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Abstract: The Beck Spring Dolomite is a mixed carbonate—siliciclastic succession exposed in
Death Valley, California, that was deposited between 780 and 717 Ma. Along with its bounding
units, the Horse Thief Springs Formation below and unit KP1 of the Kingston Peak Forma-
tion above, the Beck Spring Dolomite were deposited in one of the ChUMP (Chuar—Uinta
Mountains—Pahrump) basins with subsidence commonly attributed to the nascent rifting of
Rodinia. These pre-Sturtian successions preserve eukaryotic microfossil assemblages, diverse
microbialites, and large carbon isotope anomalies directly below Sturtian-age glacial deposits.
Here we present new geological mapping, measured stratigraphic sections, carbon isotope chemo-
stratigraphy and detrital zircon geochronology from the Beck Spring Dolomite and its bounding
units. The carbon isotope excursion at the top of the Beck Spring Dolomite has previously been
attributed to meteoric diagenesis associated with karst breccias, but here we demonstrate that
these breccias are instead mass flow deposits that formed during deposition of the Kingston
Peak Formation and that the carbon isotope excursion is not only reproducible throughout the
basin, but is associated with transgression rather than regression and exposure. In addition, we
refine local correlations and discuss the use of chemostratigraphic curves from these units for
regional and global correlations. The Beck Spring Dolomite was deposited during the second of
three distinct basin-forming events recorded in the Pahrump Group with basin inversion occurring
between each event. The presence of syn-sedimentary faults, the character of the lateral facies
change and detrital zircon provenance analyses indicate that the Beck Spring Dolomite fringed a
coeval palaco-high to the south in a tectonically active basin. Detrital zircon age distributions in
the Beck Spring Dolomite show sharp probability peaks at ¢. 1200, 1400 and 1800 Ma, consistent
with local sources to the SW in the Mojave block rather than transcontinental rivers. The c.
1800 Ma probability peak is less prominent in the KP1 samples. In addition, KP1 also records
slump folding and is overlain by an unconformity. We suggest that these features are consistent
with the emergence of a local fault to the NE. Deposition of the Beck Spring Dolomite and bound-
ing units do not record evidence of incipient rifting of the western margin of Laurentia but instead
reflect a distinct and separate tectonothermal event.

Supplementary material: Carbon (3'°C) and oxygen (8'%0) isotopic measurements, detrital
zircon laser ablation inductively coupled plasma mass spectrometry (LA-ICPMS) data, detrital
zircon sample information and data from reference materials used for LA-ICPMS analyses are
available at http://www.geolsoc.org.uk/SUP18823.

The Death Valley region of SE California hosts a
1.5-4.0 km-thick, well-exposed Neoproterozoic
succession, the Pahrump Group (Figs 1 & 2). The
classic view is that the three units comprising the
group, the Crystal Spring Formation, Beck Spring
Dolomite and Kingston Peak Formation, formed in
a long-lived aulacogen bounded to the north and
south by upland source areas, and that carbonate-
dominated units like the Beck Spring Dolomite
were deposited during periods of tectonic quies-
cence (Wright et al. 1976; Roberts 1982). This
model was developed when there were few age
constraints on these strata. Nearly a decade

later, researchers used ages of basement terrains,
Grenville-age orogenic belts and stratigraphic ties
to hypothesize the formation and break-up of the
supercontinent Rodinia (Dalziel 1991; Hoffman
1991; Moores 1991). Details of the palacogeogra-
phic arrangement and components of Rodinia are
still debated, but nearly all models place Laurentia
at the core of the supercontinent. Thus, Neoprotero-
zoic basin formation in Death Valley is espe-
cially important for the reconstruction of Rodinia
because it was proximal to both the western and
southern margins of Laurentia, and as a result, has
the potential to record the tectonic evolution
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Fig. 1. Location map and major faults. AH, Alexander Hills; BM, lack Mountains; HC, Happy Canyon; KR, Kingston
Range; NR, Nopah Range; SH, Silurian Hills; SPH, Saddle Peak Hills; SS, Saratoga Springs (southern Ibex Hills);
and SW, Sperry Wash. The areas mapped in Figures 3 and 4 are boxed in blue. Locations of measured sections are
marked with circled numbers that correspond to numbered sections in Figure 5.

of both margins. Over the past few decades, age
constraints have been refined and several major
unconformities have been recognized within the
Pahrump Group, suggesting that the strata were
deposited during multiple, distinct basin-forming
events and, thus calling into question the long-lived
aulacogen model (Heaman & Grotzinger 1992;
Prave 1999; Macdonald et al. 2013a; Mahon et al.
2014b).

Other western Laurentian successions have
been previously attributed to record the rifting of
Rodinia, including the Chuar Group in Arizona
(Timmons et al. 2001) and the Uinta Mountain
Group in Utah (Dehler et al. 2010). These basins
are collectively referred to as the ChUMP (Chuar—
Uinta Mountains—Pahrump) basins, and are thought
to have formed in an extensive interior seaway
that formed in the incipient stages of rifting (Link
1993; Dehler et al. 2001, 2010). The shared features

between units in the ChUMP basins include similar
fossil assemblages with vase-shaped microfos-
sils (VSMs) in the uppermost stratigraphy (Licari
1978; Porter & Knoll 2000; Dehler et al. 2010),
unconformity-bounded successions with age con-
straints between c¢. 780 and 730 Ma (Macdonald
et al. 2013a; Mahon et al. 2014b), large carbon
isotope anomalies (Corsetti & Kaufman 2003;
Dehler et al. 2005, 2007, 2010; Brehm 2008; Mac-
donald et al. 2013a) and pronounced metre-scale
cyclicity (Dehler et al. 2001). Similar features and
age constraints also have been documented in the
Callison Lake dolostone and Coates Lake Group
of NW Canada (Jefferson & Parrish 1989; Macdo-
nald et al. 2010; Rooney et al. 2014; Strauss et al.
2014).

Here, with new and previously published data,
we propose an alternative model for the tectonostra-
tigraphic evolution and subsidence mechanisms for
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the iconic Pahrump Group in Death Valley. This
new model integrates geological mapping, mea-
sured sections, detrital zircon geochronology and
carbon isotope chemostratigraphy of the Beck
Spring Dolomite and its encasing strata, the under-
lying Horse Thief Springs Formation (previously
defined as the upper member of the Crystal Spring
Formation) and the overlying unit KP1 of the King-
ston Peak Formation (Macdonald et al. 2013a;
Mahon et al. 2014b) from seven localities (Fig.
1). These strata are bounded by unconformities,
which Macdonald et al. (2013a) used to demarcate
Tectonostratigraphic Unit 2 (TU2), a regionally
developed package interpreted to record a dis-
tinct basin-forming event. To avoid nomenclatural
issues, we will use TU2 throughout to delineate this
succession of rocks.

Geological setting

In Death Valley, the Pahrump Group defines a
1.5-4.0 km-thick, well-exposed and easily acces-
sible Meso- and Neoproterozoic succession (Noble
1934; Hewett 1940). Its basal unit, the Crystal
Spring Formation, unconformably overlies 1780—
1660 Ma granitic gneisses of the Mojave crustal
province (Wasserburg et al. 1959; Barth et al
2000; Strickland et al. 2013) and 1430-1400 Ma
porphyritic quartz monzonite (Labotka et al
1980). Following the amalgamation of the Mojave
basement by 1210—1180 Ma with the intrusion of
the AMCG suite of anorthosite, syenite and gran-
ite (Wooden et al. 2013), the Death Valley region
experienced extension and basin formation. This
extension accommodated the emplacement of
diabase sills that have been dated at two localities at
1087+ 3 and 1069 + 3 Ma with discordant multi-
grain baddeleyite U—Pb thermal ionization mass
spectrometry (TIMS) ages (Heaman & Grotzinger
1992).

A maximum age constraint on the middle por-
tion of the Pahrump Group (TU2) is provided by
the Crystal Spring Diabase. An upper age constraint
is provided by the Noonday Formation, the basal
member of which has been identified as a basal
Ediacaran cap dolostone (Petterson et al. 2011)
and has been dated globally at c. 635 Ma (Hoffmann
et al. 2004; Condon et al. 2005; Calver et al. 2013).
Additionally, the Kingston Peak Formation con-
tains glacial deposits that have been correlated to
the Sturtian and Marinoan glaciations (Prave 1999;
Macdonald et al. 2010, 2013a). Neoproterozoic
laser ablation inductively coupled plasma mass
spectrometry (LA-ICPMS) detrital zircon ages
(Mahon et al. 2014b) and correlation of pre-Sturtian
basins on the western margin of Laurentia sug-
gest a more narrow window of deposition of TU2

between c¢. 780 and 730 Ma (Dehler et al. 2001;
Macdonald et al. 2013a; Strauss et al. 2014).

Multiple episodes of late Neoproterozoic tecton-
ism are recorded in the Pahrump succession; evi-
dence includes syn-sedimentary normal faults in
the middle (KP2) and upper (KP3) parts of the King-
ston Peak Formation in SE Death Valley, mafic
dykes and basalts in the KP2- or KP3-correlative
Surprise diamictite in the Panamint Mountains
(Miller 1985; Prave 1999; Macdonald et al. 2013a)
and multiple unconformities throughout the succes-
sion, including the base of the Noonday Formation,
which regionally sits on all of the underlying units,
including basement (Wright 1954; Stewart 1975;
Prave 1999). Map relations and flute casts indicate
that the deepening direction during Kingston Peak
time was to the SSE (Mrofka 2010; Petterson
et al. 2011). Unconformities are also present in the
overlying Ediacaran strata, most prominently at
the base of and in the uppermost Johnnie Formation
(Summa 1993; Clapham & Corsetti 2005; Petterson
et al. 2011). Based on subsidence curves, pas-
sive margin sedimentation did not develop in this
area until latest Ediacaran—early Cambrian Wood
Canyon time (Stewart 1970; Armin & Mayer
1983; Bond & Kominz 1984; Bond et al. 1985;
Fedo & Cooper 2001). This passive margin was
deepening to the NW (Nelson 1978). Thus, while
there is clear evidence for Ediacaran-age rifting, it
remains unclear if deposition of TU2 was accommo-
dated by rifting, transtension, transpression, com-
pression or dynamic subsidence.

Previous studies

Until recently, the Horse Thief Springs Formation,
the basal unit of TU2, was included in the Crystal
Spring Formation. The base of the Horse Thief
Springs Formation is marked by a significant uncon-
formity that was first recognized by Mbuyi & Prave
(1993). Mahon et al. (2014b) elevated the succes-
sion between this unconformity and the Beck Spring
Dolomite to the formation level and renamed it the
Horse Thief Springs Formation.

The sedimentology, stratigraphy and regional
depositional patterns of the Horse Thief Springs
Formation were documented by Maud (1979,
1983), Roberts (1982) and Mahon (2012). Maud
(1979, 1983) separated the unit into six regionally
traceable sequences of dominantly siliciclastic rocks
that are each overlain by dolomite, with the final
sequence being overlain by the Beck Spring Dolo-
mite. He labelled these sequences A—F, as shown
on the left side of the Beck Canyon section in
Figure 5. The lower part of the formation preserves
enterolithic bedding, which Maud interpreted as
evidence for deposition of evaporites in a restricted
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basin. He also documented karsting on the top
surfaces of the dolomite marker beds. The formation
coarsens to the SSW and is thickest in the NW part
of the Kingston Range, thinning in all directions
from there (Maud 1979, 1983). Maud suggested
that the facies character of the interbedded stromato-
litic dolostone, siltstone, sandstone and conglomer-
ate record near-shore marine environments. Mahon
et al. (2014a) used stratigraphic and detrital zircon
data to argue that the Horse Thief Springs Formation
marks the intial basin development during the inci-
pient rifting of Rodinia. The only published 8'*C
data from the Horse Thief Springs Formation is low-
resolution (10—20 m) 8!3C data from the upper part
of the formation in Beck Canyon and at Saratoga
Springs (Corsetti & Kaufman 2003).

Previous studies of the Beck Spring Dolomite
focused on the petrology, sedimentology and strati-
graphy of the microbial, carbonate-dominated suc-
cessions of the Beck Spring Dolomite in the
Kingston Range and southern Death Valley area
(Gutstadt 1968; Shafer 1983; Marian & Osborne
1992; Loyd & Corsetti 2010; Harwood & Sumner
2011, 2012). In the Alexander Hills and the King-
ston Range, the Beck Spring Dolomite is divided
into informal submembers that include a lower
laminated facies, a middle microbial, thrombolitic
and intraclastic facies, and an upper cherty grain-
stone facies (Marian 1979; Marian & Osborne 1992;
Corsetti & Kaufman 2003; Harwood & Sumner
2011). The SW exposures of the Beck Spring
Dolomite contain significant siliciclastic compo-
nents preserved in metre-scale parasequences,
syn-depositional faults and soft-sedimentary defor-
mation (Marian 1979; Mahon 2012; Macdonald
et al. 2013a).

Much detailed work has been done to compare
modern microbialites to the Beck Spring Dolomite
stromatolites and thrombolites to constrain specific
depositional environments, and generally, previous
workers have suggested that the unit was deposited
on a stable, shallow marine platform in a subtidal to
intertidal environment (Marian 1979; Zempolich
et al. 1988; Marian & Osborne 1992; Harwood &
Sumner 2011). Marian (1979) suggested that this
unit was deposited during a period of relatively
slow and stable subsidence based on his documen-
tation of a uniform thickness of the unit; however,
much of this work only documented the carbonate-
dominated sections of the Beck Spring Dolomite.
Mahon (2012) and Mahon et al. (2014a) later
argued that the Horse Thief Springs Formation and

conformably overlying Beck Spring Dolomite
were deposited in a basin that was undergoing
extensional tectonism.

Carbon isotope chemostratigraphy of the Beck
Spring Dolomite was documented in Alexander
Hills, the Kingston Range, Saddle Peak Hills and
Saratoga Springs by Corsetti & Kaufman (2003),
Prave (1999) and Macdonald et al. (2013a). All of
these sampled sections show a ‘W-shape’ chemo-
stratigraphic profile with a large negative carbon
isotope excursion at the top of the Beck Spring
Dolomite. This excursion has been correlated with
the Islay excursion (Hoffman et al. 2012; Strauss
et al. 2014). Hurtgen et al. (2004) complemented
these carbon isotope studies with a carbonate-
associated sulphate isotope study.

The diagenetic history of the carbonate rocks in
the Beck Spring Dolomite was described by Tucker
(1982, 1983), Zempolich et al. (1988), Kenny &
Knauth (2001), and Horodyski & Knauth (1994).
The latter two studies describe palaeokarst pits con-
taining putative microfossils and brecciated clasts
with highly depleted 8'°C values in the Beck
Spring Dolomite in the Kingston Range. Impor-
tantly, the breccia at the top of the Beck Spring
Dolomite is distinct from the intraformational, intra-
clastic breccia that was documented in the Alexan-
der Hills and Kingston Range (Harwood &
Sumner 2011 and references therein). Horodyski
& Knauth (1994) use this Beck breccia and putative
microfossils as evidence for terrestrial biota dur-
ing the Precambrian. Elaborating on this interpret-
ation, Kenny & Knauth (2001) found that depleted
carbon and oxygen isotope values were limited
to breccia in the eastern Kingston Range. This
interpretation is important because it has fuelled
not only speculation about the colonization of
land, but also the idea that the carbon isotope che-
mostratigraphy of the Beck Spring Dolomite is
compromised by meteoric diagenesis and cannot
be used for correlation or interpretation of the Neo-
proterozoic carbon cycle (e.g. Knauth & Kennedy
2009).

Undisputed microfossils from the chert and dolo-
mite in the upper part of the Beck Spring Dolo-
mite were described by Cloud et al. (1969), Licari
(1978) and Pierce & Cloud (1979). These micro-
fossils, especially VSMs, are significant because,
since the early reports of them in Death Valley, they
have only been found in TU2-correlative basins
and identified as a potential tool for correlation
(Bloeser 1985; Vidal & Ford 1985; Porter & Knoll

Fig. 2. Schematic stratigraphy of the Pahrump Group in SE Death Valley. Stratigraphy of the Crystal Spring Formation
is modified from Roberts (1982). Basement age populations are from Wooden et al. (2013). Tectonostratigraphic unit
divisions are from Macdonald et al. (2013a). HTS, Horse Thief Springs Formation; BSD, Beck Spring Dolomite;

J, Johnnie Formation.
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2000; Dehler et al. 2007), and particular assem-
blages have been suggested as possible Neoprotero-
zoic index fossils (Strauss et al. 2014).

Overlying the Beck Spring Dolomite is unit KP1,
the least studied of the three units in TU2. Histori-
cally, KP1 has been placed within the Kingston
Peak Formation, owing in part to difficulty correlat-
ing the glacial stratigraphy in SE Death Valley
to that in the Panamint Mountains (Wright 1954).
KP1 consists of siltstone to fine-grained quartz—
arkosic sandstone without glaciogenic features. Its
gradational contact with the underlying Beck
Spring Dolomite (Miller 1985; Wright et al. 1992;
Mrofka 2010) and the unconformity at its top
surface (Mrofka 2010; Macdonald et al. 2013a)
indicate that it is part of the same basin-forming
event as the Beck Spring Dolomite (Prave 1999).
When the Pahrump Group stratigraphy is further
refined and formalized, we support Mrofka’s
(2010) suggestion that unit KP1 be renamed and
removed from the Kingston Peak Formation.

In addition to studies of the three TU2 units, we
refer to and expand upon the geological mapping
and unit descriptions of Kupfer (1960) from the
Silurian Hills. More specifically, we refer to his
units 4—12, which we correlate with TU2 strata
(shown on the left side of the Silurian Hills section
in Fig. 5).

Methods
Fieldwork

We mapped the geology and measured stratigraphic
sections of TU2 in the Alexander Hills, southern
Black Mountains, eastern Kingston Range, central
Panamint Mountains, Saddle Peak Hills, Saratoga
Springs and Silurian Hills (Figs 1, 3 & 4). TU2 is
also exposed in the Funeral Range of northern
Death Valley (Fig. 1); however, there, the meta-
morphic grade is too high to preserve sedimentary
textures and meaningful stratigraphic thicknesses.
Locations were selected with the aim of construct-
ing a basin-wide depositional model across the
Death Valley region. The measured sections in
Figure 5 are a combination of new and previously
published data.

Measured sections and carbon isotopes from
Beck Canyon in the Kingston Range and the
Saddle Peak Hills were previously published in
Macdonald et al. (2013a); however, these sections
were remeasured for this study to more closely
examine the sedimentology and to better character-
ize the 8'°C values in the transition beds between
the Horse Thief Springs Formation and Beck
Spring Dolomite. Also of note is that, north of
Beck Canyon, the Beck Spring Dolomite is the pro-
minent ridge former (Fig. 4), and the top of the

section is a very steep dip slope, preventing the
measurement of a continuous section. The section
in Figure 5 is a composite from three localities in
Beck Canyon (Fig. 4). The 3'>C data from the top
27m of the section was sampled from a fault
block in the far western part of the canyon that pre-
serves the oncoids at the top of the Beck Spring
Dolomite (Fig. 7d). The upper contact with KP1
was used as a tie point between the measured sec-
tions. Owing to the dip slope and the uncertainty
in correlating between sections, the thickness of
the section presented in Figure 5 could be inaccurate
by up to 30 m (see Fig. 5 break in section). The sedi-
mentology of the Beck Spring Dolomite at the Alex-
ander Hills section is modified from Harwood &
Sumner (2011) and the carbon isotope values are
from Corsetti & Kaufman (2003). All other data pre-
sented here are new.

Mass spectrometry

To test regional and global correlations, we sam-
pled carbonate rocks spanning TU2 from all mea-
sured sections. Carbon (8'°C) and oxygen (6'%0)
isotopic measurements were obtained on 466 sam-
ples. Samples were microdrilled along individual
laminations, where visible, to obtain 5—-20 mg of
carbonate powder; veins, fractures and siliciclas-
tic-rich areas were avoided. Carbonate 8'°C and
3'%0 data were acquired simultaneously on a
VG Optima dual inlet mass spectrometer in the
Harvard University Laboratory for Geochemical
Oceanography. Carbonate samples were reacted
with orthophosphoric acid using a VG Isocarb prep-
aration device, which includes a common acid bath
with a magnetic stirrer. Approximately 1 mg of each
sample was reacted in the bath at 90 °C. Evolved
CO, was collected cryogenically and analysed
using an in-house reference gas. Potential memory
effects resulting from partially unreacted samples
in the common acid-bath system were minimized
by increasing the reaction time for dolomite sam-
ples. Memory effect is estimated at <0.1%o based
on variability of standards run after dolomite sam-
ples. Standard deviation (1o) from standards was
better than + 0.1%o for both 3'*C and 5'®0. Carbon-
ate 8'°C and '%0 isotopic results are reported in
per mil notation relative to V-PDB (Vienna-Pee
Dee Belemnite) using an in-house Cararra Marble
standard that was calibrated against several NBS
carbonate standards and cross-calibrated with
other laboratories.

Detrital zircon geochronology

To better constrain sedimentary provenance, 17
samples through TU2 and TU3 (which includes
KP2 and KP3) were collected and 1522 zircon
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Fig. 3. Geological map of Saratoga Springs and Saddle Peak Hills. This area was mapped by F. Macdonald, E. Smith
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with UTM gridlines. Coordinates are marked with crosses and measured sections are marked with red lines. White

circles mark locations of measured sections in Figure 5. White triangles mark locations of photos in Figures 6 and 7.
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Kingston Peak 1:24 000 topographic maps with UTM gridlines. Coordinates are marked with crosses. White circles
mark locations of measured sections in Figure 5. White triangles mark locations of photos in Figures 6 and 7. Section
SWM is the location of the measured section of Beck Spring Dolomite in Harwood & Sumner (2011).
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Fig. 5. Chemo- and litho-stratigraphy of TU2 from seven measured sections in SE Death Valley and the Panamint
Range. See Figures 1, 3 and 4 for location maps of sections. Kupfer’s (1960) units for the Silurian Hills section are marked
on the left side of the section. Similarly, the members described by Maud (1979, 1983) are marked on the left side of the
Horse Thief Springs Formation section in Beck Canyon and lithofacies described by Harwood & Sumner (2011) are on
the left side of the Beck Spring Dolomite section at Alexander Hills. The 8'*C values from the Virgin Spring Limestone
and Beck Spring Dolomite sections in Beck Canyon, the Black Mountains and Saddle Peak Hills were published in
Macdonald et al. (2013a). In Alexander Hills, the sedimentology of the Beck Spring Dolomite is adapted from Harwood
& Sumner (2011) and the 8'3C values are from Corsetti & Kaufman (2003). Correlation between the Silurian Hills
sections and the other sections is uncertain so no tie lines are drawn. Detrital zircon samples are marked with red stars.
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grains were analysed from the Pahrump Group, tar-
geting specifically the units in TU2. These studies
complement those of MacLean et al. (2009) and
Mahon et al. (2014a, b). Detrital zircons were
dated to assess the changes in provenance during
basin development (Fig. 8b) and to find additional
young (c. 780 Ma) grains (Mahon et al. 2014b).
Samples E1309-0 and B1303 (both from the basal
Horse Thief Springs Formation) were processed to
search for young grains, and thus the data from
these two samples are not plotted in Figure 8b, but
can be found in the supplementary material. The
sections and stratigraphic positions of the samples
are indicated in Figure 5 with the exception of
F1102 and B1303, which are from Sperry Wash
and east Kingston Range, respectively.

Zircons from c. 2-5 kg of rock were separated
using standard methods and annealed at 900 °C for
60 h. A random split of these grains (c. 100—200)
was mounted in epoxy and polished until the
centres of the grains were exposed. Cathodolumi-
nescence (CL) images were obtained with a Jeol
JSM-1300 scanning electron microscope and Gatan
MiniCL. Zircons were analysed by LA-ICPMS
using a ThermoElectron X-Series II quadrupole
ICPMS and New Wave Research UP-213 Nd:YAG
UV (213nm) laser ablation system. In-house
analytical protocols, standard materials and data
reduction software were used for acquisition and
calibration of U-Pb dates and a suite of high-
field-strength elements and rare-earth elements. A
detailed description of the methods and analyses
can be found in the supplementary material.

Results
Chemo- and litho-stratigraphy

Horse Thief Springs Formation. The Horse Thief
Springs Formation is a 105-465 m-thick, mixed
siliciclastic—carbonate succession. For mapping
purposes, we defined four regionally traceable silici-
clastic—carbonate members in this formation,
lumping Maud’s (1979, 1983) A and B members
and C and D members together (see Fig. 5); the
basal three members are each capped by stromatoli-
tic dolostone marker beds whereas the fourth
member is capped by the orange and black dolo-
stone interbedded with siltstone and fine-grained
sandstone. The transition into the overlying Beck
Spring Dolomite is gradational. The contact is
placed at the base of the ‘bacon beds’, two 0.1—
0.5 m-thick orange and black, microbial dolo-
stone beds marking the onset of metre-scale mixed
siliciclastic—carbonate parasequences that persist
through the basal part of the Beck Spring Dolomite

(see Fig. 6e for the contact at the section in western
Saddle Peak Hills).

The siliciclastic strata in the Horse Thief Springs
Formation include purple and green argillite, textu-
rally immature quartz arenite, locally arkosic and
poorly sorted, quartzitic conglomerate. The thick-
nesses and grain sizes of these strata vary widely
from section to section. There are multiple exposure
surfaces throughout the succession marked by mud-
cracks and carbonate dissolution on the upper sur-
faces of the dolomite beds. The carbonate rocks,
often preserving Baicalia stromatolites, cap each
of the clastic sequences across the basin (Cloud &
Semikhatov 1969; Maud 1979, 1983).

Of the five new measured sections of the Horse
Thief Springs Formation presented here, four were
sampled for 8'°C analyses, providing the first high-
resolution 8'°C dataset for these strata. Carbonate
carbon isotope trends are stratigraphically consist-
ent across the basin (Fig. 5). At Beck Canyon, the
thickest and most carbonate-rich section measured,
the basal carbonate units trend from c. +2.5 to
—4.5%o0. In the middle of the section, an interval
that is dominated by dolomite for ¢. 80 m, there is
a rise in 8'C values from c. 0 to +6%o and then a
decrease to ¢. —4.5%o. Similar trends are present
in the relatively carbonate-poor Saddle Peak Hills
and Saratoga Springs sections (Fig. 5).

A siliciclastic-dominated section in the Silu-
rian Hills that is unconformably above the Crystal
Spring Formation and Crystal Spring Diabase
was also measured. Owing to considerable facies
changes and an upper greenschist facies overprint
(Shafer 1983), detailed lithological and chemostrati-
graphic correlations between this section and other
TU2 sections remain unclear.

Beck Spring Dolomite. The Saratoga Springs section
consists of 320 m of interbedded dolostone, silt-
stone, sandstone and pebble conglomerate. The
section is dominated by metre-scale carbonate —sili-
ciclastic parasequences with pronounced cyclic
appearance (Fig. 6¢). Dolostone in the lower c.
100 m preserves microbial textures interbedded
with finely laminated micrite, carbonate siltstone,
sandstone and minor quartz—arenite pebble con-
glomerate. The quartz—pebble arkosic sandstone
and conglomerate beds have rounded to subrounded
clasts and preserve flat laminations and trough
cross-bedding. Microbial laminations commonly
envelop trapped quartz and feldspar grains. Sand-
stone beds are lobate, pinching and swelling later-
ally, but often continuous for hundreds of metres
along strike. Broken microbial mats and millimetre-
to centimetre-scale carbonate clasts are common
throughout the section. At ¢. 120 m, exposure sur-
faces consisting of teepee structures and milli-
metre-scale karsting become common, suggesting
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Fig. 6. Pahrump Group photos. Locations of photos in the Kingston Range, Saddle Peak Hills and Saratoga Springs are
marked with white triangles in Figures 3 and 4. (a) Measured section of Beck Spring Dolomite at Happy Canyon in the
Panamint Mountains. Units outlined and labelled in black. (b) Beck Spring Dolostone breccia in KP2 near Jupiter Mine
in the Kingston Range. (¢) Mixed siliciclastic—carbonate parasequences at Saratoga Springs. (d) Sandstone to
conglomerate parasequences at Silurian Hills. Tan dolostones are at the top of Kupfer’s unit 10 (see Fig. 5).

(e) Measured section of TU2 in west-central Saddle Peak Hills (see Fig. 3 for section location).

that there is a gradual shallowing-up in the section.
Approximately 30 m from the top of the Beck
Spring Dolomite, there is a gradual transgression
in which interbedded pisoid (sometimes called
‘giant ooids’ in the literature) grainstone (Fig. 7e)
and microbialite are succeeded by red fissile shale,
high-relief, pseudo-branching stromatolites and
bedded black chert. Stromatolitic morphologies
such as these have been reported from subtidal,
low- to moderate-energy environments (Awramik
1971; Donaldson 1976; Hoffman 1976; Horodyski
1977). Additionally, molar tooth structure (Fig.
7c) and black, oolitic limestone beds are present
locally near the top of Beck Spring Dolomite.

Sampling this section at higher resolution demon-
strated that the “W-shape’ profile exists. Data from
this section has the most scatter and 8'C values
are on average 2—3%o lighter throughout the section
than in other sampled sections (Fig. 5), perhaps
owing to the fact that it is the least carbonate-
buffered section sampled (Banner & Hanson
1990). No evidence for exposure is present in the
top ¢. 30 m of this section.

The section on the western flank of the Saddle
Peak Hills is 110 m thick, significantly thinner
than the section measured in Saratoga Springs
(Figs 2 & 7e). This change in thickness could be
in part due to the placement of the basal contact of
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Fig. 7. Sedimentary features of the Beck Spring Dolomite. Locations of photos in the Kingston Range, Saddle Peak
Hills, and Saratoga Springs are marked with white triangles in Figures 3 and 4. (a) Quartz pebble to cobble conglomerate
in the upper part of the Beck Spring Dolomite in west-central Saddle Peak Hills. (b) Soft sediment deformation in KP1 in
southern Saddle Peak Hills. (¢) Molar tooth structure in top of the Beck Spring Dolomite at Saratoga Springs.
Photograph taken north of measured section. (d) Oncoids at the top of the Beck Spring Dolomite sampled from the fault
block in western Beck Canyon. (e) Giant, partially silicified ooids in the top of the Beck Spring Dolomite in western
Saddle Peak Hills. (f) White line outlines cross-sectional view of Beck Spring Dolomite sand grykes that are in-filled
with the overlying Surprise diamictite in Surprise Canyon, Panamint Mountains.

the Beck Spring Dolomite in what is clearly a grada-
tional contact. However, even by invoking facies
change between the two sections, there still must
be a significant change in thickness. Aside from
the notable change in thickness between the two
sections, the sedimentology is similar. Metre-scale
mixed siliciclastic—carbonate parasequences with
microbial fabrics comprise the base of the section.
There is evidence for subaerial exposure in the

middle of the section, and the top is composed of
re-sedimented dolostone and pisolite. However,
owing to small-scale faulting, diagenetic overprint-
ing and sandblasting from nearby sand dunes, the
pisoids are variably preserved.

From north to south along the western flank of
the Saddle Peak Hills, the Beck Spring Dolomite
grades from a c¢. 100 m blue-grey massive dolo-
mite with few siliciclastic interbeds to interbedded
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dolomite and siliciclastics in well-developed c. 1-
10 m parasequences. The sandstone and conglomer-
ate beds in this section preserve similar sedimentary
features to those in Saratoga Springs. The coarse
sandstone beds preserve flat laminations and with
bed geometries that vary from quasi-tabular to len-
satic. Approximately 3.5 km SE of the measured
section in Saddle Peak Hills, just south of where
the Virgin Spring Limestone rests unconformably
on the Crystal Spring Formation (Fig. 3), the Beck
Spring Dolomite is siliciclastic-poor with the excep-
tion of two or three very poorly sorted pebble to
cobble quartz conglomerates with subrounded
clasts of up to 10 cm in diameter near the top of
the unit (Fig. 7a). The number of these conglomera-
tic beds is uncertain owing to fault repetitions.

The section at Beck Canyon is c¢. 290 m thick.
We place the basal contact at the orange and black
dolostone marker beds that are also present in
other sections. Aside from the transition beds at
the base and top of the unit, the Beck Spring Dolo-
mite here is almost entirely dolostone that alternates
between finely laminated grainstone, microbialami-
nite, stromatolite and stromatactis. The base has
abundant bedded and nodular chert, occasionally
with silicified pisoids. Sedimentary breccias are
present in the lower—middle part of the section,
but are not as abundant as they are in the Alexander
Hills (Fig. 5). Like almost all the other sections,
ooids and pisoids were found in the middle and
top of the section here. Beautifully preserved
ooids, pisoids and oncoids are preserved in the
upper 10 m of the section in the fault block in the
west part of Beck Canyon (Fig. 7d). In this section
and the Black Mountain section, more carbonate is
preserved at the top of the Beck Spring Dolomite,
recording a return to positive values of c¢. +2%o
after the negative 8'>C excursion. In these two sec-
tions, the oncolite bed correlates with the basal part
of KP1 in other sections. This oncolite bed is the
source of the fossiliferous oncolite olistoliths in
the Kingston Peak Formation in the Kingston
Range (Macdonald et al. 2013a).

Further to the east, revised mapping shows that
the sedimentary Beck breccia, which was previously
included in measured sections of the Beck Spring
Dolomite near the Jupiter and Snow White mines
(Harwood & Sumner 2011), is actually re-deposited
Beck Spring Dolomite at the base of KP2 (Fig. 4).
Laterally the base of KP2 transitions from Beck
Spring Dolomite breccia into a massive diamictite
with a mixture of clasts from many of the underlying
units. Additionally, in a few gullies near Snow
White Mine, there are small outcrops of mixed
lithology KP2 glaciogenic facies that underlie the
KP2 Beck breccia, confirming that the Beck brec-
cia was deposited during Kingston Peak time rather
than as debris infilling palacokarst caves during

Beck Spring time. The heavily silicified horizon
beneath the megabreccia is mapped as the basal
Kingston Peak unconformity (Fig. 4).

Further north in the SW Black Mountains, the
Beck Spring Dolomite is ¢. 295 m of predominantly
dolostone. The lower portion of this section is
dominated by resedimented dolostone and intra-
clastic carbonate chip debris flows. There are a few
metre-scale beds of intraclastic dolomite brec-
cia composed of pebble- to cobble-sized angular,
planar-laminated and stromatolite clasts. There are
several beds of pisolites in the middle of the
section, and the upper part of the section is domi-
nated by microbialaminite, stromatolite and well-
preserved stromatactis. One unusual feature of this
section is that there is a 19 m-thick fine-grained
sandstone marker bed 30 m below the top contact
with KP1. The top 30 m of the section is interbedded
shale, silt, bedded chert, partially silicified micro-
bialaminite and conical stromatolites reminiscent
of Conophyton. Similar to the section in Beck
Canyon, oncolites are present in the top bed of the
Beck Spring Dolomite here. The contact with KP1
is gradational, and the basal few metres of KP1
contain centimetre-scale silty dolostone beds.
Just north of this measured section, the upper c.
50 m of the Beck Spring Dolomite is absent, and
instead, a thick sedimentary breccia of resedimented
dolostone sits on the upper—middle portion of the
Beck Spring Dolomite. The nature of the basal and
top contacts was not clear owing to fault compli-
cations. The 8'>C values at the base of the section
are +4 to +6%e, and these positive values persist
for ¢. 200 m. There is a negative excursion to
—2%o just below the sandstone marker bed. In the
top 30 m of section, there is a return to positive
values of +1 to +2%o. Thin tan dolostone beds in
the basal ¢. 5 m of KP1 show a steady decrease in
3'3C values.

The section at Happy Canyon in the Panamint
Mountains (Fig. 6a) is ¢. 180 m thick. The Beck
Spring Dolomite here contains a strong foliation
and is pervasively recrystallized. Here, the base of
the section is defined as the base of the massive,
light grey, resedimented dolostone. Below the Beck
Spring Dolomite is a pink, quartz-rich, pebble con-
glomerate, and it is unclear if this contact is con-
formable or faulted. The lower to middle part of
the section consists predominantly of light grey
dolomite grainstone interbedded with local pisoid
intervals, some of which are heavily silicified. The
middle to upper part of the section is dominated
by intraclastic dolostone debris flows and sedimen-
tary breccias with angular clasts of black and white
finely laminated dolostone that pinch out laterally
over tens of metres. In places, there are microbiala-
minites and clasts of microbialaminites. Here, the
top contact with the Surprise diamictite, which is
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thought to be correlative with KP3 in southern
Death Valley (Prave 1999; Petterson et al. 2011;
Macdonald et al. 2013a), is erosive and a kilometre-
sized olistolith of the Beck Spring Dolomite is
present a few metres above that contact (Fig. 6a).
North of this section in Surprise Canyon, the top
contact of the Beck Spring Dolomite is marked by
sand grykes that are in-filled with Surprise diamic-
tite (Fig. 7f). This is the only locality at which
we observed an unconformable karstic surface
at the top of the Beck Spring Dolomite, and this
karsting has a different age and intensity than the
microkarst features that are present throughout the
lower to middle Beck Spring Dolomite. Despite
the recrystallization of the Happy Canyon section,
the 8!3C values are remarkably similar to those
in other sections. The 8'*C values at the base of
the section rise from c. +1.5 to ¢. +4.5%o. In
the middle of the section there is a decrease back
to ¢. +1.5%0 followed by a gradual rise to c.
+4.5%o, similar to the ‘W-shape’ profile that is
seen in middle to upper parts of other sections. At
the top of the section, there is a negative excursion
to ¢. +0.5%o.

Owing to large regional lateral facies changes, it
is difficult to definitively identify the Beck Spring
Dolomite at the Silurian Hills section. Kupfer’s
units 11 and 12 (Fig. 5) comprise siliciclastic-
dominated, 1-10 m-thick parasequences (Fig. 6d).
This interval is 210 m thick and marked by alternat-
ing beds of siltstone, sandstone and pebble to cobble
conglomerate, similar in thickness to the para-
sequences in the Beck Spring Dolomite at Saratoga
Springs (Fig. 6¢). Near the top of the section, the
parasequences are mixed siliciclastic and limestone.
The top is marked by a 5 m-thick limestone unit
containing molar tooth structure (top of Kupfer’s
unit 12). In Kupfer’s units 10 and 11, the 8'*C
values range between c¢. —6 and —2%o. At the top
of the section, in Kupfer’s unit 12, the 8'3C values
are more positive, reaching values of c¢. +6.5%o.
Kupfer’s units 10—12 are correlative with either the
Beck Spring Dolomite or the Virgin Spring Lime-
stone. Carbon isotope values from unit 12 and its
stratigraphic position directly below massive glacial
deposits are very similar (between + 1 and +6%o) to
that of the Virgin Spring Limestone (Fig. 5).

KPI1. KP1 is a fine-grained siliciclastic interval
that gradationally overlies the Beck Spring Dolo-
mite. It is 0—200 m thick and occasionally contains
centimetre-thick dolostone beds and nodules in the
basal part of the unit. KP1 consists predominantly
of 1-10 cm-thick beds of siltstone to fine-grained
sandstone with minor nodules of finely crystalline
dolomite. Sandstone beds are characterized by
millimetre-scale, planar parallel laminations, and
locally display normal grading. Slump folding and

soft sediment deformation in KP1 is pervasive in
the SW exposures of the Saddle Peak Hills (Fig. 7b).

In the Panamint Mountains, KP1 is likely equiv-
alent to part of the Limekiln Spring Member of
the Kingston Peak Formation (Mrofka 2010); how-
ever, in the Happy Canyon section, it is erosively cut
out by the Surprise diamictite. In Alexander Hills
and Beck Canyon, the top of KP1 is also truncated
or absent; the variable thickness is a result of trun-
cation along the unconformable base of TU3, or the
base of the Virgin Spring Limestone, and active
faulting at the time of deposition of KP1. In the
SW Black Mountains, KP1 is ¢. 65 m thick. How-
ever, just north of the section, KP1 and the top of
the Beck Spring Dolomite are cut out and over-
lain by a sedimentary breccia composed entirely
of clasts of the Beck Spring Dolomite. Further to
the NE, at Rhoades Wash, the Virgin Spring Lime-
stone sits unconformably on basement, with a thin
sandstone at the basal contact.

Detrital zircon geochronology

Normal probability plots for 15 detrital zircon
samples are plotted with a generalized geological
map of the southern Mojave crustal province in
Figure 8. Samples from the Horse Thief Springs
Formation yielded broad peaks at c¢. 1780, 1550,
1450 and 1200 Ma with a minor Archaean peak.
Of the 540 grains from the five samples from the
Horse Thief Springs Formation that were analysed,
there were no grains from the ¢. 780 Ma population
that were found by Mahon et al. (2014b). The two
samples from the measured section at Silurian
Hills show very similar age distributions to other
TU2 samples.

Horse Thief Springs, Beck Spring Dolomite and
KP1 samples show peaks at c¢. 1780, 1450 and
1200 Ma, with a minor ¢. 1650 Ma peak. Many of
the separates from these samples contain abundant
(c. 25%) faceted grains. Between the TU2 and
Virgin Spring Limestone samples there is a change
from spectra with local Mojave sediment sources
to spectra with ¢. 1300 and 1580 Ma age peaks
(Fig. 8b), suggesting a change in sediment source.
Spectra in the KP2 samples display prominent
c. 1780 peaks with minor ¢. 1450 and 1200 Ma
age peaks while the spectra in the KP3 sample just
display broad peaks between 1450 and 1200 Ma.

Discussion
TU2 basin reconstructions

Reconstructing Neoproterozoic palacogeography in
Death Valley is complicated by extensive Phanero-
zoic faulting. The region experienced Permian to
Mesozoic orogenesis and magmatism (Burchfiel
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Fig. 8. Detrital zircon geochronology of the Pahrump Group. (a) Generalized geological map of the southern Mojave
crustal province (adapted from Wooden et al. 2013). Blue, green and purple diamonds mark localities sampled by
Wooden et al. (2013). Yellow stars mark localities of detrital zircon samples presented below. Abbreviations: BM,
Black Mountains; EM, Eagle Mountains; IM, Ivanpah Mountains; NY, New York Mountains; OW, Old Woman
Mountains; P, Piute Range; PM, Pinto Mountains; SBM, San Bernardino Mountains; SGM, San Gabriel Mountains;
T, Turtle Mountains; WBD, World Beater Dome. (b) Normal probability plots for 15 detrital zircon samples from SE
Death Valley. The specific sections and stratigraphic horizons are indicated in Figure 5. The lower 10 samples are from
TU2 and the upper five samples are from TU3. Blue, green and purple shaded bars are basement ages from Wooden et al.
(2013) and yellow shaded box is the age range for TU2 (Macdonald et al. 2013a; Mahon et al. 2014b).

etal. 1970, 1992; Wright et al. 1976; Wernicke etal.  followed by right-lateral transtension and the for-
1988; Snow et al. 1991; Snow & Wernicke 2000)  mation of pull-apart basins (Wright 1976; Wright
with associated felsic and mafic intrusions (Fleck ef al. 1991; Renik & Christie-Blick 2013). In pre-
1970; Wright et al. 1991; Calzia et al. 2000), vious studies, the Mesozoic thrust sheets have
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been used as piercing points for palinspastic recon-
structions (Wernicke et al. 1988; Snow & Wernicke
2000; Bergmann et al. 2011; Petterson et al. 2011);
however, much debate remains on the correlation of
the thrust sheets (Renik & Christie-Blick 2013). For
the NW to SE ordering of the seven measured sec-
tions of TU2 (Fig. 5), we also use major Cenozoic
and Mesozoic faults, but follow the reconstruction
of Renik & Christie-Blick (2013) and Serpa &
Pavlis (1996). For our reconstruction of the TU2
basin, the Panamint Mountains are on a different
thrust sheet than the stratigraphy of SE Death
Valley and do not restore south of the other
measured sections in this study. Prave (1999) corre-
lated Kupfner’s units 5—12 with the Middle Park—
Wildrose succession of the Kingston Peak For-
mation in the Panamint Range. The structural place-
ment of the Panamint Mountains used in this study is
more consistent with the interpretations of Maud
(1983) in which the carbonate-dominated Beck
Spring Dolomite section in Happy Canyon restores
adjacent to the carbonate-dominated sections of
the Black Mountains and Alexander Hills rather
than in the southern siliciclastic belt in the Silurian
Hills.

Depositional model

Horse Thief Springs Formation. The thickest
section of the Horse Thief Springs Formation is
at the type locality in Beck Canyon. Based on our
palinspastic reconstruction and the subsequent
arrangement of measured sections from SW to NE
(Fig. 5), maximum subsidence occurs in the NE
part of the basin. This arrangement of sections,
with the siliciclastic-dominated sections in the SW
and the carbonate-dominated sections in the NE, is
consistent with palacoflow measurements that sug-
gest that the sediment source was primarily from
the south and the shoreline had a NW-SE orien-
tation (Maud 1979). Importantly, between basal
TUO (Macdonald et al. 2013a; TUI is assigned to
early Neoproterozoic strata from NW Laurentia,
but is not present in Death Valley) and TU2, palaeo-
flow measurements record a marked changed in
being derived from the north and east to being
derived from the SSW (Maud 1979, 1983; Roberts
1982). These changes in sediment transport direc-
tion have been long recognized and were used as a
line of evidence in support of the aulacogen model
(Roberts 1982). Considering that the duration of the
unconformity between TUO and TU2 is c¢. 200—
300 myr (Mahon et al. 2014b), an alternative model
is that TUO strata formed on a south- and west-
facing open margin whereas deposition of TU2
strata marks the onset of a broadly NNE-facing
basin bounded by an upland to the south of Death
Valley.

Beck Spring Dolomite. Thicknesses and facies
patterns of the Beck Spring Dolomite are similar
to those of the Horse Thief Springs Formation;
the shallower-water facies and more siliciclastic-
dominated sections are in the SW and the carbonate-
dominated sections are in the NE. We interpret this
facies architecture to reflect depositional environ-
ments in which a carbonate platform fringed an
uplifted land surface to the SW (Fig. 9a).

The siliciclastic-rich facies of the Beck Spring
Dolomite in Saratoga Springs and the Saddle
Peak Hills contain sedimentary features that are
characteristic of coarse-braided fluvial deposits.
We interpret the Silurian Hills section, the most
southern section measured in this study, as being
deposited closer to a southern upland, on the inter-
face between an alluvial apron and coarse fluvial
facies (Bull 1972; Blair & McPherson 1994). The
base, top and thickness of the Beck Spring Dolom-
ite at this locality are difficult to identify owing to
the significant lateral facies change between here
and Saratoga Springs. The recrystallized limestone
at the top of our measured section (Kupfer’s unit
12) looks similar sedimentologically to the Beck
Spring Dolomite, but the 8'*C data is more similar
to that of the Virgin Spring Limestone (Fig. 5).
However, the details of this correlation do not com-
promise the depositional model.

(a) Beck Spring Dolomite Time
Southwest —— ~50 km —— Northeast

Fig. 9. Schematic depositional and tectonic models for
TU2. (a) Model for the Beck Spring Dolomite. The
circled numbers refer to the general locations of the
measured sections in Figure 5 along a simplified
SW-NE transect of the basin. (b) Tectonic model for the
switch in basin polarity that occurs between TU2 and
TU3. Unit KP1 and the Virgin Spring Limestone record
this transition as a basin-bounding fault emerges. The
basin switches from NE-facing to SW-facing across the
TU2-TU3 boundary. The thick black line at the base of
KP2 is an erosive unconformity.
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Overall, our interpretation of the depositional
environment of the Beck Springs differs from pre-
vious workers who suggested that this unit was
deposited on a stable, shallow marine platform in
a subtidal to intertidal environment. Instead, we
suggest that accommodation space was created
quickly in the basin, by either thinning or loading
of the crust, while calcifying microbes competed
against sediment influx to rapidly fill the space.

KPI. Based on our observations, we suggest that
KP1 is part of the transgression that is recorded in
the upper part of the Beck Spring Dolomite and was
deposited on a more distal prodelta. The influx of
siliciclastics that swamps the underlying carbonate
platform during this transgression could be the
result of either lateral migration of a delta front or
the emergence of a basin-bounding fault. Given
that there is evidence of syn-sedimentary faulting
in TU2 (Mahon 2012; Macdonald et al. 2013a),
we suggest that the siltstone and fine-grained sand-
stone of KP1 were deposited very quickly with the
development of a new basin-bounding fault.

The interpretation that KP1 was deposited
during a period of major faulting is consistent with
the pervasive slump folding in the Saddle Peak
Hills (Fig. 7b) and the stratigraphic relationships
of KP1, the Virgin Spring Limestone and the Beck
breccia in the Black Mountains. We suggest that
the rapid influx of fine sediments during KP1 time
marks the onset of basin reorganization (Fig. 9b).

Basin forming mechanisms

The Meso- and Neoproterozoic Pahrump Group
through the Ediacaran Johnnie Formation preserve
four discrete basin-forming events that record the
tectonic and sedimentological history of Death
Valley, a promontory on SW Laurentia. Previous
tectonic models have suggested that TU2 to TUS
formed in a long-lived rift basin prior to passive
margin development in the Cambrian (Yonkee
et al. 2014 and references cited therein). However,
TU2 was deposited more than 200 myr before the
rift to drift transition in lower Cambrian strata
(Armin & Mayer 1983; Bond et al. 1985). Thus,
TU2 could not have been deposited by rifting of
the proximal western margin. Instead, a model for
formation of the ChUMP basin must account for
not only local, syn-sedimentary faulting, but also
low stretching factors necessary to delay thermal
subsidence. TU2 could have been accommodated
by transtension, foreland flexure or far-field stresses,
including rifting of a more distal margin or exten-
sion related to the emplacement of large igneous
provinces (LIPs) within Laurentia.

We are not the first to question the protracted rift
model. In the eastern Kingston Range, Walker et al.

(1986) documented Neoproterozoic folding and
faulting in the Crystal Spring Formation, Beck
Spring Dolomite and the lower part of the Kingston
Peak Formation that is overlain by relatively unde-
formed conglomerate, and questioned tectonic
models that invoked simple, protracted rifting.
However, some of the thrust faults of Walker et al.
(1986) are on the margins of olistolith blocks of
the Beck Spring Dolomite that were emplaced
during syn-Kingston Peak Formation normal fault-
ing (Macdonald er al. 2013a). In our revised
mapping of Kingston Range (Fig. 3), we confirm
the presence of folding in the Horse Thief Springs
Formation and the Beck Spring Dolomite in
western Beck Canyon, but it is unclear if the defor-
mation is Mesozoic in age (Calzia et al. 2000) and
localized along lithological boundaries in these for-
mations. Folding of TUO and TU2 on both the
metre- and kilometre-scale was also documented
in western Saddle Peak Hills (Macdonald et al.
2013a), but there, it is also unclear if these compres-
sional structures and fabrics formed as a result of
Neoproterozoic tectonism or during Mesozoic
folding beneath a roof detachment.

Interestingly, deformation of a Neoproterozoic
age has been described along a narrow belt in NW
Canada, referred to as the Corn Creek Orogeny (Eis-
bacher 1981; Thorkelson 2000). These structures
include dextral shearing and NW-vergent folding
and thrusting of c¢. 800 Ma strata of the Mackenzie
Mountains Supergroup that are sealed by the
c. 650 Ma Mt Profeit Dolostone (Macdonald et al.
2013b). To the east in the Mackenzie Mountains,
the Coates Lake Group, which is in part coeval
with the Beck Spring Dolomite (Macdonald ef al.
2013a), was interpreted to have formed in a series
of dextral strike-slip basins (Eisbacher 1981).
These features suggest the Coates Lake Group,
equivalent Callison Lake dolostone and the Corn
Creek structures formed during dextral transtension
and transpression. This strike-slip model is also con-
sistent with the Cryogenian kinematics along the
western margin of Laurentia proposed by Li ef al.
(2013) from palaeomagnetic reconstructions.

Characteristic features of strike-slip basins
include basin asymmetry, rapid, episodic subsi-
dence, abrupt lateral facies changes, local unconfor-
mities and large facies changes in coeval basins that
formed in the same region (Christie-Blick 1985).
These basins also tend to preserve coarse-clastic
units in fault-bounded basins (Ingersoll 1988).
Additionally, Reading (1980) predicts that strike-
slip faults within continental crust often experience
alternating periods of extension and compression as
slip directions adjust along a fault. The opening and
closing of basins along strike-slip faults is thus
referred to as the ‘Reading Cycle’. This model could
help explain the multiple unconformity-bound,
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basin-forming events that occur in the Pahrump
Group through Ediacaran strata in Death Valley,
and localized deformation that continues up into
the Argenta member of the Kingston Peak For-
mation (Petterson 2009).

In a foreland model, the northeastward pro-
gression of siliciclastic input from the SW would
represent a growing orogen to the SW culminating
with unconformities at the top of KP1. This model
could account for the general basin patterns and
the appearance of rare c¢. 780 Ma grains on the
margin in TU2 strata (Mahon et al. 2014b), and is
not inconsistent with the transtension/transpression
model described above. However, more work is
necessary to determine if folds in TU2 are pre-
Sturtian in age.

Rifting of the supercontinent Rodinia started
between 850 and 750 Ma and is associated with
the emplacement of several LIPs (Li et al. 2008).
Rifting of a more distal margin of Laurentia, or sub-
sidence related to the emplacement of the c. 780 Ma
Gunbarrel LIP in Laurentia and Australia and the
coeval Kangding LIP in South China (Li et al.
2003, 2007; Lin et al. 2007; Ernst et al. 2008),
may also account for local faulting and the narrow
basin formation that accommodated deposition of
TU2. However, importantly, these deposits do not
record rifting of the proximal western margin of
Laurentia that culminated in the Ediacaran to Cam-
brian passive margin, but instead reflect a distinct
and separate tectonothermal event.

Carbon isotope chemostratigraphy
and Laurentian correlations

Our data include the first high-resolution 8'*C curve
for the Horse Thief Springs Formation. If the 8'*C
values presented here reflect the carbon isotopic
composition of dissolved inorganic carbon in sea-
water, then our data show multiple previously un-
documented negative carbon isotope excursions
between c¢. 780 and 730 Ma. To test the possibility
that these values reflect a global signature, they
should be reproducible in other correlative Lauren-
tian basins. Alternatively, if the base of TU2 is
slightly older than LA-ICPMS detrital zircon ages
suggest (Mahon et al. 2014b), the Horse Thief
Springs Formation could be correlative with the
Bitter Springs Stage, which has been constrained
to between c. 811 and 780 Ma (Macdonald et al.
2010). This correlation could be tested with addi-
tional geochemical analyses that would provide
greater age precision on detrital zircons from the
base of the Horse Thief Springs Formation.

The '>C values of the Beck Spring Dolomite
refine correlations within the TU2 basin. The slight
downturn in negative 8'>C values in the middle of
the ‘W-shape’ profile is a marker of synchronicity

that is documented across the basin. Similarly, the
negative excursion at the top of the Beck Springs
Dolomite is another synchronous marker. Values
from the top 5—-20 m of the Beck Canyon, Alexan-
der Hills and Black Mountains sections return to
positive 8'°C values, demonstrating diachronous
deposition of carbonate across the basin. Coupled
with remarkable similarity to data from the Callison
Lake dolostone (Fig. 10), we suggest that the
anomaly at the top of the Beck Spring Dolomite is
global and correlative with the c¢. 735 Ma Islay
anomaly (Hoffman ef al. 2012; Strauss et al. 2014).

It is also possible that the 8'*C values from TU2
may not represent ancient seawater composition,
but rather some local sedimentary processes includ-
ing authigenic precipitation or post-depositional
alteration. However, the isotope excursions appear
to be inconsistent with an explanation that invokes
surface exposure and alteration through interac-
tion with terrestrial soils (Knauth & Kennedy
2009). There is abundant evidence for exposure in
the Horse Thief Springs Formation, but there is no
systematic way in which the exposure surfaces cor-
relate with the negative 3'3C values. In fact, some of
the carbonates that show evidence for exposure
have positive 8'°C values of up to +5%o. In addi-
tion, the 8'>C excursions in the Horse Thief Springs
Formation are continuous and do not display much
variability, a feature that would be expected if the
negative excursion was a result of penetration of
depleted fluids from terrestrial soils into the under-
lying carbonate.

Our evidence that the negative isotope excur-
sion at the top of the Beck Spring Dolomite is not
related to surface exposure and alteration through
terrestrial soils is geological and sedimentologi-
cal in nature. Our geological mapping of the Beck
Spring Dolomite shows that the ‘palaeokarst
caves’ that have been reported from the top of the
Beck Spring Dolomite in the Kingston Range
were formed during Kingston Peak time, not Beck
Spring Dolomite time. Additionally, in several of
our measured sections, we demonstrate that the
3'3C excursion at the top of the unit is not associ-
ated with karsting or exposure but rather a transgres-
sion. These are significant results because they
demonstrate that this anomaly can no longer be
used as evidence for Neoproterozoic greening of
land (Knauth & Kennedy 2009).

TU2 has been correlated with the Chuar Group in
Arizona, the Uinta Mountain Group in Utah, and the
Coates Lake Group and Callison Lake dolostone of
NW Canada (Dehler et al. 2010; Macdonald et al.
2010, 2013a; Strauss et al. 2014). All five of these
basins share similar features and age constrains;
however, given that we do not yet understand how
to interpret the 8'>C values for the units in TU2, we
do not advocate for member- and formation-specific
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Fig. 10. Refined regional correlations for successions from western US and NW Canada that are generally coeval with
TU2 strata in Death Valley. Detrital zircons at the base of the Horse Thief Springs Formation have been dated using laser
ablation—inductively coupled plasma mass spectrometry (LA-ICPMS) at c. 780 Ma (Mahon et al. 2014b), providing a
maximum age constraint for TU2. Ages at the base of KP2 are from correlation to NW Canada (Macdonald ez al. 2010,
2013a). Age constraints on the Chuar Group include a 742 + 6 Ma U—Pb zircon age from an ash (Karlstrom et al. 2000)
at the top of the Kwagunt Formation. The shale at the top of the Callison Lake dolostone has a Re—Os age of

739.9 + 6.5, providing a date for the Islay excursion (Strauss et al. 2014). Additionally, the basal Callison Lake
dolostone has a Re—Os age of 752.7 + 5.5 Ma (Rooney et al. 2015). A Re—Os age of 732.2 + 4.7 Ma is from the
organic-rich limestone of the Coppercap Formation of the Coates Lake Group (Rooney et al. 2014). VSMs have been
identified in the upper Beck Spring Dolomite and Virgin Spring Limestone (Licari 1978; Macdonald et al. 2013a), the
Red Pine Shale (Vidal & Ford 1985), the Kwagunt Formation (Dehler et al. 2007) and the Callison Lake dolostone
(Strauss et al. 2014). Carbonate 8'3C values are plotted for carbonate-rich successions (Macdonald ez al. 2010, 2013a;
Rooney et al. 2014). This correlation emphasizes a broader correlation of coeval basins along western Laurentia rather
than member- and formation-specific ones.

correlations between TU2 and these other basins.
We instead emphasize broader correlations between
tectonostratigraphic units (Fig. 10). Researchers
working on these five basins should continue to
look for 8'3C curves similar to those from the
Horse Thief Springs Formation and to use geochro-
nology to refine the ages of different members and
formations that are part of these basins.

Detrital zircon provenance

Grenville-aged detrital zircons in the Neoprotero-
zoic basins of northern and western Laurentia are
commonly interpreted to be sourced from eastern
Laurentia via transcontinental rivers (Rainbird

et al. 1992, 1997; Dehler et al. 2010). However,
an alternative interpretation is that grains from at
least some of these basins were sourced from the
more proximal southern extension of the Grenville
Province (Anderson & Morrison 1992; Bickford &
Anderson 1993). Granites dated at ¢. 1220 Ma are
present in the San Gabriel Mountains in SE Califor-
nia (Ekstrom ef al. 1994; Barth et al. 1995,2001) and
New Mexico, Arizona and Chihuahua host granites
that are ¢. 1070 Ma (Stewart et al. 2001; R4mo et al.
2003; Iriondo et al. 2004). Neoproterozoic detrital
zircon samples from Death Valley offer evidence
for a southern, more local sedimentary source.
Sandstone in the Horse Thief Springs For-
mation contain zircons derived locally from the
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Mojave province (1780-1660, 1430-1400, and
1210-1180 Ma; Wooden et al. 2013), but also
contain grains with ages between c. 1950—-1800
and 1650-1450 Ma (Fig. 8a, b) that do not have a
local basement source. One possibility is that these
grains are sourced from reworked Crystal Spring
Formation, although the limited detrital zircon
data from the Crystal Spring Formation do not
yield these ages (Mahon et al. 2014b). Another
possibility is that these grains are sourced from
the Yavapai and Mazatzal crustal provinces (Karl-
strom & Humphreys 1998; Duebendorfer et al.
2001; Cox et al. 2002; Ramo et al. 2003; Iriondo
et al. 2004; Amato et al. 2008). A third possibility
is that an unknown source lay south or west of
Laurentia during the Neoproterozoic. Many sand-
stone beds in the Horse Thief Springs Formation
are texturally and compositionally mature, and
palaeoflow measurements indicate provenance
from the SW (Maud 1979, 1983; Roberts 1982). A
source that is consistent with these sedimentological
observations is the Gawler Craton of Australia,
which includes the c¢. 1850 Ma Donington Suite
and the ¢. 1590—1570 Ma Gawler Range Volcanics
(Fanning etz al. 1988; Blissett et al. 1993; Peucat
et al. 2002; Reid & Hand 2012).

In the Beck Spring Dolomite, peaks become
sharper and more dominated by the local, Mojave
province peaks (Fig. 8b). This is consistent with
the interpretation that, as this basin was forming,
coeval uplift to the south was occurring and limiting
more regional sediment influx to the basin; silici-
clastic input into the basin during Beck Spring Dolo-
mite time was tectonically derived from local
sources. Stratigraphically higher, in KP1 and the
Virgin Spring Limestone, the 1780—1660 Ma peak
becomes less dominant. The Virgin Spring Lime-
stone samples contain different age peaks than
those in the TU2 samples, suggesting sediment
input from an additional source (Fig. 8b). This
change in detrital zircon age spectra is consistent
with basin reorganization occurring between TU2
and TU3 (Fig. 9b).

Again, during Kingston Peak time, syn-
sedimentary normal faults were active and local
depocentres developed with palacoflow generally
to the south (Mrofka 2010; Petterson et al. 2011).
This can be seen in the Saddle Peak Hills area
(Fig. 3) and in the Kingston Range (Fig. 4), where
the stratigraphy expands southward below a sub-
Noonday unconformity (Macdonald et al. 2013a).
KP2 sample E1201 displays a sharp peak at
1780 Ma, implying derivation from local basement,
an inference supported by the observation that a
large proportion of these grains have severe radi-
ation damage, similar to grains described in the
vicinity of World Beater Dome (Lanphere 1962).
The other KP2 sample, F1342, has three age peaks

between 1500 and 1250 Ma in addition to the
1780 Ma peak. The sample from KP3, a medium-
grained sandstone within graded beds, lacks the
local 1780 Ma peak, but again displays two broad
peaks between 1500 and 1250 Ma, similar to sam-
ples from the Virgin Spring Limestone (Fig. 8b).
The detrital zircon data of TU2 in Death Valley
show important similarities as well as differences
from coeval strata of the Chuar Group in Arizona
and the Uinta Mountain Group in Utah (Fig. 11).
The 10 samples from TU2 in Death Valley are domi-
nated by the Mojave province peaks while the Chuar
and Uinta Mountain Groups have additional sedi-
mentary sources from other Laurentian basement.
The samples from the Chuar Group also have a sig-
nificant 1700—1600 Ma peak from the Mazatzal
Province and a 1200—1000 Ma peak from the Gren-
ville Province (Gehrels ez al. 2011). The age profile
of samples from the Uinta Mountain Group is very
different from the age distributions of TU2 and the
Chuar Group. In addition to minor Mojave-aged
peaks, it has a significant Archaean peak from the
Wyoming and Superior Cratons, an 1800—1700 Ma
peak from the Yavapai and Central Plains prov-
inces, and a 1200— 1000 Ma peak from the Grenville
Province (Rybczynski 2009; Dehler et al. 2010).
With the exception of rare c¢. 780 Ma grains, all of
the detrital grains in TU2 of Death Valley can be
accounted for with local sources to the south in the
Mojave block, whereas the Chuar and Uinta Moun-
tains groups show a more cosmopolitan Laurentian
signature. These data demonstrate that TU2 detritus
was sourced locally from the western margin of
Laurentia and not from transcontinental rivers.

Implications for Rodinia reconstructions

Different Rodinia reconstructions have placed Aus-
tralia, Antarctica, Congo, Kalahari, Siberia, South
China and Tasmania along the south and west
margins of Laurentia during the early Neoprotero-
zoic (McMenamin & McMenamin 1990; Dalziel
1991; Hoffman 1991; Li er al. 1995, 1996, 2008;
Karlstrom et al. 1999; Burrett & Berry 2000;
Sears & Price 2000). Detrital zircon geochronology
is one tool that can be used to test these proposed
ties. However, detrital zircon age profiles from
TU2 of Death Valley, the Uinta Mountain Group
and the Chuar Group (Fig. 11), three Laurentian
basins that are known to be roughly coeval, show
how local sedimentary sources can dominate age
populations, potentially limiting the usefulness of
this tool. Stratigraphic progression of changing
sedimentary sources just within TU2 (Fig. 8b) fur-
ther demonstrates how active tectonism can mute
or eliminate some sedimentary sources within a sin-
gle basin. Nonetheless, detrital zircon spectra from
Neoproterozoic sequences on the Congo, Tasmania,
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Fig. 11. Detrital zircon age profiles of samples from TU2 in Death Valley, the Chuar Group in Arizona (Gehrels

et al. 2011) and the Uinta Mountain Group in Utah (Rybczynski 2009; Dehler ef al. 2010). The ages from Death
Valley are from the lower 10 samples in Figure 8b. Probability density plots for the Chuar Group and Uinta Mountain
Group show ages that are from a mix of local and continental sources, while the TU2 samples are dominated by ages
from very local sources. Shaded grey bars represent Mojave basement ages from Wooden et al. (2013).

Australia and the Cathaysia block of South China
are generally more similar to the TU2 samples
derived primarily from the Mojave block (Fig. 8a,
b), whereas those from Neoproterozoic sequences
on the Yangtze block of South China, Kalahari
and Siberia are distinctly different (Fanning et al.
1988; Blissett et al. 1993; Li er al. 1995, 2002,
2007; Sears & Price 2000; Berry et al. 2001;
Peucat et al. 2002; Black et al. 2004; Sears et al.
2004; Wang et al. 2007; Jacobs et al. 2008; Belou-
sova et al. 2009; MacLean et al. 2009; Goodge
et al. 2010; Zhao et al. 2011; Reid & Hand 2012;
Hofmann et al. 2014; Konopasek et al. 2013).
Additionally, there is no known source for the
rare c¢. 790—760 Ma detrital zircons that have been
reported from the ChUMP basins (Dehler et al.
2010; Mahon et al. 2014b) and the 742 + 6 Ma
ash from the top of the Chuar Group (Karlstrom
et al. 2000). Our study demonstrates that these
grains are exceedingly rare, representing less than
.01% of grains. Unless grains of this age came
from Moine pegmatites in the Dalradian block of
eastern Laurentia (Van Breemen et al. 1974,
Rogers et al. 1998) or the Mt Rogers Formation in

the southern Appalachians (Aleinikoff ef al. 1995),
and travelled across Laurentia, we should be look-
ing for a source of these young grains to use as a
Rodinia piercing point. As discussed above, there
is no evidence for transcontinental rivers providing
detritus to TU2. Pb—Pb SHRIMP zircon ages from
granite on King Island and NW Tasmania yielded
ages of 760 + 12 and 770 + 7 Ma, respectively
(Turner et al. 1998). It is unclear whether these gran-
ites are related to a Neoproterozoic orogenic event
(Turner et al. 1998) or Neoproterozoic rifting (Berry
et al. 2008). While speculative, these granites are
one possible source for the ¢. 780 Ma grains. Further
work is necessary to document the distribution of
these grains throughout Laurentia and to refine
their age with TIMS. Additionally, 800—720 Ma
magmatic ages are common in South China (e.g.
Zhou et al. 2002). Potential candidates as a source
for the 742 + 6 Ma Chuar Group ash include the
752-741 Ma Rosh Pinah Formation in the Gariep
Belt of the Kalahari Craton of SW Namibia
(Frimmel et al. 1996) and the 746 + 2 Ma Naauw-
poort Formation on the Congo Craton of north-
central Namibia (Hoffman ef al. 1996). Basement
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ages of the Namaqua—Natal Belt of the Kalahari
Craton (Eglington 2006) also share similarities
with SW Laurentia.

Conclusions

Here we demonstrate that there are large facies
changes in the Beck Spring Dolomite and its bound-
ing units over short lateral distances. The new
depositional model and detrital zircon analyses pre-
sented here extend others’ work on the Horse Thief
Springs Formation (Maud 1979; 1983; Mahon et al.
2014b) to suggest that the Beck Spring Dolomite
and KP1 also fringed a coeval palaeohigh to the
south. During TU2 time, accommodation space
was being created quickly in a tectonically active
basin, while calcifying microbes competed against
sediment influx from the SW to fill the space.

We present new high-resolution carbon isotope
chemostratigraphy of the Horse Thief Springs For-
mation and Beck Spring Dolomite, refining basinal
correlations. We demonstrate that the carbon iso-
tope anomaly at the top of the Beck Spring Dolo-
mite is a reproducible feature across the basin
and is not associated with karsting or exposure
but rather a transgression. Without better age con-
straints or understanding of the local sedimentary
processes affecting carbon isotopes in this basin,
we emphasize broader tectonostratigraphic corre-
lations rather than member- and formation-specific
chemostratigraphic ones between TU2 and the
equivalent strata in the western US (i.e. the ChUMP
basins) and NW Canada.

We refine the timing of these three discrete
basin-forming events in the Pahrump Group, all of
which predate the NW-facing margin during Edia-
caran time. In particular, we suggest that TU2 was
deposited rapidly around c. 735 Ma and did not
form during protracted rift-related extensional tec-
tonism of the western margin of Laurentia, but
instead records a distinct and separate tectonother-
mal event.
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