initial 87Sr/86Sr of ~0.706–0.709 and δ18O
< 9‰, whereas Mojave Desert Cretaceous intrusives into hypothetically correlative rocks exhibit
initial 87Sr/86Sr of ~0.708–0.719 and δ18O > 9‰
(Kistler and Peterman, 1973; DePaolo, 1981;
Masi et al., 1981; Kistler et al., 1986; Hill et al.,
1988; Kistler and Lee, 1989; Kistler and Fleck,
1994; Miller and Glazner, 1995). As argued
by Lahren et al. (1990), isotopic comparisons
between intrusive suites with potentially correlative host rocks are not especially definitive,
given that individual pluton Sr, Nd, Pb, and/or
O isotopic values reflect the age, degree of contamination, and the isotopic compositions of the
magma source(s) and contaminant(s). However,
the studies referenced here demonstrate that isotopic baselines for Sierra Nevada and Mojave
Desert plutons clearly arise in the lithospheric
mantle, indicating that sub-Mojave lithospheric
mantle was not present in the central Sierra
Nevada in Cretaceous time. Plutons intruding
White-Inyo and Death Valley facies assemblages
exhibit isotopic values (87Sr/86Sr of 0.705–0.714
and δ18O < 9‰; Masi et al., 1981; Kistler and
Lee, 1989; Sawka et al., 1990; Kistler and Fleck,
1994; Ramo et al., 2002) more closely overlapping those of the Snow Lake terrane.
(4) New age, lithologic, and structural data
show that dikes and associated small mafic
stocks of the Independence dike swarm (e.g.,
Saleeby and Dunne, 2015) extend significantly
outside of the Mojave Desert and the Snow
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Lake terrane. Hence, the Independence dike
swarm cannot be used as a piercing point for
reconfiguring the Mojave Desert and the Snow
Lake terrane.
These observations and derivative interpretations thus do not require right-lateral slip on the
order of ~400 km along the Mojave–Snow Lake
fault, supporting existing models involving
modest displacement along the structure (Lewis
and Girty, 2001; Memeti et al., 2010; Saleeby
and Dunne, 2015). This is not to say that tensof-kilometer- to possibly up to 100-km-scale
dextral shear did not affect the Sierra Nevada
batholith in Cretaceous time (e.g., Tikoff and
de Saint Blanquat, 1997; Bartley et al., 2007;
Nadin and Saleeby, 2008), but that larger dextral displacements are not required to account
for the current position of the Snow Lake terrane pendants.
A New Model for Snow Lake
Terrane Emplacement
A simpler restoration, involving only tens of
kilometers of displacement of the Snow Lake
terrane to consanguineous Death Valley facies
assemblages, can instead be accomplished by
extensional reactivation of the Last Chance
thrust sequence (Saleeby and Dunne, 2015),
thereby extracting the Snow Lake terrane from
beneath White-Inyo hanging-wall assemblages
(Fig. 9). Following palinspastic removal of
~65 km of Late Cretaceous to Paleogene dextral slip along the Owens Valley shear system
(e.g., Bartley et al., 2007) and ~10 km of Late
Cretaceous right-lateral motion along the Sierra
Crest shear zone (Nadin and Saleeby, 2008), the
southernmost edge of the Snow Lake terrane
aligns with the minimum structural overlap on
the Last Chance thrust, suggesting again that
substantial strike-slip displacement along the
Mojave–Snow Lake structure is not necessary,
and that Death Valley facies assemblages constitute a regional footwall beneath Inyo facies
rocks. In other words, the spatial extent of the
Snow Lake terrane (Saleeby and Busby, 1993;
Saleeby and Busby-Spera, 1986; Memeti et al.,
2010) is limited precisely to an along-strike
belt that matches the strike extent of the outermost belt of the White-Inyo facies and deeperwater equivalents in Morrison block pendants
(Stevens and Greene, 1999; Fig. 1).
The timing of emplacement of the Snow Lake
terrane into its current position has been previously constrained to have occurred between
145 Ma, the maximum depositional age of
Snow Lake terrane overlap strata, and 102 Ma,
the age of the oldest pluton that intrudes the estimated position of the eastern boundary of the
terrane with pendants that contain fragments of

the Roberts Mountains allochthon (Lahren and
Schweickert, 1989; Memeti et al., 2010). However, these time constraints take on a different
significance if the Snow Lake terrane moved
to the west along a low-angle normal fault. By
this interpretation, deposition of upper Lower
to lower Middle Jurassic marine strata (BusbySpera, 1988; Lahren and Schweickert, 1989;
Saleeby and Busby, 1993; Memeti et al., 2010)
across Lower Paleozoic miogeoclinal assemblages of the Snow Lake terrane constrains
the timing of its tectonic exhumation. In other
words, if the Snow Lake terrane was exhumed
by lower-plate-to-the-west, low-angle normal
faulting from beneath the Last Chance allochthon, motion was likely complete by Early to
Middle Jurassic time.
While normal faulting may have occurred as
early as Permian time, when contractile deformation along the Last Chance thrust ceased
(Stevens and Stone, 2005), we suggest that
remobilization began in the late Early Jurassic and continued into early Middle Jurassic
time, based on the presence of probable supradetachment basin deposits (e.g., angular clastsupported basal conglomerates and overlying
thick accumulations of Mesozoic marine strata
and basinal metavolcanic and metavolcaniclastic rocks) of this age at the angular unconformity with subjacent Paleozoic strata in the
Snow Lake terrane (Lahren and Schweickert,
1989; Saleeby and Busby, 1993; Memeti et al.,
2010). We speculate that the outer transformtruncated margin of the Last Chance structural
stack (i.e., the California-Coahuila structure)
was remobilized with, and rooted eastward
into, the Last Chance thrust. East-side-down
normal faulting along the remobilized structures in late Early to early Middle Jurassic time
facilitated extrusion of the Snow Lake terrane
outboard into its current structural position
immediately west of upper-plate White-Inyo
facies rocks (Fig. 9C). This inferred late Early
to early Middle Jurassic extensional episode
corresponds in time to west-side-up normal
displacement along the Kern Plateau shear
zone (Saleeby and Dunne, 2015; Fig. 1). We
posit that early Mesozoic subduction of negatively buoyant older than 250 Ma Panthalassa
lithosphere beneath the Cordilleran margin
coupled strain into the overriding plate, thereby
driving upper-plate extension.
Plate kinematic reconstructions indicate
orthogonal to slightly sinistral oblique convergence between the North American and Farallon plates (Engebretson et al., 1985; Seton
et al., 2012) during the ca. 140–100 Ma time
window for hypothetical dextral displacement
of the Snow Lake terrane; pronounced oblique
dextral convergence did not initiate earlier than

ca. 100 Ma, i.e., well after the time of hypothetical displacement. Therefore, relative plate
motions are incompatible with the Mojave–
Snow Lake fault hypothesis. In contrast, an
extensional stress field is expected above the
early Mesozoic, steeply subducting and likely
retreating Panthalassa lithosphere (BusbySpera, 1988; Saleeby, 2011; Saleeby and
Dunne, 2015). The posited extensional phase
that led to emplacement of the Snow Lake terrane was followed by Middle to Late Jurassic
compressional tectonism in the western Sierran foothills (e.g., Saleeby and Dunne, 2015)
and along the eastern margin of the Sierran arc
(i.e., the East Sierran thrust system; Dunne and
Walker, 2004).
It should be noted that metamorphic pendant
rocks throughout the Sierra Nevada batholith,
including those within the Snow Lake terrane,
have been rotated to vertical and stretched vertically (Saleeby et al., 2003) during a mid- to
Late Cretaceous high-magma-flux episode (e.g.,
Ducea and Barton, 2007). Such superimposed
strain would have severely masked the expression of low-angle structures formed during the
late Early to early Middle Jurassic deformation
posited here.
CONCLUSIONS
Integration of new petrographic and U-Pb
zircon geochronologic data from the WhiteInyo Range with existing databases from adjacent lithofacies of the SW Cordilleran passive margin provides important constraints on
the provenance of the outer-shelf facies and
postdepositional tectonic events that affected
the margin.
First, the ultimate sources for the majority of
the predominantly arenitic to argillaceous WhiteInyo section were likely, in order of decreasing
zircon contribution, the 1.7–pre-1.8 Ga Mojavia
terrane and/or the 1.7–1.8 Ga Yavapai sialic basement terrane and ca. 1.4 Ga Yavapai-Mazatzal
anorogenic plutons, 2.5–2.7 Ga Wyoming craton basement and/or non-Laurentian sources of
grains of this age, and modest input of Grenvilleaged zircons. The source of the Andrews Mountain Member of the Lower Cambrian Campito
Formation was markedly distinct from—and
likely more distal than—the remainder of the
section; it probably was derived from ca. 1.1 Ga
felsic intrusives of the Pikes Peak batholith
and/or the Midcontinent rift, with subsidiary
contributions from the 1.0–1.3 Ga Grenville
Province and/or the Grenville clastic wedge, ca.
1.7 Ga Yavapai-Mazatzal crust, and ca. 0.53 Ga
plutons of the Oklahoma-Colorado aulacogen.
Abundant detrital Fe-Ti oxide grains characterizing the Andrews Mountain Member may have
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Figure 9. Generalized block diagram model
for emplacement of the Snow Lake terrane.
No vertical exaggeration. (A) Early Cambrian passive-margin sedimentation; note
distal alluvial-fan channel. (B) Permian–Triassic activity of Last Chance and Golconda
thrusts, truncation of the passive margin
along the California-Coahuila transform,
and accretion of the McCloud fringing arc
marginal basin system (e.g., Saleeby, 2011).
(C) Late Early to early Middle Jurassic lowangle normal fault remobilization of the
Last Chance thrust and a segment of the
California-Coahuila transform system (both
shown in red) due to dynamically coupled
steep subduction of aged Panthalassa lithosphere. Note the location of the Snow Lake
terrane, shown as a wedge of Death Valley
facies assemblages between the remobilized
structures. Abbreviations: AM—Andrews
Mountain Member, Campito Formation;
FOB—Foothills ophiolite belt; FS—Foothills suture; GA—Golconda allochthon;
GT—Golconda thrust; LCT—Last Chance
thrust; RMA—Roberts Mountains allochthon; RMT—Roberts Mountains thrust;
SF-K—Shoo Fly–Kernville terrane; SLT—
Snow Lake terrane.

been derived from mafic intrusives of the Midcontinent and/or Oklahoma-Colorado failed rift
systems. We interpret the Andrews Mountain
Member as one of several correlative siliciclastic
exposures sourced from the continental interior
and shed westward across the Transcontinental
arch, rift shoulder, and all other lithofacies belts
of the passive margin.
Second, detrital zircon data from outer-shelf
White-Inyo facies assemblages are statistically
distinct from deep-water Roberts Mountains
allochthon and Shoo Fly facies belts and similar
to, but not overlapping, shallow-water innershelf Death Valley and Snow Lake belts. The
main difference in detrital zircon age spectra
between inner- and outer-shelf facies lies in a
higher proportion of Mesoproterozoic versus
Paleoproterozoic grains in the former, presumably because the inner shelf was more proximal to the Grenville clastic wedge than the
outer shelf.
Finally, statistical analysis of available data
from Cordilleran passive-margin strata indicate
that Death Valley facies, not Paleozoic assemblages from the Mojave Desert nor outer-shelf
Inyo facies strata, bear the strongest detrital zircon spectral resemblance to samples of the Snow
Lake terrane. This observation is at odds with a
model for ~400 km of Cretaceous right-lateral
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slip along the cryptic Mojave–Snow Lake fault.
We posit instead that the Snow Lake terrane
was transported westward a few tens of kilometers from beneath White-Inyo facies rocks by
late Early to early Middle Jurassic extensional

reactivation of the Last Chance thrust structural
sequence during steep subduction of Panthalassa
lithosphere. This model requires no significant
strike-slip displacement along the hypothetical
Mojave–Snow Lake structure.
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