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ABSTRACT

Neoproterozoic strata in Death Valley, 
California, contain eukaryotic microfossils 
and glacial deposits that have been used to 
assess the severity of putative snowball Earth 
events and the biological response to extreme 
environmental change. These successions also 
contain evidence for synsedimentary faulting 
that has been related to the rifting of Rodinia, 
and in turn the tectonic context of the onset of 
snowball Earth. These interpretations hinge 
on local geological relationships and both re-
gional and global stratigraphic correlations. 
Here, we present new geological mapping, 
measured stratigraphic sections, carbon and 
strontium isotope chemostratigraphy, and 
micropaleontology from the Neoproterozoic 
glacial deposits and bounding strata in Death 
Valley. These new data enable us to refi ne 
regional correlations, both across Death Val-
ley and throughout Laurentia, and construct 
a new age model for glacigenic strata and 
microfossil assemblages. Particularly, our 
remapping of the Kingston Peak Formation 
in the Saddle Peak Hills and near the type 
locality shows for the fi rst time that glacial 
deposits of both the Marinoan and Sturtian 
glaciations can be distinguished in southeast-
ern Death Valley, and that beds containing 
vase-shaped microfossils are slump blocks 
derived from the underlying strata. These 
slump blocks are associated with multiple 
overlapping unconformities that developed 
during synsedimentary faulting, which is a 
common feature of Cyrogenian strata along 
the margin of Laurentia from California to 
Alaska. With these data, we conclude that all 
of the microfossils that have been described 
to date in Neoproterozoic strata of Death Val-

ley predate the glaciations and do not bear 
on the severity, extent, or duration of Neo-
proterozoic snowball Earth events.

INTRODUCTION

The Neoproterozoic Era (1000–542 Ma) wit-
nessed a major diversifi cation of eukaryotes, 
including the origin of animals (Knoll et al., 
2006), and extreme swings in climate, including 
putative snowball Earth events (Hoffman et al., 
1998; Kirschvink, 1992). The apparent coinci-
dence between Neoproterozoic glacial events 
and the appearance of animals in the fossil record 
(Erwin et al., 2011; Love et al., 2009; Macdon-
ald et al., 2010b; Peterson et al., 2008; Yin et al., 
2007) has fueled speculation concerning the 
relationships between extreme climate change 
and eukaryotic evolution (Boyle et al., 2007; 
Costas et al., 2008; Hoffman and Schrag, 2002). 
Alternatively, the presence of photosynthetic 
autotrophs and heterotrophs before, and their 
survival through, Neoproterozoic glaciations 
(Corsetti et al., 2003, 2006; Olcott et al., 2005; 
Porter and Knoll, 2000) has been argued to pre-
clude a snowball Earth scenario (Corsetti, 2009; 
Moczydlowska, 2008; Runnegar, 2000). These 
interpretations are only as good as the records 
on which they are based. Although the micro-
fossil record from strata deposited during the 
Cryogenian1 glacial interlude has increased dra-
matically with discoveries from Namibia (Bosak 

et al., 2011a, 2012; Brain et al., 2012; Pruss 
et al., 2010) and Mongolia (Bosak et al., 2011b), 
attempts at integrating Cryogenian fossil records 
globally and assessing the biological response to 
Neoproterozoic glaciation have been frustrated 
by the dearth of geochronological constraints, 
along with uncertainties in stratigraphic correla-
tions between different fossil localities.

Ease of accessibility and spectacular expo-
sure have made the Pahrump Group of Death 
Valley, California (Fig. 1), an iconic record of 
Neoproterozoic environmental change. Distinct 
early Cryogenian “Sturtian” (ca. 717–662 Ma; 
Bowring et al., 2007; Macdonald et al., 2010b; 
Zhou et al., 2004) glacial deposits and late Cryo-
genian “Marinoan” (ca. 635 Ma; Condon et al., 
2005; Hoffmann et al., 2004) glacial deposits 
are present in the Kingston Peak Formation 
on the west side of Death Valley, in the Pana-
mint Mountains (Miller, 1985; Petterson et al., 
2011; Prave, 1999). However, in southeastern 
Death Valley, it has remained unclear if glacial 
deposits of the Kingston Peak Formation are 
Sturtian or Marinoan in age (Mrofka and Ken-
nedy, 2011; Prave, 1999). Conversely, in south-
eastern Death Valley, vase-shaped microfossils 
(VSMs), fi lamentous organisms, possible algae, 
and cyanobacteria are present in the Pahrump 
Group (Corsetti et al., 2003; Licari, 1978; 
Pierce and Cloud, 1979), whereas Neoprotero-
zoic microfossils have not been identifi ed on the 
west side of Death Valley. These paleontological 
fi nds include a putative synglacial biota in the 
“oncolite bed” of the Kingston Peak Formation  
(Corsetti et al., 2003), but because of strati-
graphic uncertainties and structural complex-
ity in southeastern Death Valley (Walker et al., 
1986), the age of these microfossil assemblages 
has remained unclear (Hoffman and Maloof, 
2003; Macdonald et al., 2010b). Stratigraphic 
relationships have been complicated by syn-
depo sitional tectonism, which has left the 
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1The Cryogenian Period is formally defi ned from 
850 to 635 Ma. Herein, we follow the recommenda-
tion of the International Geological Correlation Pro-
gramme (IGCP) 512 Neoproterozoic stratigraphic 
subcommission, which defi nes the base of the Cryo-
genian at the base of the oldest Neoproterozoic gla-
cial deposit from a global glaciation. While there is 
still controversy over the possibility of pre-Sturtian, 
ca. 750 Ma glaciations, we assume that these deposits 
are not global and take the onset of the Sturtian glaci-
ation at 717 Ma as the base of the Cryogenian Period.†E-mail: fmacdon@fas.harvard.edu.
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succession  with multiple overlapping uncon-
formities, many redeposited beds, and large 
lateral  facies changes. Here, we present new geo-
logical mapping, measured stratigraphic sections, 
carbon and strontium isotope chemo stratigraphy, 
and microfossil discoveries from key localities 
in southeastern Death Valley (Fig. 1). These data 
allow us to unify Neoproterozoic records across 
the valley and beyond, and reassess the strati-
graphic relationship between global glaciation 
and biological turnover.

GEOLOGICAL SETTING

Exposures in the Death Valley region of 
southern California (Fig. 1) record the geo-
logical evolution of the southwestern margin 
of Laurentia. The oldest rocks in the region 
are ca. 1.76 Ga granitic gneisses of the Mojave 
crustal province (Barth et al., 2000; Strickland 
et al., 2012; Wasserburg et al., 1959), which are 
intruded by ca. 1.4 Ga porphyritic quartz mon-
zonite (Labotka et al., 1980). Unconformably 
overlying those basement rocks, the Pahrump 
Group is a 1.5–4-km-thick mixed carbonate and 

siliciclastic succession exposed across south-
eastern Death Valley and the Panamint Moun-
tains (Hazzard, 1937; Hewett, 1940, 1956; 
Noble, 1934; Wright et al., 1974). Upwards, it 
consists of the Crystal Spring Formation (here 
differentiated into the upper and lower Crystal 
Spring Formation), the Beck Spring Dolomite, 
and the Kingston Peak Formation (Fig. 2). The 
lower portions of the Crystal Spring Formation 
are intruded by 1.08 Ga diabase sills (Heaman 
and Grotzinger, 1992). A minimum age for the 
Pahrump Group is provided by the overlying 
Noonday Formation (Hazzard, 1937; Hewett, 
1956; Noble, 1934; Wright et al., 1974), the 
lowest member of which has been identifi ed as a 
basal Ediacaran cap dolostone (Petterson et al., 
2011), dated globally at 635 Ma (Condon et al., 
2005; Hoffmann et al., 2004). The Noonday 
Formation is succeeded by the Johnnie Forma-
tion, Stirling Quartzite, and the Early Cambrian 
Wood Canyon Formation, which contains the 
Precambrian-Cambrian boundary (Corsetti and 
Hagadorn, 2000).

Following multiple episodes of late Neo-
proterozoic extension (Prave, 1999; Stewart, 

1975), and subsequent Cambrian passive-
margin development (Armin and Mayer, 1983; 
Stewart, 1970), the region experienced Permian 
contraction and magmatism (Snow et al., 1991). 
This was followed by the Mesozoic Cordilleran 
orogeny (Burchfi el et al., 1992, 1970; Snow 
and Wernicke, 1990), and Neogene extension 
accommodated by breakaway detachment faults 
(Snow and Wernicke, 2000; Wernicke et al., 
1988; Wright, 1976) and associated felsic and 
mafi c intrusions (Calzia and Ramo, 2000; Fleck, 
1970; Wright et al., 1991).

Stratigraphy of the Pahrump Group

Crystal Spring Formation
The Pahrump Group begins with the Crystal 

Spring Formation, which is 300–1000 m thick 
and rests nonconformably on Mesoprotero-
zoic granitic to amphibolitic gneissic basement 
(Roberts , 1982; Wright, 1968). Above this sur-
face, there is a variably developed basal con-
glomerate (interestingly, this unit is dominated 
by light-colored meta-quartzite clasts rather than 
gneissic ones) that is overlain by purple to violet 
quartzite and shale, followed by a thick (many 
tens of meters) stromatolitic dolostone and then 
a cherty mudstone and fi ne-grained quartzite 
unit (Roberts, 1982). The 1.08 Ga diabase sills 
(Heaman and Grotzinger, 1992) intrude these 
strata, generating hornfels and talc (Wright, 
1968). The lower Crystal Spring Formation is 
unconformably overlain by the upper Crystal 
Spring Formation, which is a mixed siliciclastic-
carbonate succession that is ~100–650 m thick, 
and is not intruded by the diabase.

Beck Spring Dolomite
The contact between the upper Crystal Spring 

Formation and the Beck Spring Dolomite is tran-
sitional and conformable (Roberts, 1982), and 
it is placed at the base of the fi rst well-defi ned, 
meter-scale carbonate parasequence, where 
the succession transitions to carbonate-domi-
nated deposition. The Beck Spring Dolomite is 
100–400 m thick, and it consists predominantly 
of blue-gray dolostone with abundant micro-
bialite and oolitic packstone, occasional micrite 
with molar tooth structure, and minor silici-
clastic interbeds (Gutstadt, 1968; Marian and 
Osborne, 1992).

Kingston Peak Formation
The Kingston Peak Formation is lithologically 

diverse, characterized by glacigenic diamictites, 
but also including carbonates and other nonglaci-
genic siliciclastic rocks. The Kingston Peak 
Formation has proven to be problematic with 
regard to establishing a regional stratigraphic 
framework. This is due in part to the presence 
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of only one widespread diamictite unit in south-
eastern Death Valley (KP2), whereas in the 
Panamint Mountains there are two (Surprise and 
Wildrose diamictites), including a well-devel-
oped nonglacial stratigraphy between these 
glaci genic intervals that is lacking in southeast-
ern Death Valley. In the Panamint Mountains, 
the Kingston  Peak Formation has been divided 

into the Limekiln Spring, Surprise, Sourdough, 
Middle Park, Argenta, Mountain Girl, Thorndike 
(also referred to as the “unnamed” limestone), 
and Wildrose members (Miller, 1985; Petterson 
et al., 2011). The Surprise and Wildrose mem-
bers have been suggested to represent Sturtian 
and Marinoan glacial deposits, respectively 
(Petterson et al., 2011; Prave, 1999). In contrast, 

in southeastern Death Valley, the formation con-
sists of three informal mappable units, KP1, 
KP2, and KP3, a locally developed fourth unit, 
KP4 (Prave, 1999; Wright, 1954), and an enig-
matic limestone unit, the Virgin Spring Lime-
stone (Tucker, 1986), which is variably present 
at the contact between KP1 and KP2. Some 
studies have further divided the Kingston Peak 
Formation into northern and southern facies 
belts as a function of clast composition (Mrofka 
and Kennedy, 2011; Troxel, 1966, 1967). Here, 
we use the KP1–KP4 nomenclature, rather than 
the northern and southern facies, and further 
subdivide KP3 into several mappable units.

Unit KP1 is as much as 250 m thick and con-
sists predominantly of thinly bedded (1–10-cm-
thick beds), mostly flat-laminated (ripple 
cross-lamination is present locally) to graded, 
fi ne-grained sandstone and shale with minor 
nodular dolostone.

The Virgin Spring Limestone sharply over-
lies KP1 and has previously been described in 
the Black Mountains and Southern Ibex Hills 
(Fig. 1) as a <20-m-thick, fi ne-laminated lime-
stone (Tucker, 1986). In the Kingston Range and 
Alexander Hills, the Virgin Spring Limestone is 
missing, and KP2 rests sharply on KP1.

Unit KP2 is a massive, poorly bedded 
diamictite that is 50–370 m thick. Clasts range 
in size from pebbles to boulders and consist 
of gneissic rocks derived from the basement, 
and quartzite and dolostone from the underly-
ing Crystal Spring Formation and Beck Spring 
Dolomite; glacially striated clasts are present 
but rare (Miller et al., 1988). The matrix varies 
from brown colored, where rich in carbonate, to 
greenish-black, where dominated by mud- and 
sand-sized siliciclastics. The contact at the top 
of KP2 with the overlying KP3 rocks is variable; 
in some places, it is sharp, and in others, it is 
gradational.

Unit KP3 has a clast composition similar to 
KP2 but is typically dominated by clasts derived 
from the Beck Spring Dolomite and the Crys-
tal Spring Formation. KP3 consists of several 
interbedded lithologies: meters-thick, matrix- 
and clast-supported sedimentary breccias and 
conglomerates, centimeter- to meter-thick, 
fi ne- to very coarse-grained graded sandstone 
beds, and shale. KP3 varies enormously in its 
development, ranging in thickness from as little 
as a few tens of meters to as much as several 
kilometers; it is green to reddish-brown in color 
and contains rare beds of iron formation. An 
oncolite-bearing dolostone layer was previously 
mapped as a laterally continuous marker bed 
in the KP3 (Calzia, 1990; Wright, 1974). The 
“oncolite bed” consists of large, partially silici-
fi ed ooids and pebble- to cobble-sized oncoids 
in light-gray dolostone, and it contains a rich 
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microfossil assemblage (Corsetti et al., 2003). 
KP3 also commonly contains olistoliths derived 
from the underlying units that range from car-
sized blocks to having length dimensions of 
more than a kilometer (Troxel, 1966).

In southeastern Death Valley, additional lenses 
of massive diamictite, unit KP4, overlie strati-
fi ed diamictite of KP3. This massive diamic-
tite and the overlying Noonday Formation rest 
unconformably on all the underlying strata and 
basement (Prave, 1999; Wright, 1974).

METHODS

Tectonostratigraphic Units

Prave (1999) developed a correlation scheme 
for the Pahrump Group through geological 
mapping and the identifi cation of uncon formity-
bounded tectonostratigraphic units. Here, we 
refi ne this framework (Fig. 2) by providing 
new observations from across the Death Val-
ley outcrop belt. We focused our efforts on key 
exposures of the Kingston Peak Formation in 
the Black Mountains (Virgin Spring Wash), 
Kingston Range, Southern Ibex Hills (Saratoga 
Springs), and the Saddle Peak Hills (Fig. 1), 
including detailed mapping of the latter (Fig. 3). 
Although formational contacts rarely coincide 
with the surfaces defi ning the tectonostrati-
graphic units, we retain preexisting nomencla-
ture as much as possible for consistency with 
previously published literature.

Stratigraphic correlations of the map units that 
bound the Kingston Peak Formation in Death 
Valley region are relatively straightforward (i.e., 
the Beck Spring Dolomite and the Noonday 
Formation); however, correlation of map units 
within Kingston Peak strata has proven to be 
frustrating. In large part, this is due to syn depo-
sitional tectonism resulting in multiple overlap-
ping unconformities and large lateral facies and 
thickness changes. Thus, to avoid forcing layer-
cake-like, lithostratigraphically based correla-
tions onto a succession of rocks in which units 
are laterally discontinuous and/or missing, we 
have used the unconformity surfaces bounding 
our newly refi ned tectonostratigraphic units as a 
means of constructing a pan–Death Valley Pah-
rump Group correlation scheme (Fig. 2), with 
the aim to extend these Neoproterozoic tec-
tonostratigraphic units along the western margin 
of Laurentia.

Chemostratigraphy

To test regional and global correlations, we 
sampled carbonates in measured stratigraphic 
sections and constructed detailed carbon (δ13C) 
and oxygen (δ18O) isotopic profi les through the 

Beck Spring Dolomite and the Virgin Spring 
Limestone in the Black Mountains, Kingston 
Range, Saddle Peak Hills, and Southern Ibex 
Hills (Fig. 1). In addition, strontium isotope 
(87Sr/86Sr) data were obtained for the Virgin 
Spring Limestone.

New carbonate δ13C and δ18O measure-
ments were obtained on 290 samples (see 
Data Repository Tables S1 and S22). Samples 
were microdrilled along individual laminations 
(where visible) to obtain 5–50 mg of powder; 
areas of veining and fracturing, and siliciclas-
tic-rich intervals were avoided. Carbonate δ13C 
and δ18O isotopic data from the Beck Spring 
Dolomite were acquired simultaneously at the 
Scottish Universities Environmental Research 
Center using an automated triple-collector gas 
source mass spectrometer (Analytical Precision 
AP2003), and additional samples of the Virgin 
Spring Limestone were measured at Harvard 
University. Approximately 1 mg samples of 
microdrilled material were reacted in an auto-
mated gas-preparation device with H3PO4. 
Evolved CO2 was collected cryogenically and 
analyzed using an in-house reference gas. Exter-
nal error (1σ) from standards was better than 
±0.2‰ for both δ13C and δ18O. Samples were 
calibrated to Vienna Peedee belemnite (VPDB) 
using internal standards and NBS 19. Carbonate 
δ13C and δ18O isotopic results are reported in per 
mil notation relative to the standard VPDB.

Major- and trace-element analyses and 
87Sr/86Sr measurements were performed on 19 
samples of the Virgin Spring Limestone col-
lected from the Black Mountains, Saddle Peak 
Hills, and Southern Ibex Hills (see Data Reposi-
tory Table S2 [see footnote 2]). In this procedure, 
50 ± 2 mg samples of powder were dissolved in 
Falcon tubes using 5 mL of 1.4 M acetic acid. 
Duplicates were created from a subset of sam-
ples and subjected to washing steps with metha-
nol and 0.2 M ammonium acetate to remove 
loosely bound cations from the noncarbonate 
constituents in the limestone prior to acid disso-
lution. Tubes were shaken vigorously and placed 
in an ultrasonic bath for 30 min to ensure com-
plete dissolution of the carbonate minerals, and 
then centrifuged to bead the residue. Next, 3 mL 
aliquots of the affl uent were transferred to a 
clean tube for major- and minor-element concen-
tration measurements, and 1 mL was transferred 
to another clean tube for Sr column chemistry.

The concentrations of major and minor ele-
ments were measured by solution nebulized–
inductively coupled plasma–mass spectrometry 
(SN-ICP-MS) on a Thermo X series quadru-

pole at Harvard University. Standard powders 
BHVO-2, DNC-1, JB-2, and W-2 were used to 
generate calibration curves. An additional in-
house standard K1919 was used to monitor the 
instrument drift throughout the run. The samples 
were run with a dilution factor of 1:5K using a 
matrix solution of 0.2 N HNO3 with Ge (10 ppb), 
In (3 ppb), Tm (3 ppb), and Bi (3 ppb) as internal 
standard elements for short-term drift correction. 
Major and minor elements were measured in two 
separate but consecutive runs without exchang-
ing any samples, standards, or blanks.

Strontium column chemistry was performed 
on 1 mL of sample to isolate Sr from coexist-
ing matrix elements. The samples, previously 
dissolved in acetic acid, were dried and redis-
solved in 3 N nitric acid. This step was repeated 
three times to ensure that all the acetic acid was 
evaporated. The solution was then loaded onto 
a preconditioned Sr Spec column. After three 
consecutive loadings of 0.25 mL 3 N nitric acid 
to ensure that other elements had been removed, 
Sr was eluted by 1 reservoir loading (~1 mL) 
of ultrapure water. The 87Sr/86Sr values were 
obtained from a Thermo Neptune multicollector 
ICP-MS at Woods Hole Oceanographic Institute 
(WHOI), Massachusetts. The measurements 
were performed with typical 88Sr beam intensi-
ties from 30 to 50 V. The 87Sr/86Sr ratios were 
corrected for Kr and Rb, and normalized using 
the exponential law. The standard NBS 987 was 
analyzed frequently between samples to moni-
tor the consistency of the measured values.

Micropaleontology

To further refi ne the biological record bound-
ing Neoproterozoic glacial events in the context 
of our new tectonostratigraphic framework, we 
examined the micropaleontology of the Vir-
gin Spring Limestone, which is the youngest 
unit preserved directly below the oldest glacial 
deposits in southeastern Death Valley.

Eighteen samples from the Virgin Spring 
Limestone from the Black Mountains (with 
outer weathered surfaces removed) were macer-
ated in acid to obtain residues from which 
microfossils could be extracted (e.g., Bosak 
et al., 2011a; Green, 2001). Approximately 
10–15 g of coarsely cut sample were washed 
in a bath of 10% buffered HCl for 24 h. Clean, 
prepared samples were then broken into smaller, 
millimeter-sized pieces and placed in test tubes. 
Each sample was separately dissolved in 10% 
HCl and 10% acetic acid to examine yields 
under different conditions. The residues were 
then rinsed and fi ltered over 100 μm, 41 μm, 
and 0.2 μm Millipore nylon mesh fi lters using a 
vacuum fi ltration device. Organic material was 
examined in two size fractions, >100 μm and 

2GSA Data Repository item 2013253, trace ele-
ment, strontium, carbon and oxygen isotope data 
tables , is available at http://www.geosociety.org/pubs/
ft2013.htm or by request to editing@geosociety.org.
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41–100 μm, under a dissecting microscope and 
a Nikon ® Eclipse TS100 inverted light micro-
scope. All possible microfossils were picked, 
mounted on a pin, and coated in mixture of gold 
and paladium using a Sputter Coater-Hummer 
V, in preparation for investigation under the 
FEI Quanta 450 scanning electron microscope 
(SEM) at the Center for Biological Microscopy 
and Imaging at Smith College.

RESULTS

Tectonostratigraphic Units

Tectonostratigraphic Unit 0: Lower Crystal 
Spring Formation

We here assign tectonostratigraphic unit (TU) 
TU0 to the Mesoproterozoic strata of Death Val-
ley to reserve tectonostratigraphic units TU1–
TU5 for Neoproterozoic strata, and we assign 
TU1 to early Neoproterozoic strata that are 
exposed on the northwestern margin of Lauren-
tia but are not present in Death Valley (Macdon-
ald et al., 2012). Correlation of TU0 and TU2 
across Death Valley is relatively straightforward 
and utilizes the basal unconformity of the lower 
Crystal Spring Formation and the basal uncon-
formity of the upper Crystal Spring Formation, 

respectively (Fig. 2). The upper Crystal Spring 
Formation is not intruded by diabase and rests 
with an angular discordance of up to 20° on the 
underlying rocks of the lower Crystal Spring 
Formation (Mbuyi and Prave, 1993). This 
unconformity surface defi nes the base of TU2 
and is marked by a sharp contact separating  
hornfelsed strata below from nonmetamor-
phosed rocks above (Fig. 4A). A decimeter-
thick, discontinuous conglomerate and breccia 
containing abundant hornfels and rare diabase 
clasts are developed locally along this contact 
(Fig. 4B). Immediately above these rocks, there 
is a widespread sandstone unit that contains 
detrital zircons as young as ca. 770 Ma (Dehler 
et al., 2011b). Given the 1.08 Ga date for the 
diabase, these data suggest that the duration 
of the lower-upper Crystal Spring Formation 
unconformity is >300 m.y., spanning deposi tion 
of TU1 preserved elsewhere in northern Lauren-
tia (Macdonald et al., 2012).

Tectonostratigraphic Unit 2: Upper Crystal 
Spring Formation, Beck Spring Dolomite, 
and KP1

TU2 consists of the upper Crystal Spring For-
mation, the Beck Spring Dolomite, and KP1. 
All three of these units display large lateral 

facies changes in southeastern Death Valley . 
Particularly , the Saddle Peak Hills mark an 
east-to-west transition from siliciclastic-poor 
to silici clastic-rich strata. To the east in the 
Kingston Range and Alexander Hills, the Beck 
Springs Dolomite is a massive, brecciated, 
dolomitic microbialite (Harwood and Sumner, 
2011; Marian and Osborne, 1992), whereas to 
the west, in the Saddle Peak Hills and South-
ern Ibex Hills, it is composed of hundreds of 
1–10-m-thick mixed carbonate and siliciclastic 
parasequences (Fig. 5). In the eastern localities, 
a variably developed, partially silicifi ed unit 
of millimeter- to centimeter-sized ooids and 
pebble-sized oncoids occurs near the top of the 
Beck Spring Dolomite. In the western locali-
ties, the Beck Spring Dolomite contains a sig-
nifi cant infl ux of coarse, quartz-rich sediment 
that is conspicuously absent in the sections east 
of Saddle Peak Hills. In addition to signifi cant 
facies changes, the thickness of the Beck Spring 
Dolomite varies by hundreds of meters (Fig. 5).

The Beck Spring Dolomite passes gradation-
ally (a few meters to as much as 20-m-thick 
transition) into the fi ne-grained siliciclastic unit 
KP1 of the Kingston Peak Formation. In many 
places, this interval is marked by interbedded 
silty carbonate and green-gray siltstone beds 

Figure 4. (A) Unconformity 
surface defi ning the base of the 
upper Crystal Spring Forma-
tion. Hammer head is just be-
low a sharply defi ned surface in 
blue that separates dark-pur-
ple–gray hornfelsed siliceous 
mudstones below from overly-
ing brownish-red, unmetamor-
phosed quartzitic sandstone 
above. The hornfelsing was a 
result of metamorphism asso-
ciated with the intrusion of 
1.08 Ga diabasic bodies. The 
overlying sandstones contain 
detrital zircons as young as ca. 
770 Ma. Hence, that surface 
represents an ~300 m.y. time 
gap. (B) Example of patchily 
developed breccia along the 
lower Crystal Spring–upper 
Crystal Spring unconformity 
surface. This lithology occurs 
as lenses and channels eroded 
into the underlying hornfelsed 
strata. Clast imbrication and 
coarse-tail grading indicate 
transport and sorting prior to 
deposition. Clasts consist of abundant hornfelsed siliceous mudstones and sandstones, light-colored, laminated and cross-bedded carbonate 
and siliciclastic rocks, and darker-colored igneous clasts, all of which are derived from the underlying lower Crystal Spring Formation.

A B
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and has been referred to as the “transition beds” 
(Corsetti and Kaufman, 2003; Link et al., 1993), 
which are succeeded by up to 250 m of silici-
clastic turbidites of KP1. Historically, KP1 has 
been placed within the Kingston Peak Forma-
tion, but the gradational contact with the under-
lying Beck Spring Dolomite indicates that it is 
part of the Beck Spring Dolomite depositional 
cycle (Prave, 1999). It is noteworthy that no 
diamictite, dropstones, or any other features that 
would distinguish KP1 as glacigenic have ever 
been documented. When the Pahrump Group 
stratigraphy is further refi ned and formalized, 
we suggest that the upper and lower Crystal 
Spring Formation are separated into two for-
mations and that unit KP1 is removed from the 
Kingston Peak Formation (e.g., KP1 was infor-
mally referred to as the Saratoga Springs Sand-
stone by Mrofka, 2010).

Tectonostratigraphic Unit 3: Virgin Spring 
Limestone, KP2, and KP3

In the Black Mountains, Southern Ibex Hills, 
and Saddle Peak Hills of southeastern Death 
Valley (Fig. 1), the Virgin Spring Limestone, a 
5–10-m-thick unit of black limestone, orange-
tan dolostone, and minor shale and siltstone, 
sits unconformably on KP1 (Figs. 6A and 7). 
It is this unconformity surface that defi nes the 
base of tectonostratigraphic unit 3. At the type 
section of the Virgin Spring Limestone in the 

Black Mountains, the surface is sharp, and strata 
above and below are concordant (Fig. 6B). In 
the southern Ibex Hills, the contact between the 
Virgin Spring Limestone and KP1 appears gra-
dational over several tens of centimeters. There, 
KP1 thins from south to north, from a couple of 
hundred meters to a few tens of meters, with the 
loss of section from the top down resulting in 
an angular discordance with the overlying Vir-
gin Spring Limestone. It is our new mapping in 
the Saddle Peak Hills, though, that reveals most 
starkly the unconformable relationship (Fig. 3). 
There, the Virgin Spring Limestone sits variably 
on KP1, Beck Spring Dolomite, and the Crystal 
Spring Formation (Fig. 6A).

The Virgin Spring Limestone displays a 
complicated internal stratigraphy, varying from 
limestone- to dolostone-rich intervals and from 
having abundant to minor siliciclastic inter-
beds (Fig. 7). Three sections were measured in 
detail: the eponymous type locality in the Black 
Mountains, where it is 7 m thick and consists 
of upper and lower intervals of dark-gray, fi nely 
laminated carbonate beds separated by an inter-
vening interval of centimeter-thick brown- to 
rust-colored beds containing disseminated silt-
sized quartz grains (Fig. 6C); the Southern Ibex 
Hills, where it is 2–3 m thick (Fig. 7), with the 
basal 0.2 m consisting of interbedded dark-gray 
limestone and siltstone and the remainder being 
thinly laminated, dark-gray calcilutite; and the 

Saddle Peak Hills, where it is as much as 8 m 
thick (Fig. 7) and composed predominantly 
of dark-gray limestone interbedded with thin 
beds of orange to red siltstone and grainstone 
lenses containing ooids and cobble-sized intra-
clasts (Fig. 6D). Everywhere, the upper contact 
with the overlying diamictite of KP2 is erosive 
(hence the varying thickness from location to 
location), commonly displaying karst and par-
tial silicifi cation. In many places, the lowermost 
part of KP2 diamictite contains abundant clasts 
plucked from the Virgin Spring Limestone, and 
in the Saddle Peak Hills, there is an 8-m-thick 
interval of orange-weathered dolostone breccia 
that separates the main body of the Virgin Spring 
Limestone from the overlying KP2 diamictite.

In the Saddle Peak Hills and Southern Ibex 
Hills, unit KP2 consists of a massive, dark-
weathering diamictite that contains mostly base-
ment clasts. In the Southern Ibex Hills, there are 
no strata exposed that are stratigraphically above 
KP2, but in the Saddle Peak Hills, a several-
meter-thick arkosic conglomerate-sandstone 
unit consisting of centimeter-sized quartz and 
feldspar grains occurs between massive diamic-
tite of KP2 and stratifi ed diamictite of KP3 (Fig. 
8A), testifying to a proximal basement high. 
This unit has a sharp base and fi nes upward 
into KP3. KP3 was subdivided into three units 
for mapping purposes (Fig. 3): KP3a, a thin-
bedded to laminated light-green–, to buff-, to 
pink-colored siltstone and sandstone unit with 
rare dropstones marked by a distinctive black 
staining along fractures forming an intricately 
patterned light-dark striping (informally termed 
“art rock”); KP3b, consisting of matrix- and 
clast-supported carbonate-clast conglomerate, 
green- to pale-pink–colored stratifi ed diamic-
tite, thin-bedded fi ne-grained sandstone and 
shale with rare dropstones/lonestones, and very 
coarse-grained channelized sandstone lenses 
(Fig. 8B); and KP3c, which is characterized by 
maroon-colored, thin- to thick-bedded, fi ne- to 
very coarse-grained, graded sandstone and silt-
stone beds with rare lonestones, dropstones, and 
thin lenses of iron formation, as well as intervals 
containing dispersed, meter-scale blocks com-
posed predominantly of Beck Spring Dolomite 
and Crystal Spring Formation. KP3a and KP3b 
are only present in the southwestern part of the 
Saddle Peak Hills map area, and both display 
an overall southwestward thickening. On the 
southern fl ank of the Saddle Peak Hills, faulting 
complicates the base of KP3c, but where fol-
lowed to the southwest toward equivalent beds 
at Sperry Wash (Abolins et al., 2000; Troxel, 
1967), KP3c strata onlap and expand along a 
low-angle unconformity (Fig. 3).

In the Kingston Range and Alexander Hills, 
the Virgin Spring Limestone is missing. There, 
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the base of KP2 erodes entirely through the Vir-
gin Spring Limestone to sit directly on KP1. 
In these instances, the bases of KP2 and TU3 
are coincident, and the lower part of the KP2 
diamictite commonly contains clasts of the Vir-
gin Spring Limestone. In the eastern Kingston 
Range, massive diamictite of KP2 is overlain by 
the KP3 megabreccia member of Calzia et al. 

(1987), which consists of meter- to kilometer-
scale olistoliths in a poorly sorted siliciclastic 
matrix with striated clasts (Fig. 8C), and which 
contains the “oncolite bed.” Previously pub-
lished maps covering the area of outcrop of 
the “oncolite bed” show it as a thin, laterally 
continuous unit sandwiched between the very 
coarse-grained facies of KP2 and KP3 (Calzia 

et al., 1987). Our mapping of the “oncolite bed” 
at several key exposures (including the local-
ity cited by Corsetti et al., 2003) reveals that it 
is not a continuous unit but actually a series of 
discontinuous, elongate olisoliths (hundreds of 
meters in length), many of which are rotated at 
a high angle to bedding relative to the encasing 
Kingston Peak rocks (Figs. 8E and 9). These 

Figure 6. (A) Angular uncon-
formity below the Virgin Spring 
Limestone (blue line) overlying 
the Beck Spring Dolomite and 
upper Crystal Spring Forma-
tion in the Saddle Peak Hills. 
Other contacts between map 
units are marked with solid 
white lines, and marker beds 
are dashed. (B) Thinly lami-
nated limestone at sharp basal 
contact of the Virgin Spring 
Limestone; coin for scale. Note 
veins along tension gashes that 
are parallel to fractures. These 
veins and fractures are related 
to Neogene extension rooted to 
the Black Mountains detach-
ment (Wright and Troxel, 1984) 
and are consistent with sig-
nifi cant fl uid fl ow. (C) Graded 
beds in the Virgin Spring Lime-
stone at Virgin Spring Wash. 
Tan beds are limestone with 
disseminated silt-sized quartz 
grains that grade upward into black limestone micrite. (D) Storm bed of calcarenite grit with rip-up clast in the Virgin Spring Limestone; 
note, again, the pervasive small-scale veining.
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slabs are associated with other large blocks and 
slabs that, in effect, form an armada of olisto-
liths derived largely from the Crystal Spring 
Formation, the Beck Spring Dolomite, and KP1. 
In the eastern Kingston Range, the megabreccia 
member is overlain by >500 m of heterolithic 
gravity-fl ow deposits with minor diamictite and 
10–100-m-thick bedded iron formation (upper 
member of Calzia et al., 1987; Graff, 1985). 
We correlate the megabreccia member to KP3a 
and KP3b and the upper member to KP3c in the 
Saddle Peak Hills (Fig. 2).

In the Panamint Mountains, glacigenic strata 
of the Limekiln Spring and Surprise Mem-
bers are overlain by a postglacial succession, 
the Sourdough cap carbonate and Middle Park 
Member, which is absent in southeastern Death 
Valley (Fig. 2). We tentatively place the base of 
TU3 at the base of the Limekiln Spring Member. 
We stress that the exact nature of the Limekiln 
Spring Member remains somewhat enigmatic, 

in part because of uncertainties in correlations 
of this unit across the Panamint Range, and will 
require further work. However, assigning the 
Limekiln Spring Member to TU3 places the fi rst 
occurrence of glacigenic rocks across the Death 
Valley area into the same succession. This link-
age is supported by the presence of arkosic con-
glomerates in KP3a in the Saddle Peak Hills that 
share lithological characteristics with the Favor-
able submember of the Limekiln Spring Mem-
ber (Carlisle et al., 1980; Kettler, 1982). In the 
southern and central Panamint Mountains, the 
Surprise Member consists of massive diamic-
tite intercalated with as much as 60 m of meta-
basalt (Miller, 1985). To the north, these massive 
diamictite facies grade into a bedded heterolithic 
sequence. We correlate this sequence, and the 
Surprise Member in general, to the iron-rich 
hetero lithic beds of KP3c in the Saddle Peak 
Hills and its equivalent in the eastern Kingston 
Range (Fig. 2).

Tectonostratigraphic Unit 4: KP4 and the 
Noonday Formation

In the Saddle Peak Hills, we observed a 
third diamictite unit, which we attribute to KP4 
(Fig. 3). KP4 is distinguished from KP3 by 
being a coarser and thicker-bedded, massive, 
matrix-supported diamictite in which the matrix 
is dark red and consists of silt-sized grains. It 
infi lls lenses and channels that erode into KP3 
and contains clasts of lithifi ed fragments of the 
underlying KP3 (Fig. 8D). Further, KP4, along 
with the capping Noonday Formation, seals 
NNE-SSW–oriented Precambrian faults (e.g., 
SE corner of Fig. 3). Combined, these obser-
vations are evidence for a signifi cant hiatus 
between KP3 and KP4, and we place the base 
of TU4 at the base of KP4. Where KP4 is not 
present, the base of TU4 is coincident with the 
base of the Noonday Formation.

In the Saddle Peak Hills, we follow Petter-
son et al.’s (2011) differentiation of the Noon-
day Formation in the Panamint Mountains into 
three members: the Sentinel Peak, Radcliff, 
and Mahogany Flats. On the northern fl ank 
of the Saddle Peak Hills, the Sentinel Peak 
Member is a >100-m-thick, light-colored dolo-
micrite with irregular cements, which locally 
form giant tubestone stromatolite mounds 
(Cloud et al., 1974; Corsetti and Grotzinger, 
2005; Wright et al., 1978). On the southern 
fl ank of the Saddle Peak Hills, the Sentinel 
Peak member is <5 m thick and commonly 
absent where KP4 is overlain by thin-bedded 
allodapic carbonate and fi ne to coarse maroon-
colored siliciclastic graded beds and debrites 
of the Radcliffe Member (a.k.a. Ibex facies; 
Troxel, 1982; Wright and Troxel, 1984). These 
debrites include tubestone–clast breccias shed 
off the Sentinel Peak mounds to the north 
(Fig. 3), and they are useful in distinguishing 
KP4 diamictite and Noonday debrites. The 
break between massive, thick Sentinel Peak 
facies and the Ibex facies occurs along the 
NNW-trending faults that were active during 
deposition of the underlying strata.

The top of TU4c is placed at the base of the 
overlying Johnnie Formation, which has been 
documented as an unconformity (Summa, 
1993). In the northern Saddle Peak Hills, karst 
pipes as much as 10 m deep and fi lled with 
coarse quartz grains dissect stromatolitic and 
laminated dolomicrite of the Mahogany Flats 
Member. On the southern fl anks of those hills, 
the lower Johnnie Formation is a many tens-
of-meters-thick dolomitic quartz arenite that 
erodes deeply into the Noonday strata, marking 
the base of TU5. Unfortunately, in most places, 
the contact is faulted such that it becomes diffi -
cult to document the magnitude of the erosional 
incision.

A B

C

E

D

Figure 8. Sedimentary features of the Kingston Peak Formation: (A) Granitic grit at KP2-
KP3a contact in the Saddle Peak Hills. (B) Channelized grit at KP3b-KP3c contact in the 
Saddle Peak Hills. (C) Striated clast from KP3 in the Kingston Range. (D) Clast of KP3 
diamictite within KP4 in the Saddle Peak Hills. (E) Beck Spring olistoliths in unit KP3 in 
the eastern Kingston Range, looking northeast at the southern portion of the Figure 9 map 
area. Field of view is ~500 m.
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In the Panamint Range, additional stratig-
raphy is preserved above the lowermost glaci-
genic rocks, and the base of TU4 is tentatively 
placed at the base of the Argenta member, which 
is a clastic wedge of coarse, arkosic sandstone 
and conglomerate (Petterson, 2009). An alterna-
tive is to place the base of this unit at the base 
of the Mountain Girl Conglomerate. It remains 
to be substantiated which of these two surfaces 
is the more correct, but in either case, both sur-
faces seal an episode of deformation: The base 

of the clastic wedge of the Argenta member sits 
locally with angular discordance on underlying 
rocks, whereas the Mountain Girl Conglomerate 
appears to cut across the Argenta wedge (Petter-
son, 2009).

The subdivision of TU4 into TU4a, TU4b, 
and TU4c highlights the syntectonic deposition 
and wedge-shaped stratal geometries (Fig. 2). 
TU4a consists of granitic grit and fanglomerate 
of the Argenta member (Petterson, 2009). The 
Argenta fanglomerate is sharply overlain by the 

conglomeratic Mountain Girl Member, which in 
turn is sharply overlain by the Thorndike Lime-
stone; these units constitute TU4b. TU4a and 
TU4b are absent in southeastern Death Valley. 
The base of the overlying massive diamictite of 
the Wildrose Diamictite, which commonly has an 
erosive base and cuts variably through the under-
lying strata (e.g., Prave, 1999), defi nes the base 
of TU4c. The Sentinel Peak Member of the 
Noonday Formation caps the Wildrose Diamic-
tite, which is equivalent to KP4 in southeastern 

115°51′0″W
35

°4
5′

0″
N

35
°4

6′
0″

N

35
°4

5′
0″

N
35

°4
6′

0″
N

115°51′0″W

115°50′0″W

115°50′0″W

KP1

BSD

KP2

KP3u

ND

ND

ND

KP3u

KP3m

KP3m

CSo

CSo

Beck Spring Dolomite

KP1

Noonday Fm. KP2

KP3m

KP3u KP1

KP2

BSDKP3m

KP3u

ND

Kingston Peak Fm.

CSo

Olistolith Lithologies

Beck Spring “oncolite bed”

Beck Spring Dol. olistolith

Crystal Spring Fm. olistolith

51

43

75

Figure 9. Generalized geological map of the oncolite beds in the Kingston Range mapped by Prave and Petterson 
on the Blackwater Mine and East of Kingston Peak 1:24,000 topographic maps with UTM gridlines. Coordinates 
are marked with crosses. KP3u—upper member, heterolithic facies including fanglomerate, fi ne- to coarse-graded 
beds (turbidites) and brown to red-brown mudstone; KP3m—megabreccia member, fanglomerate, brown mud-
stone and purple-red and yellow-gray shales with dropstones. Blue-colored blocks derived from the Beck Spring 
Dolomite, dark-blue–colored blocks derived from the Crystal Spring Formation, and green-colored layers are 
blocks of the oncolitic- and fossil-bearing Beck Spring unit.



Neoproterozoic glaciation, tectonism, and eukaryotic evolution in Death Valley

 Geological Society of America Bulletin, July/August 2013 1213

Death Valley (e.g., Prave, 1999). Where the 
diamictite is missing, the base of TU4c becomes 
coincident with the base of the Sentinel Peak 
Member.

Chemostratigraphy

Beck Spring Dolomite
The base of the Beck Spring Dolomite exhibits 

negative C isotopic values, reaching a nadir of 
–3‰. Values increase up section to a plateau 
of ~+5‰, with persistent positive values through 
the bulk of the formation before a downturn to 
–3‰ to –5‰ at the top (Fig. 5). This trend is 
consistent with the fi ndings of previous workers  
(Prave, 1999; Corsetti and Kaufman, 2003). The 
upper negative excursion is best developed in 
the Kingston Range (Fig. 5) and, relevant for the 
discussion to follow, is present within a distinc-
tive oncolite-bearing dolostone bed.

Virgin Spring Limestone
The δ13C data from the Virgin Spring Lime-

stone range from +1‰ to +7‰ (Fig. 7) and 
show variable profi les from section to section. 
The values nevertheless distinguish the Virgin 
Spring Limestone from the isotopically depleted 
Sourdough Limestone (Prave, 1999; Corsetti 
and Kaufman, 2003; Petterson et al., 2011), 
but they are similar to those of the 13C-enriched 
Thorndike Limestone.

Several Virgin Spring Limestone samples 
contain low Rb concentrations and very high Sr 
concentrations at an average of ~2300 ppm for 
unwashed samples (see Data Repository [see 
footnote 2]). The latter suggests that the Virgin 
Spring Limestone was originally precipitated as 
aragonite, which is supported by petrographic 
analyses of Tucker (1986). However, most of the 
87Sr/86Sr values in both washed and unwashed 
samples are highly radiogenic, indicating con-
tamination either from fi ne disseminated clay 
or from fl uids enriched in radiogenic Sr and/or 

Rb. Further, the data show a weak relationship 
between Sr concentration and 87Sr/86Sr values, 
and Sr isotope values covary with both the abun-
dance of Rb and with Mn/Sr ratios (see Data 
Repository Table S2 [see footnote 2]). These 
results indicate that the Virgin Spring Limestone 
has suffered from signifi cant diagenesis. Con-
sequently, because diagenetic fl uid fl ow from 
crustally derived sources generally increases 
the Sr isotopic ratio to more radiogenic values, 
we surmise that the lowest 87Sr/86Sr ratios would 
represent the best estimates for primary 87Sr/86Sr 
composition.

Most Virgin Spring Limestone samples from 
the type locality yielded high 87Sr/86Sr values, 
near 0.71 (see Data Repository Table S2 [see 
footnote 2]). Samples from the Saddle Peak 
and Southern Ibex Hills sections were generally 
less radiogenic. The lowest value of 0.70676 
came from a limestone sampled near the base 
of the Saddle Peak Hills section. This sample 
was measured several times, and the result was 
reproduced consistently. Thus, we consider 
0.70676 as the best estimate for the least-altered 
87Sr/86Sr value of the Virgin Spring Limestone.

“Oncolite Bed” in KP3
Carbon isotope values in the “oncolite bed” 

in KP3 increase upward from –2.5‰ to –0.5‰ 
(Fig. 10; Data Repository Table S1 [see footnote 
2]), excluding one negative outlier.

Micropaleontology

Microfossils were observed both in situ in 
thin sections and in residues of the Virgin Spring 
Limestone. The microfossils extracted were 
sparse, but several common morphotypes were 
documented from six samples (see Fig. 7 for 
stratigraphic position), and these can be sepa-
rated into two distinct groups based on morpho-
logical characteristics: some possible VSMs 
and organic material that lacked a robust test 

(Fig. 11). The former exhibit oval or spheroidal 
shapes extending into a neck or tapering to a 
point and share features reported previously for 
VSMs (Marti-Mus and Moczydlowska, 2000; 
Porter and Knoll, 2000) (Figs. 11A, 11C, and 
11E). They have lengths between 100 and 200 
μm and widths between 100 and 120 μm (mean 
length of ~120 μm; N = 6 whole tests and N = 18 
broken tests), and a few have putative apertures 
(Figs. 11A, 11C, and 11E). Some have char-
acteristics of modern lobose testate amoebae 
Hyalo spheniidae, within Tubulinea (Fig. 11A), 
such as a smooth test similar to Nebela sp. (Fig. 
11B). Others exhibit a cratered texture, and the 
surface indentations have a diameter of 10 μm 
with a 2 μm rim (Fig. 11C), which is similar 
to modern test Nebela penardiana (Fig. 11D), 
which secretes siliceous scales. In addition, sizes 
are comparable to modern populations (Ogden 
and Hedley, 1980). Although these ancient 
forms exhibit broad similarities to modern tes-
tate amoebae, we cannot assign them with confi -
dence to modern groups.

Organic forms that lack a robust mineral-
ized test were also observed in fi ltered residue 
samples of the Virgin Spring Limestone from the 
Black Mountains (N = 7). Many resemble fi la-
ments, tubes, and/or possible remnants of cyano-
bacteria or algae (Figs. 11F and 11G). Filaments 
range in size from 800 μm to several millimeters 
in length and in thickness from 10 to 20 μm, and 
some appear to be hollow or attached to a pos-
sible collapsed vesicle (Fig. 11F). Some forms 
exhibit a fl at, wide, elongate morphology (Fig. 
11G) and resemble previously identifi ed forms, 
such as the cyanobacterial sheath, Siphono-
phycus solidum (Vorob’eva et al., 2009).

DISCUSSION

Our new mapping, stratigraphic observations, 
and geochemistry allow us to refi ne regional 
correlations and integrate these records globally . 
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A B

C D

E

G

F

Figure 11. Scanning electron 
micrograph (SEM) images of 
fossils extracted from the Vir-
gin Spring Limestone at Virgin 
Spring Wash (A, C, E, F, G) and 
some possible modern equiva-
lents (B, D). Stratigraphic po-
sitions of samples are shown 
in Figure 7. (A) Possible vase-
shaped form (4.1 m from base 
of section); note smooth exterior 
and tapering of fossil into aper-
ture. (B) Modern testate amoe-
bae, Nebela spp. (C) Possible 
microfossil showing cratered 
surface (5.0 m). (D) Modern tes-
tate amoebae, Nebela penardi-
ana; note scales on surface, 
creating crater-like appear-
ance. (E) Possible vase-shaped 
fossil (4.3 m). (F) Organic 
micro fossil; long fi lamentous 
appearances attached  to col-
lapsed cup-shaped terminus 
(4.1 m). (G) Organic forms with 
fl at, elongate structure, simi-
lar to Siphonophycus solidum 
(5.0 m) (Vorob’eva et al., 2009).
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Next, we discuss how regional chemostrati-
graphic correlations help us to refi ne our tec-
tonostratigraphic units and the stratigraphic 
position of the fossiliferous “oncolite bed.” We 
then extend these correlations to key succes-
sions along the western margin of Laurentia 
with paleontological data and geochronological 
control to construct an age model and discuss 
the implications for the relationship between the 
Neoproterozoic microfossil and glacial records, 
the nature of Neoproterozoic iron formations, 
and the tectonic evolution of the supercontinent 
Rodinia.

Carbon and Strontium Isotope 
Chemostratigraphy

Previous workers have used the apparent 
covariance in the δ13C and δ18O composition 
of carbonate rocks in Death Valley to argue 
that these values have been severely modi-
fi ed by meteoric alteration (e.g., Kenny and 
Knauth, 2001; Knauth and Kennedy, 2009). 
The new δ13C and δ18O data that we present do 
not covary (see Data Repository Tables S1 and 

S2 [see footnote 2]), and a qualitative covari-
ance can be observed for carbonate carbon and 
organic carbon isotopes through the negative 
anomaly at the top of the Beck Spring Dolomite 
(Corsetti and Kaufman, 2003), which we cor-
relate with the Islay anomaly (Hoffman et al., 
2012). Although there is certainly some altera-
tion of the original isotopic signals, we conclude 
that the majority of our δ13C values refl ect the 
primary dissolved inorganic carbon isotope 
composition of the basin. The exception is the 
negative carbonate carbon isotope values asso-
ciated with karsted intervals near the top of the 
Virgin Spring Limestone. These values covary 
with oxygen isotopes and likely refl ect modifi -
cation of an original primary signal. Using our 
new data, along with previous data (Corsetti and 
Kaufman, 2003; Petterson et al., 2011; Prave, 
1999), we constructed a composite carbonate 
carbon isotope curve recast in the framework of 
our new correlation scheme (Fig. 12).

The Virgin Spring Limestone has been previ-
ously correlated with the Sourdough Limestone 
(Tucker, 1986) and the Thorndike Limestone. 
Isotopically enriched δ13C values distinguish 

the Virgin Spring Limestone from the depleted 
δ13C values of the Sourdough Limestone (Prave, 
1999; Corsetti and Kaufman, 2003; Petter-
son et al., 2011) but are similar to those of the 
Thorndike Limestone. To test the plausibility of 
correlating the Virgin Spring Limestone to the 
Thorndike, we can utilize our new 87Sr/86Sr data 
on the Virgin Spring Limestone. The metamor-
phic grade in the Panamint Mountains precludes 
obtaining reliable primary 87Sr/86Sr ratios in the 
Thorndike Limestone. However, the Thorndike 
Limestone is part of the interglacial succes-
sion, whereas in our proposed framework, the 
Virgin Spring Limestone predates the glacia-
tions (Fig. 2). Thus, correlations could be tested 
by comparing the 87Sr/86Sr values in the Virgin 
Spring Limestone to the composite Sr isotope 
curves for the Cryogenian (Halverson et al., 
2007, 2010). We constructed a com posite Cryo-
genian Sr isotope curve (Fig. 12; Data Reposi-
tory Table S3 [see footnote 2]) by modifying 
that of Halverson et al. (2007, 2010) by adding 
additional data from Mongolia (Brasier et al., 
1996; Shields et al., 2002), Scotland (Sawaki 
et al., 2010), Greenland (Fairchild et al., 2000), 
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Figure 12. Composite carbon-
ate carbon and strontium iso-
tope chemostratigraphy of the 
Pahrump Group. Abbreviations 
used and sources of carbon iso-
tope data: uCS—upper Crystal 
Spring Formation (Saratoga 
Springs; Corsetti and Kaufman, 
2003); Beck Spr.—Beck Spring 
Dolomite (Beck Canyon; this 
paper); KP—Kingston Peak 
Formation; VS—Virgin Spring 
Limestone (Saddle Peak Hills 
and Virgin Spring Wash; this 
paper); S—Sourdough lime-
stone (Wildrose Canyon; Petter-
son et al., 2011); T—Thorndike 
(South Skidoo; Petter son et al., 
2011); 1—Sentinel Peak Mem-
ber (Southern Nopah Range; 
Petterson et al., 2011); ND3—
Mahogany Flats Member 
(Eastern Wildrose Canyon; 
Petterson et al., 2011); VSMs—
vase-shaped microfossi ls; 
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and NW Canada (Halverson et al., 2007). 
This composite curve shows that pre-Sturtian 
87Sr/86Sr values are below ~0.707, and aside 
from the Sturtian cap carbonate, 87Sr/86Sr values 
between the Sturtian and Marinoan are above 
~0.707 (Fig. 12).

Virgin Spring Limestone samples from the 
type locality yielded extremely radiogenic 
87Sr/86Sr values (>0.71) that were much higher 
than samples from the Saddle Peak and South-
ern Ibex Hills sections (see Data Repository 
[see footnote 2]). We suggest that this regional 
difference is due to enhanced local fl uid fl ow 
related to Neogene extension and plutonism 
along the Black Mountains detachment (Calzia  
and Ramo, 2000; Wright and Troxel, 1984). 
This scenario is consistent with petrographic 
and fi eld observations of intense veining along 
tension gashes (Fig. 6B) throughout the expo-
sures in the Black Mountains.

The lowest 87Sr/86Sr values of the Virgin 
Spring Limestone were from samples collected 
on the southern side of the Saddle Peak Hills 
(Fig. 3). These exposures are >30 km away from 
the nearest breakaway detachment (Calzia and 
Ramo, 2000), and consequently may not have 
been as intensely fl ushed with basement-derived 
fl uids as the samples from the Black Mountains. 
Values as low as ~0.70676 are consistent with 
87Sr/86Sr values of pre-Sturtian strata or Stur-
tian cap carbonates (Fig. 12). However, unlike 
Sturtian cap carbonates, such as the Sourdough 
Limestone, the Virgin Spring Limestone sits 
below, not above, glacial deposits, and it has 
enriched instead of depleted δ13C values. Thus, 
we suggest that the Virgin Spring Limestone 
is pre-Sturtian in age and is neither correlative 
with the post-Sturtian Sourdough Limestone 
nor the pre-Marinoan Thorndike Limestone. 
The enriched δ13C values are further similar to 
Bed Group 20 in Greenland, which sits above 
the Isaly anomaly but below Sturtian glacial 
deposits (Fairchild et al., 2000).

Stratigraphic Position of the 
“Oncolite Bed”

The “oncolite bed” has previously been cited 
as the only known example of a synglacial 
microfossil assemblage, and it has been used 
to question the severity of snowball Earth con-
ditions (Corsetti, 2009; Corsetti et al., 2003, 
2006). Our mapping demonstrates that the fos-
siliferous oncolite-bearing dolostone layer in the 
eastern Kingston Range is a series of olistoliths 
(Fig. 9). We correlate these olistoliths with a 
lithologically indistinguishable oncolite-bearing 
interval in the uppermost Beck Spring Dolomite 
(Fig. 13). To further test this correlation, we 
compared δ13C values between measured strati-

graphic sections of the oncolite olistoliths in the 
eastern Kingston Range with oncolite-bearing 
beds of the uppermost Beck Spring Dolomite. 
Carbon isotope profi les through both contain 
negative δ13C values, consistent with our cor-
relation. Thus, we conclude that fossils previ-
ously reported as representative of synglacial 
ecosystems (Corsetti, 2009; Corsetti et al., 2003, 
2006) are in fact representative of the preglacial, 
younger than 770 Ma and older than 717 Ma 
uppermost Beck Spring Dolomite.

Previous workers have mistakenly mapped 
the oncolite blocks as an in situ bed because the 
blocks have large aspect ratios (length:thickness) 
and tend to be aligned roughly with the bed-
ding of KP3. This geometric orientation is to 
be expected in that the original organization 
of the oncolitic interval at the top of the Beck 
Spring Formation, from which the blocks 
where derived, consists of meters-thick oncolite 
layers  interbedded with recessive shaley inter-
vals. Hence, we envisage the emplacement of 
the oncolitic olistoliths as tabular-shaped slide 
blocks dislodged from the weaker shaley inter-
vals, whereas the more massive Beck Spring 
Dolomite olistoliths were emplaced as more 
chaotically redeposited blocks. The probable 
breakaway scarp (likely having considerable 
relief) would have been located ~2 km to the 
northeast, between the in situ Beck Springs 
outcrop  belt forming a high ridge along the 
northern fl ank of the Kingston Range and 
the olisto lith-rich KP3 unit in the mapped area 
of the eastern Kingston Range.

Laurentian Correlations

Geochronological constraints on Neo protero-
zoic strata in the Grand Canyon, Idaho, and 
northwestern Canada make it attractive to cor-
relate between the Pahrump Group and other 
Neoproterozoic successions along Laurentia’s 
margin (Fig. 14). Microfossil assemblages and 
chemostratigraphy permit correlating TU2 
broadly to the 770–740 Ma Chuar Group in the 
Grand Canyon (Karlstrom et al., 2000; Porter  
et al., 2003) and Uinta Mountains Group in 
Utah (Dehler et al., 2010). Hoffman et al. (2012) 
suggested that the negative δ13C anomaly at the 
top of the Beck Spring Dolomite is regionally 
correlative with the negative δ13C anomaly in 
the lower portion of the Coppercap Formation 
in NW Canada (Halverson, 2006), and that 
both are globally correlative to the pre-Sturtian 
Islay anomaly. Thus, we suggest that the upper 
Crystal Spring Formation and much of the Beck 
Spring Dolomite are correlative with the Chuar 
Group and were deposited between ca. 770 and 
740 Ma (Fig. 14). The uppermost Beck Spring 
Dolomite and KP1 may be correlative with the 

lower Coppercap Formation. Strontium and 
carbon isotope chemostratigraphy further sup-
ports a correlation between the Virgin Spring 
Limestone and the pre–717 Ma uppermost 
Copper cap Formation (Fig. 12), which records a 
return to positive δ13C values (Halverson, 2006; 
Halver son et al., 2007).

An array of ages brackets the Sturtian 
glaciation(s) to within an ~50 m.y. window: the 
717.4 ± 0.2 Ma and 716.5 ± 0.2 Ma U-Pb zircon 
dates from the Mount Harper volcanic complex 
(Macdonald et al., 2010a); the ca. 663 Ma U-Pb 
ages on the Datangpo Formation in South China 
(Zhou et al., 2004) and the Wilyerpa Forma-
tion in Australia (Fanning and Link, 2008; and 
the syn-Sturtian U-Pb zircon age constraints 
of 687.4 ± 1.3 Ma and 685.5 ± 0.4 from Idaho 
(Condon and Bowring, 2011; Keeley et al., 
2013) and 711.5 ± 0.3 Ma from Oman (Bowring 
et al., 2007). Other previously reported age con-
straints on glacigenic strata in Idaho (Fanning 
and Link, 2004) have been shown to be inherited 
or detrital (Dehler et al., 2011a; Keeley et al., 
2013), whereas the stratigraphic context of ages 
from high-grade sequences in central Idaho is 
uncertain (Lund et al., 2010, 2003). Given our 
new Death Valley data, the KP2–KP3–Limekiln 
Spring–Surprise diamictites can be correlated 
with the 717–663 Ma Rapitan Group (Macdon-
ald et al., 2010a), making the Sourdough Lime-
stone correlative with the ca. 662 Ma Twitya cap 
carbonate, the Thorndike Limestone correlative 
with the Keele Formation and enriched δ13C val-
ues of the “Keele Peak” (Kaufman et al., 1997), 
and the KP4–Wildrose diamictites correlative 
with the Marinoan glacial deposits of the Ice 
Brook Formation (Aitken, 1991a, 1991b; Hoff-
man and Halverson, 2011). As shown previously 
(Prave, 1999; Petterson et al., 2011), the Sentinel 
Peak Member of the Noonday Formation can be 
correlated to ca. 635 Ma Ediacaran cap carbon-
ates worldwide (Condon et al., 2005), including 
the Ravensthroat Formation (James et al., 2001).

Micropaleontology

The pre–717 Ma microfossil record contains 
evidence for the diversifi cation of six eukary-
otic crown groups: amoebozoa, rhizaria, stra-
menopiles, fungi, red algae, and green algae 
(see references in Knoll et al., 2006; Macdonald 
et al., 2010b); although some of these fossils 
could represent stem groups (e.g., Berney and 
Pawlow ski, 2006). On the western margin of 
Laurentia (Fig. 14), this record includes VSMs 
in the ca. 770–742 Ma Chuar Group in the Grand 
Canyon (Porter et al., 2003), scale microfossils 
of possible green algal affi nity from north-
western Canada (Allison, 1980; Allison and 
Hilgert, 1986; Cohen and Knoll, 2012; Cohen 
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A

B

Figure 13. Lithological comparison between (A) oncoids in the upper Beck Spring Dolomite at Beck Canyon in the Kingston 
Range, and (B) the “oncolite bed” in the Kingston Peak Formation of the eastern Kingston Range.
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et al., 2011; Macdonald et al., 2010a), and 
VSMs, fi lamentous organisms, possible algae, 
and cyano bacteria from the Pahrump Group 
(Corsetti et al., 2003; Licari, 1978; Pierce and 
Cloud, 1979). The latter occurrences were from 
the Beck Spring Dolomite, KP1, and the “onco-
lite bed” sampled from the Alexander Hills and 
the Kingston Range. The reassignment of the 
“oncolite bed” to the Beck Spring Dolomite, 
and the identifi cation of possible VSMs in the 
Virgin Spring Limestone suggest that the Virgin 
Spring VSMs represent the youngest described 
to date in the Cordillera (Fig. 14). Moreover, 
all of these microfossil assemblages in the Pah-
rump Group are pre-Sturtian in age. To assess 
the biological response to the Sturtian glaciation 
in Death Valley, the microfossil record of the 
post-Sturtian Sourdough Formation would need 
to be examined; however, the high metamor-

phic grade of exposures in the Panamint Moun-
tains may have left these strata inappropriate 
for micropaleontological investigations. More 
broadly, VSMs appear to be common globally 
in pre-Sturtian successions, whereas various 
tests and agglutinating microfossils are present 
in assemblages deposited during the Cryo-
genian nonglacial interlude (Bosak et al., 2011a, 
2011b, 2012; Pruss et al., 2010). The degree 
to which this apparent change is a function of 
taphonomy or biological turnover remains to be 
determined.

Sturtian-Rapitan Iron Formations

Mrofka and Kennedy (2011) suggested that 
iron formation in the Kingston Peak Forma-
tion was the product of Neogene volcanism. 
However, locally there is no strong relationship 

between the distribution of iron formation and 
Neogene volcanism. Instead, the correlation of 
KP3 with the Surprise Member suggests con-
temporaneity between deposition of iron forma-
tion in KP3 (Abolins et al., 2000; Calzia et al., 
1987; Graff, 1985) and basalt eruptions in the 
Surprise Member (Miller, 1985). This correla-
tion is further supported by the identifi cation 
of volcaniclastic material in the upper member 
of KP3 in the eastern Kingston Range (Calzia 
et al., 1987; Graff, 1985). These results are con-
sistent with the conclusion of Macdonald et al. 
(2010c), stating that the vast majority of Neo-
proterozoic iron formations are of Sturtian age. 
The combination of lowered sea level during 
glaciation, restriction in narrow, actively rift-
ing basins, favorable Fe/S ratios in the ocean, 
and enhanced hydrothermal activity in proxim-
ity to volcanic rocks, including large igneous  
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provinces , may have conspired as a perfect 
backdrop for iron formation and their return 
to the rock record after a billion-year absence 
(Bekker et al., 2010). It is also worth noting 
the similarities between KP3c and the Sayunei 
Formation in northwestern Canada. Both are 
composed of maroon-colored turbidites and 
debris fl ows with sporadic dropstones, and both 
formed during active extension and adjacent to 
active volcanism (Macdonald et al., 2010a).

Tectonic Evolution

Neoproterozoic conglomeratic and vol canic 
rocks exposed within the North American 
Cordillera have long been interpreted as syn-
rift deposits (Stewart, 1975), representing the 
breakup of the supercontinent Rodinia (Dalziel , 
1991; Hoffman, 1991; Moores, 1991). How-
ever, the number of rifting events, the timing 
and geometry of breakup, the arrangement 
of cratons, and the relationship to large igne-
ous provinces (LIPs) have remained poorly 
constrained (e.g., Dalziel, 1997; Evans, 2009; 
Goodge et al., 2008; Li et al., 2008; Sears, 2012; 
Sears and Price, 2003). Geological arguments 
have been made for multiple or protracted rift-
ing episodes on the western margin of Laurentia 
at 780–740 Ma (Jefferson and Parrish, 1989; 
Karlstrom et al., 2000), 720–635 Ma (Eisbacher, 
1985; Lund et al., 2003; Prave, 1999), and 
580–560 Ma (Colpron et al., 2002). Although 
the latter is consistent with subsidence analy-
ses that indicate a rift-drift transition near the 
Precambrian-Cambrian boundary at ca. 540 Ma 
(Armin and Mayer, 1983; Bond and Kominz, 
1984), this leaves >200 m.y. of enigmatic basin 
development.

The identifi cation of major unconformities, 
their regional correlation, and the construction 
of an age model result in a new framework for 
the Neoproterozoic tectonic evolution of the 
southwestern margin of Laurentia (Fig. 14). The 
bases of TU2 and TU3 represent major basin-
forming events, accommodating  kilometer-scale 
subsidence with distinct and different patterns. 
The lower Crystal Spring–upper Crystal Spring 
unconformity records large-scale regional tilt-
ing and a major hiatus. The unconformity is 
succeeded by well-developed parasequences of 
the upper Crystal Spring Formation and Beck 
Spring Dolomite. We suggest that large lateral 
facies changes and thickness variations in the 
Beck Spring Dolomite are the result of syn-
depositional faulting. The Beck Spring–KP1 
transition represents a major drowning and 
infl ux of fi ne siliciclastic material to the basin. 
Subsequently, additional faults, folds, and high-
angle unconformities developed, all of which are 
sealed by the Virgin Spring Limestone (Fig. 3) 

or the stratigraphically lowest diamictite at sev-
eral localities (Labotka et al., 1980; MacLean 
et al., 2009; Miller, 1985; Walker et al., 1986). 
TU2 of Death Valley, that is the upper Crystal 
Spring Formation and the Beck Spring Dolo-
mite, are potentially correlative with the Chuar 
Group of the Grand Canyon and Uinta Moun-
tains Group of Utah, which also host a major 
deepening prior to a pre-Sturtian unconformity 
(Dehler et al., 2010). It has been suggested 
that these successions formed during an early 
phase of Rodinian extension, and that the Chuar 
Group in particular was accommodated by syn-
depositional faulting along the Butte fault (Tim-
mons et al., 2001). In northwestern Canada, this 
basin-forming episode can also be correlated 
with one that accommodated the Callison Lake 
and Coates Lake Groups (Fig. 14; Macdonald 
et al., 2010a; Jefferson and Parrish, 1989).

In northwestern Canada, synsedimentary 
faulting persisted throughout deposition of the 
Rapitan Group and the ca. 650 Ma Keele For-
mation (Eisbacher, 1981). Our age model would 
suggest that Cryogenian tectonism also persisted  
in southwestern Laurentia (present coordinates) 
through the Sturtian glaciation, consistent with 
recent paleomagnetic reconstructions (Li and 
Evans, 2011). Olistoliths are common in KP3 
and coincide with an expansion in KP3 on the 
southwestern side of the Saddle Peak Hills 
(Fig. 3). The likely correlative strata in the 
Panamint Mountains grade from fi ner-grained 
and probably deeper-water deposits southward 
into massive diamictite of the Surprise Mem-
ber (Miller, 1985). Restoration of Mesozoic 
thrusting and Neogene extension and translation 
places the northern Panamint Mountains at a 
position closer to the Saddle Peak Hills (see fi g. 
13 of Petterson et al., 2011). In this restoration, 
stratifi ed diamictite and coarse-grained sedi-
ment-gravity-fl ow deposits of KP3 are present 
in a NW-SE–oriented band, which potentially 
formed in a narrow graben.

In the Saddle Peak Hills, Precambrian faults 
and associated angular unconformities are 
capped by the sub-KP4 erosional unconformity. 
Thus, in the Saddle Peak Hills, we cannot dis-
tinguish TU3 and TU4 structures. TU3 is mani-
fested in granitic grits, fanglomerates, olisto-
stromes, and unconformities, and we infer that 
faulting during TU4 time reactivated TU3 struc-
tures, resulting in dramatic paleotopography 
and lateral facies changes in the basal Noonday 
Formation. Thus, we suggest that Cryogenian 
tectonism in Death Valley records the forma-
tion of narrow grabens during multiple modest 
extensional events with low stretching factors. It 
is possible that true rifting of the western margin 
of Laurentia did not occur until the latest Edia-
caran, which is represented by TU5 (Fig. 14), 

and was followed by broad regional subsidence 
in the early Paleozoic (Armin and Mayer, 1983).

It has been suggested that the Neoprotero-
zoic–Mesozoic deposits of Death Valley formed 
on a ribbon continent Rubia that was sepa-
rated from North America until the Cretaceous 
Cordilleran orogeny (Hildebrand, 2009). The 
strong similarities between Neoproterozoic tec-
tonostratigraphic packages in Death Valley and 
truly autochthonous successions in the Grand 
Canyon and northwestern Canada (Fig. 14) 
tighten the noose around Rubia and suggest, if it 
did ever exist, it must have separated from Lau-
rentia during the Ediacaran.

CONCLUSION

Mapping of the Proterozoic Pahrump Group 
in the Saddle Peak Hills and the Kingston Range 
has facilitated correlations between the Pana-
mint Mountains and southeastern Death Valley. 
We have identifi ed four temporally and spatially 
distinct tectonostratigraphic packages within the 
Pahrump Group. Combined with new carbon 
and strontium isotopic data, these data suggest 
that units KP2 and KP3 of the Kingston Peak 
Formation are regionally correlative with the 
Lime kiln Spring and Surprise Members in 
the Pana mint Mountains and globally correlative 
with the Sturtian glaciation. Our integrated geo-
logical mapping and isotope chemo stratigraphy 
have also demonstrated that a micro fossil-
bearing “oncolite bed” in KP3 is an olisto-
strome originating from the top of the Beck 
Spring Dolomite (Fig. 13). Four uncon formity-
bounded tectonostratigraphic successions have 
been identifi ed in the Neoproterozoic succes-
sion of Death Valley. The oldest defi nes the 
base of the upper Crystal Spring Formation (and 
records an ~300-m.y.-duration uncon formity), 
two occur in the Kingston Peak Formation, and 
the last is at the base of the Johnnie Formation. 
We used these surfaces to construct correlations 
to sections elsewhere across western Laurentia 
that have better geochronological control, and 
these correlations indicate that the upper Crystal 
Spring through Noonday Formations in Death 
Valley were deposited between ca. 770 and 
635 Ma, a time window containing both of the 
main Cryogenian glaciations and an episode 
of extensional tectonism. We further report the 
presence of a younger microfossil assemblage 
in the Virgin Spring Limestone, which under-
lies units KP2 and KP3. All microfossil assem-
blages discovered to date from the Pahrump 
Group are pre-Sturtian in age and can no longer 
be used to independently assess the severity of 
the glaciations represented in the Kingston Peak 
Formation (cf. Corsetti, 2009; Corsetti et al., 
2003, 2006). Although it is clear that eukaryotes  
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survived and flourished in the aftermath of 
the Sturtian snowball Earth conditions (Bosak 
et al., 2011a), the current biological record is too 
coarse to determine if the glaciations were the 
cause of extinctions or radiations of eukaryotic 
organisms.
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